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Abstract 

Natural ventilation in buildings is a beneficial passive strategy for conditioning buildings for dif-
ferent climates. Beside its potential to promote energy efficiency it can improve indoor air quality 
in buildings along with health and well-being for their occupants. The achievement of these bene-
fits is related to a good architectural design where type, geometry and location of openings are 
defined. Different types of openings provide different air change rates. A parameter to distinguish 
windows regarding their ventilation efficiency is the discharge coefficient. It describes the actual 
airflow in relation to the ideal airflow. The discharge coefficient varies according to the type of 
opening, ventilation area besides other physics factors as pressure, velocity and air density. Re-
cent researches on the topic have used the same value of discharge coefficient for different win-
dow types. This simplification implies inaccurate results in the estimation of airflow provided by 
the openings. More reliable values based on experimental analysis can be found in the literature 
for some types of openings. In order to complement these studies this research aims to character-
ize additional window types produced in Brazil and Germany. Wind tunnel measurements are 
performed at the State University of Campinas (Unicamp). 

With measured discharge coefficients thermal building simulations are done for a typical office 
room in Brazil. It is found that the use of double glazing halves the energy demand for cooling. A 
simple control algorithm for air conditioning is developed. In comparison with a usually used 
constant setpoint for air conditioning units the energy demand for cooling can be reduced up to 
93%. 

Additional tracer gas measurements for direct measurement of the air change rate are done in an 
office room at the HafenCity University (HCU) are done. A strong dependency between wind 
flow direction and air exchange rate is proved. 
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1 Goals 

The aim of this project is to develop an architectural procedure for building retrofit focusing on 
the use of natural ventilation. Natural ventilation is a passive strategy for cooling that also pro-
vides better indoor air quality in workplaces and dwellings. The study is applied in different cli-
mates with computer models developed from the data obtained in the experimental measurements. 

Experimental measurements are done with the window samples from Brazil and Germany in the 
wind tunnel at Unicamp. Tracer gas measurements are done in an office room at HCU. The aim of 
these measurements is to obtain the discharge coefficient of the windows. The parameter is used 
as input for the computational models. The computer simulation allows making quantitative anal-
ysis of the airflow through the windows and the resulting room comfort. 

The results obtained with computer simulations base the development of design recommendations 
for sizing openings to simplify future projects with natural ventilation. The results are presented 
in graphs to be used by designers. 
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2 Wind tunnel measurements 

2.1 Aims 

The investigation of the properties of openings for natural ventilation is the current subject of 
many researches around the world by using different approaches. The discharge coefficient cD is 
one among other parameters that has significant influence on airflow estimation. It describes the 
actual airflow in relation to the ideal airflow. The discharge coefficient varies according to the 
type of opening, ventilation area besides other physics factors as pressure, velocity and air densi-
ty. The prediction of cD is being widely done by numerical models using a constant value for dif-
ferent types of windows, what is known from recent research [1] [2] to be a wrong assumption. 
The estimation of cD for an opening is neither an easy nor cheap task. The aim of this research is 
to validate a method for estimating the cD of full-scale windows by wind tunnel measurements 
and thus contributing with unknown data of discharge coefficients. 

2.2 Method 

According to a review done by Chen [3], full- and small-scale models have been used to validate 
analytical, empirical or numerical models and both are subject to approximations of boundary 
conditions and flow geometry. Even though, full-scale models have been widely used for predict-
ing ventilation performance in buildings because they give the most realistic predictions. 

For avoiding scaling errors due to complex geometry of the windows the measurements are done 
directly in the real windows installed on the inlet of a wind-tunnel described below. 

2.3 Experimental setup 

The method in this research is based on the British Standard BS EN 13141-1:2004 [4]. The stand-
ard gives recommendations on measuring volume flow rate through openings. The thickness of 
the board where the windows are mounted is 15 mm, rigid enough to avoid pulsing airflow but 
not as thick as a wall to not interfere on the measurements. The sensors of pressure of the wind 
tunnel provide a maximum pressure difference of 1 kPa (in accordance with the British Standard 
which recommends a range from 0 Pa to 100 Pa). The distance between inlet and outlet is longer 
than 0.5 m and the distances between the edges of the board and the edges of the openings are 
larger than 0.3 m. In order to minimize the uncertainties of the results using scaled models, the 
window samples are fixed at the air inlet of the wind tunnel (Figure 1).  

The experiment is carried out in the wind-tunnel of the Laboratory of Environmental Comfort and 
Applied Physics at the School of Civil Engineering, Architecture and Urban Design at Unicamp. 
It is a linear open-circuit wind-tunnel of 9.03 m length with a test section of 4.80 m length and 
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0.72 m² transversal area. When the tunnel is not obstructed the assembly motor-fan with power of 
12.5 HP provides maximum air velocity of 20 m/s (at 850 rpm). The transversal section is reduced 
about six times from the inlet (4.20 m²) for reducing the turbulence and the flow to become lami-
nar. The upper part of the test section is adjustable to equalize the static pressure along it. Finally, 
the air passes through a diffuser of 1.25 m diameter. 

The windows installed in the inlet of the tunnel are illustrated in Table 1. Beside the window 
samples, the boards where the windows are installed are also tested with orifices of 40 x 40 cm 
and 120 x 100 cm.  

 
Figure 1: Components of the wind tunnel and their dimensions 
 



 

4 
 

Table 1: Window samples installed infront of the wind tunnel inlet 

 
Maxim-ar 45° 

(awning window, 
tilted outside) 

 
Maxim-ar 90° 

(awning window, 
tilted outside) 

 
Boca de Lobo Fixo 
(two parallel panes, 

permanent open, 
gap in between) 

 
Veneziana Flaps 

(closed) 
(Sliding panels 
with adjustable 

flaps) 

 
Veneziana Flaps 

(open) 
(Sliding panels 
with adjustable 

flaps) 

 
Veneziana Holes 

(closed) 
(Sliding panels 

with holes) 
detailed in Figure 2 

 
Veneziana Holes 

(open) 
(Sliding panels 

with holes) 

 
Dreh-Kipp-Fenster 

(Bottom hung  
inside-tilted 

window) 

 
Parallelausstell-

fenster 
(parallel opening) 

 
Dachfenster 
(Top hung  

outside-tilted 
window) 

 
Orifice 40x40 cm 

(rectangular 
opening without a 

window) 

 
Orifice 120x100 cm 

(rectangular 
opening without a 

window) 
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Figure 2: Veneziana Holes in detail 

 

The wind tunnel is equipped with pressure taps and velocity sensors to calculate the discharge 
coefficient described by Equation (2.1) known as orifice equation. Explanation on the arrange-
ment of the sensors is given in sections 2.4 and 2.5. 

𝑐𝐷 =  
𝑄

𝐴
√

𝜌

2𝛥𝑃
 (2.1) 

 

Where: 

cD:  discharge coefficient [-] 
Q:  airflow [m³/s] 
A:  opening area [m²] 
ρ:  air density [kg/m³] 
ΔP:  difference of pressure [Pa] 

 

It is still an open question within the scientific community whether the orifice equation is accurate 
for calculating wind-induced flow through openings. Nonetheless, no other proposed formulation 
appeared to be appropriate to replace the orifice equation [1]. 

In the present experiment the wind tunnel is sucking the air through the windows. This method 
may create an airflow coming from different directions (see Figure 3). It is known that the angle 
of wind incidence is one among other factors that influences the discharge coefficient. This fact, 
together with the geometry of the windows, may result in different values resulting from the wind 
tunnel experiments comparing to values from the literature. 

 
Figure 3: Schematic drawing explaining the airflow in the inlet area of the board containing the win-
dows 
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2.4 Pressure measurements 

The difference of pressure is measured by taps around the window flush to the outside face of the 
board containing the window and at the inside face of the wind tunnel (Figure 5). Similar setup is 
described in the work of Chu et al. [5]. Chiu and Etheridge suggest in [6] that the pressure taps 
should be placed far enough from the opening so the flow through the opening does not influence 
the pressure but close enough to minimize the effect of non-uniformity in the pressure field.  
The external pressure taps are uniformly distributed following the same pattern in all measure-
ments: 10 cm away from the edges of the windows and between each other (Figure 4). The total 
number of pressure taps around each window is presented in Table 2. The internal pressure taps 
are installed on the surfaces of the contraction area of the wind tunnel (Figure 6). They are located 
20 cm behind the board in the mid-height of the vertical surfaces and in the mid-width of the hori-
zontal surface. 
The tests are carried out by continuously increasing pressure difference: from 0 rpm to 600 rpm, 
recording the data at intervals of 100 rpm. The resulting difference was automatically calculated 
by the software.  

 
Figure 4: Schematics of the pressure taps distribution around the opening for Maxim-ar 45° 

 

 
Figure 5: Board with a window sample and pressure taps on the left 

 

PRESSURE 
TAPS 
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Figure 6: Schematics of the pressure taps and velocity sensors inside the wind tunnel 

 

Table 2: Number of pressure taps around windows 

Window type 
Number of external 
pressure taps 

Orifice 40x40 cm 30 

Orifice 120x100 cm 16 

Maxim-ar 45°/90° 30 

Boca de Lobo Fixo 30 

Veneziana Flaps (open/close) 16 

Veneziana Holes (open/close) 16 

Dreh-Kipp-Fenster 18 

Parallelausstellfenster 18 

Dachfenster 18 

2.5 Velocity measurements 

It is assumed that the airflow becomes linear when entering the test section due to the contraction 
area. Therefore, five velocity sensors (hot-wire anemometers) are uniformly distributed across the 
section according to Figure 7. The sensors at the edge are 22 cm apart from the walls and 20 cm 
from the ceiling and the floor of the test section. The central sensor is in the geometric center of 
the cross-section. 
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Figure 7: Velocity sensors in the wind tunnel  

2.6 Velocity analysis 

The velocity profile in the wind tunnel cross section is highly influenced by the opening installed 
in front of the tunnel. Nevertheless, a flow profile is formed where the following assumptions can 
be made: 

 The velocity at the wind tunnel surface is zero, 

 The inviscid flow region does not exist due to the influence of the opening, 

 The behavior of the velocity distribution is parabolic with the maximum value in the cen-
ter of the tunnel cross section if not disturbed by an asymmetrically opening. 
 

Taking these assumptions into account a graphical analyzing method is developed by using Rhi-
no3d/Grasshopper® software. In order to calculate the discharge coefficient using the orifice 
equation (Equation (2.1)) the airflow Q is needed. 

 

The airflow can be obtained when the flow pattern is known. The 
measurement of an exact flow pattern is difficult in terms of the 
number of velocity sensors installed: The higher number of 
sensors in the cross section allows a higher resolution of flow 
pattern but also leads to a flow obstacle at the same time. Here, 
air velocity is measured at five points in the tunnel cross section 
behind the window.  

 

The five measured values of velocity for each type of window are 
drawn as the height above wind tunnel cross section. The rectan-
gle around represents the surface of the wind tunnel where the 
velocity is obviously zero. Hence, the picture at the left shows the 
data which are definitely known. For analyzing the airflow ade-
quately additional data are obtained by interpolation and graph-
ical analysis. 
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A grid of 5x5 points is created across the wind tunnel section 
resulting in 16 points at the tunnel surface represent a zero-
velocity; five values of velocity measured and the remaining four 
are interpolated from the data. This grid is used for further analy-
sis. Again, a higher amount of interpolated data would lead to a 
higher resolution of the flow pattern but it would also increase 
the uncertainty as the share of known values would decrease.  

 

The points next to each other are connected with an interpolated 
curve. Two sets of five curves (including the zero-velocity at the 
wind tunnel surface), one for each u and v direction, are created. 
It is taken care that the curve behavior corresponds to the ex-
pected flow pattern. The huge selection of methods for interpolat-
ing data holds the risk of unrealistic values for interpolated veloc-
ities. 

 

Finally, a differentiable surface is created. This surface describes 
the best approach of velocity distribution across the wind tunnel. 
The height of each point on this surface represents the velocity at 
this point in the wind tunnel. 

The airflow Q = vA is defined by the volume below the velocity 
surface. 

Table 3 shows the different flow pattern for the tested window types (not scaled). It can be seen 
how the geometry and the opening mechanism influences the velocity distribution behind the 
window. For all windows, the top of the picture is also the top of the wind tunnel cross section. 
Tilted windows (for example maxim ar-45° and Dachfenster) are characterized by a significantly 
higher velocity in the upper part of the wind tunnel because the air is channeled by the tilted pane. 
In case of the Parallelausstellfenster, the air streams almost equally around the pane at all four 
window sides. Consequently, the velocity sensor in the center of the wind tunnel gives the lowest 
velocity compared to the four sensors located around. 
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Table 3: Visualization of flow pattern for all window types 

 
Maxim-ar 45° 

 
Maxim-ar 90° 

 
Boca de Lobo Fixo 

 
Veneziana Flaps 
(closed) 

 
Veneziana Flaps 
(open) 

 
Veneziana Holes 
(closed) 

 
Veneziana Holes 
(open) 

 
Dreh-KippFenster 

 
Parallelausstellfenster 

 
Dachfenster 

 
Orifice 40 x 40 cm 

 
Orifice 120 x 100 cm 
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2.7 Determination of discharge coefficients 

Discharge coefficients are calculated with measured pressure differences and determined airflow 
by using the orifice equation (see Table 4).  

Table 4: Measured values for airflow and pressure difference and cD-calculations 

𝑐𝐷 =
𝑄

𝐴
√

𝜌

2∆𝑃
 

ρ = density of air (1.204 kg/m³) 

Window type Q [m³/s] A [m²] ΔP [Pa] cD [-] 

Orifice 40 x 40cm 3.283 0.16 283.4 0.946 

Orifice 120 x 100 cm 7.884 1.20 101.1 0.507 

Maxim-ar 45° 2.105 0.16 311.5 0.578 

Maxim-ar 90° 2.765 0.16 345.4 0.721 

Boca de Lobo Fixo 0.634 0.16 283.2 0.183 

Veneziana Flaps (closed) 2.102 1.20 299.4 0.079 

Veneziana Faps (open) 5.717 1.20 265.9 0.226 

Veneziana Holes (closed) 0.513 1.20 261.3 0.021 

Veneziana Holes (open) 6.369 1.20 376.1 0.212 

Dreh-Kipp-Fenster 1.932 1.00 198.0 0.107 

Parallelausstellfenster 4.025 1.00 300.9 0.180 

Dachfenster 2.420 1.00 274.9 0.113 
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Table 5: Comparison between obtained results and literature references 

Company Window Type 
Measured 

cD 
Literature 

cD 

- 
Orifice 40 x 40 cm1  0.946 

0.61 [7] 
0.80 [8] 

Orifice 120 x 100 cm2 0.507 0.61 [7] 

MGM 

Maxim-ar 45° 0.578 
0.447 [7] 
0.57 [9] 

Maxim-ar 90° 0.721 0.707 [7] 

Boca de Lobo Fixo 0.183 not found 

Veneziana Flaps (closed) 0.079 not found 

Veneziana Flaps (open) 0.026 not found 

Veneziana Holes (closed) 0.021 not found 

Veneziana Holes (open) 0.212 not found 

Lenderoth 

Dreh-Kipp-Fenster 0.107 0.255 [7] 

Parallelausstellfenster 0.180 not found 

Dachfenster 0.113 0.25 [7] 

 

The discharge coefficient found for the orifice 40x40cm is close to the one found by Ohba et 
al. [8] in a wind tunnel experiment within similar conditions to this experimental setup. It is also 
similar to values reported by Sawachi [10] (as shown in Figure 6), if considered that the opening 
is under the inflence of airflow from different directions, as a result of the suction of the fan. 

                                                      
1 Corresponds to a porosity (total window area divided by the board area) of 4% 
2 Corresponds to a porosity of 29% 
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Figure 8: Experimental set up and discharge coefficients found by Ohba et al. [8] 

 

 
Figure 9: cD values reported by Sawachi [10] 

 

The discharge coefficient calculated for orifice 120x100cm is close to the reference value provid-
ed by Idelchik [7]. Nonstandard values for rectangular openings were also found by Vickery and 
Karakatsanis [11] and Karava [1]. The authors conducted tests in a boundary layer wind tunnel at 
9.1 m/s and measured inlet cD varying from 0.62 to 0.8. 

The reference discharge coefficients for Maxim-ar windows are calculated from the resistance 
coefficients of a center pivoted window (Figure 10). It should be mentioned, that Maxim-ar win-
dows are not center pivoted. For 45° this value gives a good approximation. For 90° the pivot 
point is in the center. 
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Figure 10: Resistance coefficients for center pivoted windows [7] 

𝑐𝐷 =  
1

√𝜉
 (2.1) 

The discharge coefficient of the Dreh-Kipp-Fenster is compared to an exhaust, single top-hinged 
flap [7]. The resistance coefficient value reported by the author and used for calculating the cD of 
the referred window is shown in Figure 11. The window installed has an opening angle of 7.6° 
which is out of the range of reported values. By extrapolation using curve fitting a resistance coef-
ficient of 15.4 respectively cD = 0.255 is found. 

 
Figure 11: Resistance coefficients for exhale top-hinged flaps [7] 

 

The calculated discharge coefficient of the Dachfenster is compared with an inhale, single top-
hinged flap [7] as shown in Figure 12.  

 
Figure 12: Resistance coefficients for inhale top-hinged flaps [7] 

 

It is intended to proceed to new measurements to confirm the results. This study demands further 
investigations to understand the resulting airflow in the inlet and outlet areas close to the win-
dows, besides the characteristics of the openings for single-sided ventilation, buoyancy situations 
and different incidence angle of wind. It is also necessary to take into account unresolved ques-
tions as the applicability of the orifice equation. Tracer gas measurements and experiment setups 
which allow the measurement of the airflow through the openings may be used for these purposes. 
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3 Determination of air change rate by using tracer gas 

3.1 Aims 

The measurement of air change rates in buildings is a difficult task. The tracer gas method is a 
reliable method for this. However, interpretation of results is not straightforward. In occupied 
rooms additional requirements are made for the use of tracer gas in order to avoid health hazards 
and to reduce the impact on the environment.  

In this project repetitive measurements of air change rate in one office room at the HCU with two 
bottom-hung tilted windows (see Figure 13) are made.  

   
Figure 13: Isometric sketch of the tested window 

 

Thereby, air change rate under different seasons are recorded for very different weather condi-
tions. Measurements are performed for single sided ventilation only. For all measurements the 
heater is turned off. The correlation between pressure losses expressed by the discharge coeffi-
cient cD, temperature differences ΔT and external wind speed u are formulated by Maas [12]: 

𝑉̇𝑖𝑛 =  𝑉̇𝑜𝑢𝑡 = 3600 ∗
1

2
 𝐴 𝑐𝐷√𝐶1𝑢² + 𝐶2𝐻 ∆𝑇 + 𝐶3 (3.1) 

with C1 = 0.0056 C2 = 0.0037 m/(s²K) C3 = 0.012 m²/s² 

It is assumed that the airflow occurs through one window and therefore the area for supply and 
exhaust air is 50% of the window area A. This equation allows calculating discharge coefficients 
for different climate conditions and measured air change rates.  

To compare these measurements with the wind tunnel tests performed at Unicamp, it is intended 
to implement this window setup in EnergyPlus simulations for single sided ventilation (Chap-
ter 4).  
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3.2 Comparison of different tracer gases 

3.2.1 Desired properties of the tracer gas 

Today there are several highly sensitive gas analyzers available on the market. Therefore, the 
choice of tracer gas is not only dependent on the laboratory hardware but also on the properties of 
the gas itself. Gases shall be chosen to avoid any interaction with existing ventilation systems or 
with passive airflow. Risk to human health or the environment arising from tracer gases must be 
prevented as good as possible. Hence, the following properties of tracer gases should be 
aimed [13]: 

- Non-toxic for humans in the concentration range used, 
- Without hazard to the environment,  
- Non-existent in air or concentrations far below the concentration range used for meas-

urements, 
- Chemically inert. There should not be any reactions with air or other materials inside of 

the zone, 
- Miscible with air, 
- Walls, ceiling and furniture should not absorb the tracer gas, 
- Detectable with available equipment. 

Additionally, it is of advantage if the gas is inexpensive available on the market as well as easily 
transportable for mobile measurements. The following chapters give a short overview of com-
monly used tracer gases. 

3.2.2 Carbon dioxide (CO2) 

Carbon dioxide is one of the components of air which is detectable and which can be quantified 
with little effort. The required equipment is reasonably priced. It must be taken into account that 
the background concentration of carbon dioxide in air varies between 350 – 400 ppm [14] de-
pending on whether the measurement takes place in the city or countryside. The background con-
centration has to be recorded and subtracted from measured concentrations for accurate results. In 
occupied rooms, humans exhale CO2 continuously. The CO2 production rate for normal office 
activities is around 20 l/h per person [13]. This means, that 2 people will increase the CO2 concen-
tration of a 65 m³ room from 400 ppm (ambient outside air) to 1000 ppm (Pettenkofer value) 
within one hour which is the upper limit of hygienic air. For higher accuracy of results, the con-
centration used for measurements in occupied rooms should be noticeable above the background 
and human caused concentrations. Thus, it will cause restricted ability to concentrate, headache 
and in the worst case it can cause death by suffocating. Nevertheless, CO2 fulfills a lot of above 
mentioned requirements for good tracer gases but it should be used with caution. 
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3.2.3 Sulfur hexaflouride (SF6) 

Sulfur hexafluoride is the most frequently used tracer gas in infiltration or ventilation measure-
ments. It is almost the ideal tracer gas due to its properties. The concentration can be analyzed in 
extremely low concentrations (detection limit in air is 5 ppt) with high accuracy. The ‘MAK-
value’, a tolerated value of gas concentrations at workplaces defined by the Association of Ger-
man Engineers (VDI), is 1000 ppm as an 8-hours average value. Usually, the maximum concen-
tration with tracer gas measurements does not exceed 100 ppb, which is a ten-thousandth of the 
permanently tolerated value. SF6 can be used in occupied buildings without health problems for 
people. It is almost non-existent in ambient air (0.85-1.5 ppt) [13] so it does not influence the 
measurements. The density of SF6 is 6.17 kg/m³ which is 6 times heavier than air. It is very im-
portant to thoroughly mix the gas with indoor air before starting the measurements in order to 
guarantee an equal distribution of tracer gas. The chemical properties also support the use of SF6 
as tracer gas. It is very stable and only decomposes above 550°C [15]. Due to this, it is very slow-
ly degrading in the atmosphere. The greenhouse effect of SF6 is more than 20,000 times higher 
than the effect of CO2. Because of the extremely low background concentrations the global impact 
is low. However, it should be used wisely and in the lowest concentration suitable for the meas-
urement. 

3.2.4 Nitrous oxide (N2O), Hexafluorobenzene (C6F6) and other tracer gases 

There are a number of additional gases which are suitable for air change rate measurements in 
different dimensions. Since they are not considered in this research project, reference is made to 
further literature [13] [15] [16] [17]. 

3.3 Mathematical background 

The tracer gas concentration in a defined space as a function over time can be formulated with the 
principle of mass conservation. It expresses that the mass of a system, i.e. the concentration of 
tracer gas in a room, can only change if it will be added or removed. Considering a concentration 

of tracer gas in the room air Ci(t) it can be removed with the expression 𝑉̇*Ci and added with the 

amount of 𝑉̇*Ce by ventilation processes as well as with a constant emission of F with 

 Ci Concentration of tracer gas in the room 
 Ce Concentration of tracer gas of the exterior 

 V̇ Airflow rate 
 F Constant emission of tracer gas to the room. 

Hence, the mass balance of tracer gas in a space with the volume VS can be expressed as a differ-
ential equation [18]: 
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VS  

dCi(t)

dt
= Ce V̇ + F − Ci V̇ (3.2) 

Dividing by VS and replace 𝑉̇/VS by the air change rate n leads to the description of tracer gas 
concentration at the time t: 

dCi(t)

dt
= Ce n +

F

VS 
− Ci n = (Ce − Ci) n +

F

VS 
  (3.3) 

For the starting condition Ci(0) = C0 and by integration it yields: 

Ci(t) = Ce +  
F

n VS 
+  (C0 − Ce −

F

n VS 
) e−n t (3.4) 

This equation is the basis for analysis of tracer gas measurements where data are recorded as con-
centration over time curves. 

3.4 Error Analysis 

For analyzing the sampling distribution on N probes each sampling time Y and probe concentra-
tion X are related. The standard error of the regression line is calculated by: 

σM =  √
1

𝑁 − 2
[ ∑(𝑦 − 𝑦̅)² −  

[(𝑥 − 𝑥̅)(𝑦 − 𝑦̅)]²

∑(𝑥 − 𝑥̅)²
] (3.5) 

The result of linear regression is a calculated air change rate n with a predicted standard error σM 

n ± σM   [ℎ−1]  

3.5 Tracer gas procedures 

3.5.1 Concentration decay method 

This is the most frequently used method for determining air change rates. It can be done with the 
minimum of technical effort. Before the measurement starts a defined mass of tracer gas is inject-
ed to the room (e.g. by gas tanks with pressure reducer or by using pre-filled syringes). The room 
air should be mixed manually in order to ensure an equal tracer gas concentration at each point 
inside in the room. As there is no additional emission of tracer gas into the room (F = 0), Equa-
tion (3.4) can be written as: 
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Ci(t) = Ce +  (C0 − Ce) e−n t (3.6) 

In regular time intervals Δt probes of room air with the tracer gas concentration Ci(t) are taken and 
analyzed in a gas chromatograph with an electron capture detector. For these investigations SF6 
tracer gas is used. SF6 is almost non-existent in exterior air (0.85-1.5 ppt) [13] and therefore the 
expression can be simplified to: 

Ci(t) = C0 e−n t (3.7) 

Due to ventilation, infiltration as well as air exchange with other rooms the concentration will 
decrease with time with exponential behavior. Determination of the air change rate n can be done 
by: 

n =
1

t
 ln (

C0

Ci(t)
)      or     n =  

1

∆t
 ln (

Ci(t)

Ci(t + ∆t)
)      (3.8) 

Figure 14 illustrates the concentration over time curve of a concentration decay tracer gas meas-
urement with the resulting n = 2.54 h-1 ± 0.02 h-1. 

 
Figure 14: Typical graph of tracer gas concentration with concentration decay method 

 

3.5.2 Constant emission method 

In contrast to the concentration decay method here is a constant emission of tracer gas F. A de-
fined amount of tracer gas is constantly emitted to the zone. The tracer gas concentration increas-
es from the background concentration (C0 = Ce) to an equilibrium concentration Ceq. This is 
reached when the tracer gas supply is equal to the tracer gas removal by ventilation processes. 
Thus, Equation (3.4) can be written as: 
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Ci(t) = Ce +  
F

n VS 
+  (1 −

F

n VS 
) e−n t (3.9) 

Assuming that the time, until this concentration is reached, is much bigger than 1/n, the part of the 
e-function becomes to zero and the concentration can be determined by the following equation 
where the background concentration Ce is almost zero and therefore negligible: 

Ceq = Ce + 
F

n VS 
 (3.10) 

When the stable concentration of tracer gas is reached air samples can be taken and analyzed to 
determine the concentration and to calculate the air exchange rate by using Equation (3.10). If 
probes are taken before the equilibrium concentration is reached the air exchange rate will be 
overestimated [15]. An analysis for the time to reach the equilibrium concentration depending of 
the air exchange rate n is made in [15]. The behavior of the tracer gas concentration curve is 
shown in Figure 15. 

 
Figure 15: Typical graph of tracer gas concentration with constant emission method. 

 

3.5.3 Constant concentration method 

During the experiment a constant concentration of tracer gas in the zone is aimed. To maintain 
this, an automated dosing system connected to a gas analyzer is required. This method requires 
the most complex hardware but it enables long-term recording of air change rates and it also ena-
bles detection of temporarily fluctuations due to changing boundary conditions. The air change 
rate n can be calculated from the conversation of mass according to Equation (3.3). For an ideal 
tracer gas supply the concentration is exactly constant and therefore the derivation of tracer gas 
concentration as a function of time is zero: 

dCi(t)

dt
= (Ce − Ci) n +

F

VS 
= 0 (3.11) 
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Assuming tracer gas in external air is non-existent the airflow rate can be calculated by:  

V̇ =
Ci

F
 (3.12) 

3.6 Experimental setup and requirements for the measurement 

In this study concentration decay method is used. The success of the tracer gas model described 
above depends on some prerequisites and assumptions which must be made: 

- Injection of tracer gas should not change the density of the room air. The maximum con-
centration at the beginning of these experiments is lower than 50 ppb. This requirement is 
fulfilled.  

- The tracer gas concentration C is supposed to be equal in the whole zone for a given time. 
- To improve the mixing process, the SF6 tracer gas is previously diluted in the laboratory 

to 20% concentration. Thereby, the density of the injected gas is reduced from 6.17 kg/m³ 
to 2.20 kg/m³ which enable a better mixing process. 

- Homogeneous concentration presupposes that air and tracer gas are completely mixed 
throughout the experiment. The air exchange process does not influence the homogeneity 
of the air-gas-mixture. In fact there can be ‘fresh air flushes’ nearby the windows. 

- Objectively, the tracer gas concentration C is not totally equal. Due to supply airflow the 
concentration near the windows is expected to be lower than in the interior room corners. 
In order to meet the requirements the probe is taken from different points in the room. 
While the probe is drawn into the syringe the position and height inside of the room is 
changed (see Figure 16). 

- Changes in tracer gas concentration should only occur due to the air exchange with the 
exterior. Two doors to adjacent rooms are sealed during the measurements. The infiltra-
tion was determined to 0.30 h-1. 

- Finally the standard error of the probes is determined to verify the assumptions (i.e. ho-
mogeneous mixing of tracer gas and air). 

 

This method provides an average air change rate during the measurement duration for single-
sided ventilation. The duration is dependent on the space air volume and the estimated airflow 
rate. For this study the duration is around 45 minutes.  
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Figure 16: Exemplary path of probe-taking by using a syringe 

 

Measurements of air change rate have been conducted in an office room of the HCU under vary-
ing environmental conditions. 

3.7 Weather conditions 

In total, 20 measurements of air change rate with different climate conditions are done. The 
weather conditions are recorded as an average value during the experiment. Figure 17 plots an 
overview of the temperature difference between the office room and outdoor (positive value 
means indoor temperature above outdoor temperature) and the wind speed measured in front of 
the facade. All values are mean values for the measurement duration of around 45 minutes. The 
wind direction is discussed below. 

 
Figure 17: Weather conditions during the tracer gas measurements 

 

Wind distribution in Hamburg is strongly influenced by South-West wind. Figure 18 shows the 
wind rose for the city of Hamburg based on the IWEC (International Weather for Energy Calcula-
tions) hourly averaged data. 
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Figure 18: Wind speed and direction in Hamburg 

 

Due to the east-west orientated building shape and the dominating wind direction recorded data 
for wind direction in front of the facade are clustered in four groups: 

 Wind from South-West to West (225-270°) 41% occurrence frequency 
This is named as parallel wind conditions 

 Wind from East to North-East (45-90°) 23% occurrence frequency 

 Wind from South to South-West (180-225°) 11% occurrence frequency 
This is named as wind conditions perpendicular to the facade 

 Wind from North to North-East (0-45°) 10% occurrence frequency 
This wind direction does only occur due to strong turbulences. The building envelope 
prevents the sensor of recording wind from the North. 
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Figure 19: Floor plan of the test office and wind rose in front of the facade 

3.8 Results 

The following table gives an overview of the average weather conditions during the measure-
ments and the corresponding air change rate ACH. The ID refers to the number in the diagrams 
(Figure 20 and Figure 21). 

Table 6: Results and weather data for the tracer gas measurements 

ID ΔT 
[K] 

v 
[m/s] 

wind 
direction [°] 

ACH 
[h-1] ID 

ΔT 
[K] 

v 
[m/s] 

wind 
direction [°] 

ACH 
[h-1] 

1 1.55 0.15 140 1.16 11 0.29 1.33 147 4.56 

2 -1.04 0.32 148 1.72 12 1.77 0.41 178 2.02 

3 5.51 1.54 254 4.17 13 2.40 0.31 141 1.78 

4 5.06 1.33 256 2.54 14 6.38 0.00 244 1.53 

5 0.68 3.33 258 5.28 15 -2.65 1.60 254 3.08 

6 1.87 0.48 209 2.22 16 19.38 0.03 153 2.07 

7 2.37 0.15 178 1.71 17 18.31 0.70 262 2.43 

8 3.10 1.17 116 3.43 18 14.89 0.69 257 2.15 

9 3.17 0.37 73 3.19 19 15.80 0.58 207 2.28 

10 2.07 0.17 226 1.36 20 10.93 2.10 255 3.51 
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A linear dependency between wind speed v and resulting air change rate ACH is found (see Figure 
20). This dependency is confirmed by the orifice equation where the linearity can be seen. For 
both parallel and perpendicular wind flow an equation is formulated by linear curve fitting. The 
constant term, representing the airflow without wind, is around 1.40 ACH for both cases which is 
a good match of the measurements. The gradient of the curve for perpendicular wind flow is al-
most twice the gradient of the curve for parallel wind flow which emphasized the wind pressure 
distribution on facades known from previous studies [19]. 

 
Figure 20: Air change rate depending on the wind speed for parallel and normal wind conditions 

 

Figure 21 shows the air change range depending on the temperature difference between the office 
room and outdoor. No clear behavior can be found. This proves that pressure differences from 
wind flow are the dominating forces in most passive ventilation processes. 
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Figure 21: Air change rate depending of temperature differences 

 

Figure 20 shows a strong dependency between airflow through the window and wind flow direc-
tion. The approach developed by Maas (see Equation (3.1)) does not cover different incidence 
angles. Accurate discharge coefficients cannot be calculated with this formula. 

Moreover, the results show a high degree of scattering. Changing boundary conditions during the 
experiment like wind turbulences, shading due to clouds or increasing solar radiation may be one 
reason for this. The calculation of coherent discharge coefficient(s) for this window type is not 
possible with results obtained from measurements.   

3.9 Conclusion 

A linear dependency between wind speed v and resulting air change rate ACH is found (see Figure 
20). However, it is not possible to calculate a generic discharge coefficient with this data. To gain 
appropriate discharge coefficients as input for thermal building simulations several recommenda-
tions can be given with the experience from these measurements.  

The concentration decay method is the simplest way to measure the air exchange rate in buildings. 
The total amount of 20 measurements is not enough to cover all seasons at the wide range of 
weather conditions which occur. More measurements should be done. However, concentration 
decay method provides an average air change rate during the time of the measurement. In the 
present study the total duration was around 45 minutes. Weather conditions change within this 
time especially wind fluctuations can change within seconds. For academic use this method might 
not be suitable to cover the high demands of accuracy. As shown in [20] and [21] constant emis-
sion method allows measurement of air change rate multiple times per second and it reveals about 
the relation between suddenly changing weather conditions and air exchange rate. 
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4 Computer modeling and results analysis 

4.1 Methods 

The energy performance and user thermal comfort in naturally ventilated spaces can be estimated 
for different climate zones by using a building energy simulation program. The computer models 
for this research are developed and run in EnergyPlus. With known discharge coefficients, calcu-
lated from wind tunnel experiments (see Chapter 3), natural ventilation can be implemented. The 
purpose of the simulations is to evaluate the thermal and energetic performance of a room with 
the different types of windows tested in the wind tunnel. With these results the design guidelines 
for retrofitting of buildings are developed. 

All rooms are simulated with natural ventilation if possible and with an HVAC cooling system if 
necessary (see Chapter 4.3 for details). Due to the air conditioning system discomfort is limited to 
a very low number of hours and therefore negligible. Well-designed natural ventilation reduces 
the runtime and energy consumption of artificial cooling. The characterization of the efficiency of 
natural ventilation is done by comparing the energy demand for cooling for all situations.  

4.2 Building description 

The thermal zone under investigation is a room based on the study carried out in a building of the 
Ministry of the Environment and Ministry of Culture, located in Brasilia, Brazil [22] with dimen-
sions based on BESTTEST 600 (6.00 x 8.00 x 2.70 m). BESTTEST is a method for testing and 
diagnosing of building energy simulation programs developed in the Annex 43 Testing and Vali-
dating Buildings Energy Simulation Tools of Energy Conservation in Community and Community 
Systems and Buildings Programme (EBC) of the International Energy Agency (IEA) [23]. 

 
Figure 22: Schematic view of the zone 

 

The zone is located on an intermediate floor. East and west facades are in contact with the exter-
nal environment (Figure 22). The opaque area of the external facade is modeled with a thickness 
of 15 cm and with a transmittance of 1.40 W/(m²K) (concrete block wall with air gap). The 
transmittance value adopted for the envelope of the zone is similar to the value used in simula-
tions carried out for the study about the energy efficiency labelling of the existing building of the 
Ministry of the Environment and Ministry of Culture, located in Brasília, Brazil [22]. 
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External blinds are used to compare the thermal behavior of the room with and without shading. 
In the case that shading is used a solar radiation setpoint of 180 W/m2 on the window surfaces 
enables the shading. The binds are modeled with horizontal slat orientation, dark color, slat width 
of 0.09 m, slat to slat separation of 0.08 m, and slat thickness of 0.001 m, slat angle of 5º, conduc-
tivity of 150 W/(mK), visible transmittance of 0 and maximum slat angle of 180°. 

The zone operates according to specific schedules of metabolic rates, lighting and equipment 
power, based on [22]. The description of the scenario used in the present study is summarized in 
Table 7. The lighting and equipment schedules are set according to the occupancy schedule. 

 
Table 7: Operation schedules of the Ministry of Culture 

Occupation 5 people (in a room with 48 m² floor space) 

Occupancy schedule 
For weekdays: From 8:00 a.m. to 12:00 a.m. 
and from 2:00 p.m. to 6:00 p.m. 

Metabolic rate 130 W/person 

Lightning power 7.97 W/m² 

Equipment power 24.33 W/m² 

 

4.3 EnergyPlus and MATLAB Co-Simulation 

An external interface is used to couple EnergyPlus and MATLAB. This method provides control 
possibilities which are not feasible in EnergyPlus alone. Based on simulation results for 
timestep (i) MATLAB will calculate schedule values and setting parameters for artificial cooling 
and natural ventilation. These parameters will be written back to EnergyPlus for timestep (i+1). 
This way an adaptive schedule and control algorithms are created for permanently changing 
boundary conditions. 

Figure 23 shows the program sequence. In the first step the program checks if the room is occu-
pied. In order to avoid uncomfortable room conditions during the first timesteps each morning the 
definition of Occupancy also includes 15 minutes before people start working as well as the lunch 
break. If the room is not occupied, the HVAC systems are turned off in order to save energy. If it 
is not too cold and the zone air is warmer than the external air, the windows will open (this case 
occurs for night cooling).  If the room is occupied, the program checks whether the operative 
temperature is too warm, warm, cold or too cold according to the ASHRAE 55 adaptive comfort 
model (see Figure 24). The definition of too warm starts 0.1 K before the line of 80% acceptance 
in order to start the air conditioning in time. Thus, the turn-ons of the system and the hours of 
discomfort can be further reduced. 
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Figure 23: Program sequence plan of the integrated MATLAB algorithm 

 

 
Figure 24: Adaptive comfort model according to ASHRAE 55 with the definition of 'warm/cold' areas 
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Based on the classification in this comfort model and by comparing the internal and external air 
temperature decisions are made for both natural and artificial ventilation. The algorithm sends an 
availability schedule value (true/false) to EnergyPlus. EnergyPlus enables the system if the 
schedule allows.  

Because of the method of co-simulation with EnergyPlus and MATLAB, there is a compulsorily 
delay of one timestep for the settings, i.e. the best settings for timestep (i) will be used to control 
natural ventilation and air conditioning in timestep (i+1). Since the timestep is chosen to 
5 minutes (see Chapter 4.5), the delay is short and tolerable. 

4.4 Parameter study 

In order to analyze the impact of discharge coefficients on natural ventilated buildings in different 
boundary conditions a comprehensive set of parameters is chosen for thermal building simula-
tions. Table 8 provides an overview about the parameters. All of these parameters are combined 
with each other to a total of 2,048 evaluated simulations. The simulation settings affiliated to 
these parameters are described below. 

Table 8: Overview of parameter variation 

Bioclimatic  
Zone 

Window  
Wall  
Ratio 

Window Types cD 
(close) 

cD 
(open) Shading Cooling  

Setpoint Glazing 

1 – Curitiba 25 % Maxim-ar 45° 0.001 0.578 none constant  single  

2 – Uruguaiana 50 % Maxim-ar 90° 0.001 0.721 blinds ASHRAE double  

3 – São Paulo 75 % Boca de Lobo Fixo 0.183 0.183    

4 – Brasília 100 % Veneziana Flaps  0.079 0.226    

5 – Niterói  Veneziana Holes 0.021 0.212    

6 – Goiânia  Parallelausstellfenster  0.001 0.180    

7 – Cuiabá  Dreh-Kipp-Fenster  0.001 0.107    

8 – Belém  Dachfenster  0.001 0.113    

 

Bioclimatic Zones 

Brazil is divided in eight bioclimatic zones. The definition of zones and classification of 330 cities 
is made in the Brazilian standard NBR 15220-3 [24]. The standard also provides recommenda-
tions for ventilation openings, shading and strategies for passive thermal conditioning. Required 
characteristics for the openings in the studied zones are summarized in Table 9. Figure 25 gives a 
visualization of the country and its bioclimatic zones. The weather files used for thermal simula-
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tions are compiled by INMET - Instituto Nacional de Meteorologia. An analysis of air tempera-
tures (monthly average as well as average high/low) and precipitation is given in Figure 26. 

 

Table 9: Design guidelines for the studied zones based on NBR 15220-3 

Zone City Recommendations 

Z1 Curitiba 

Openings with medium dimensions and avoiding shading during the 
winter for solar gains. Use of external walls and roofs of low thermal 
inertia and insulated roof. During the winter time, the use of solar heat-
ing and internal walls with high thermal inertia. 

Z2 Uruguaiana 

Openings with medium dimensions, shading but allowing the winter 
sun to enter the room and need for cross ventilation during the summer. 
Use of external walls and roofs with low thermal inertia and insulated 
roof. During the winter time, use of solar heating and internal walls 
with high thermal inertia. 

Z3 São Paulo 

Openings with medium dimensions, shading but allowing the winter 
sun to enter the room and need for cross ventilation during the summer. 
Use of external walls and roofs of low thermal inertia, reflective walls 
and insulated roof. During the winter time, use of solar heating and 
internal walls with high thermal inertia. 

Z4 Brasília 

Openings with medium dimensions, shading during the whole year. 
Use of heavy walls and lightweight roofs with thermal insulation. Use 
of evaporative cooling, thermal inertia for cooling and selective ventila-
tion during the summer. Solar heating and high thermal inertia of the 
internal walls during the winter. 

Z5 Niterói 

Openings with medium dimensions, shading and need for cross ventila-
tion during the summer. Use of light and reflective walls, light insula-
tion and roofs with thermal insulation and internal walls with high 
thermal inertia during the winter. 

Z6 Goiânia 

Openings with medium dimensions and shading. Use of heavy walls, 
roofs with thermal insulation, use of evaporative cooling and selective 
ventilation during the summer, and use of heavy internal walls during 
the winter. 

Z7 Cuiabá 

Openings with small dimensions and shading during the whole year.  
Use of heavy walls, roofs with thermal insulation, use of evaporative 
cooling and selective ventilation during the summer, and use of heavy 
internal walls during winter. 

Z8 Belém 
Openings with big dimensions, shading and allowing cross ventilation 
during the whole year. Use of heavy walls and roofs. 
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Figure 25: Bioclimatic zoning of Brazil (adapted from [25]) 

 

 

Figure 26: Temperature and precipitation in eight Brazilian cities 
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Window Wall Ratio 

While big windows allow higher air mass flow through open windows they also gain solar radia-
tion if not shaded. To analyze the impact of window wall ratio, four different values are chosen 
for both east and west facade to represent various field of building applications. It should be no-
ticed that even the highest percentage of glazing includes a thin opaque window frame. 

Window Type 

The previously studied windows are analyzed in numerical models. For common Brazilian and 
German windows a discharge coefficient of 0.001 is chosen for closed windows. For open condi-
tions the discharge coefficient determined in wind tunnel is used. For Veneziana windows both 
discharge coefficients for open and closed windows are measured. Boca de Lobo Fixo window is 
designed for hot and humid climate. This window is permanently open.  

The wind tunnel setup allows determination of pressure losses for cross ventilation only, because 
the air streams through the openings in one direction. Therefore, all simulations are made for 
cross ventilation. 

Shading Type 

Two cases are studied: without any shading as well as with an external blind system. If shading is 
used, the shading automatically closes to cut-off position when the radiation on the window sur-
face exceeds 180 W/m². 

Cooling Setpoint  

The EnergyPlus cooling setpoint represents an air temperature which should be ensured when the 
HVAC system is turned on. The comfort evaluation based on ASHRAE 55 is performed based on 
the operative temperature which is defined as the mean value of room air temperature Tair,in and 
the mean temperature of the surrounding surfaces Tradiant. 

Toperative = 0.5 (𝑇𝑎𝑖𝑟,𝑖𝑛 + 𝑇𝑟𝑎𝑑𝑖𝑎𝑛𝑡) (4.1) 

To ensure an operative temperature for thermal comfort, a target air temperature is calculated 
based on the room performance for each timestep. An offset of 3.5 K is used to rise the tempera-
ture from the ideal value to the line of 80% acceptance. Thus, the energy demand for cooling is 
reduced significantly. However, it is the choice of the designer to define an increase of operative 
temperature taking into account the requirements inside of the building. This target air tempera-
ture is used for the HVAC control in EnergyPlus. The offset of one timestep between reading of 
values from EnergyPlus and writing of setpoints to EnergyPlus represents a hysteresis for the 
HVAC control system. 

Tair,target = (𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 + 3.5) ∗ 2 − 𝑇𝑟𝑎𝑑𝑖𝑎𝑛𝑡 (4.2) 
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Two setpoints for air conditioning are studied: 

a) Fixed for air temperature = 24°C 
If the algorithm allows cooling (see Figure 23), a constant cooling setpoint of 24°C is set. 
 

b) Based on ASHRAE 55 comfort model 
Based on the room conditions for timestep (i) the cooling setpoint is calculated in order to 
meet the ideal ASHRAE 55 operative temperature (center of the comfort zone) based on 
Equation (4.2). For timestep (i+1) this setpoint is written to EnergyPlus.  

4.5 Influence of timestep 

The timestep is used in the EnergyPlus heat balance calculation. It represents the duration be-
tween two simulation steps or viewed reverse the number of intermediate calculations within one 
hour. The valid range is between 1 and 60 minutes. The choice of this is a choice about the accu-
racy of results. As the MATLAB algorithm produces a delay of one timestep between readings 
and writing of results, a short timestep, i.e. many steps of calculation, will reduce the real delay. 
However, simulation runtime increases with short timestep.  

An evaluation of accuracy is previously made for a small set of chosen parameters. Two exempla-
ry windows are analyzed in all climates for a window wall ratio of 50%. The influence of shading 
and HVAC setpoint is also under consideration.  
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Figure 27: Influence of the timestep to simulation accuracy with Dreh-Kipp-Fenster 
Left diagrams: without shading right diagrams: with external blinds 
Upper diagrams: HVAC setpoint constant 24°C lower diagrams: ASHRAE 55 setpoint 

 

Figure 27 shows the annual cooling load in percentage of the simulation with the highest resolu-
tion of timesteps for the Dreh-Kipp-Fenster window. The highlighted area shows an acceptable 
deviation of ±3%. It can be seen, that the results of timesteps in a range from 1 to 5 minutes are 
close together. For higher timesteps the results are very different.  
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Figure 28: Influence of the timestep to simulation accuracy with Maxim-ar 45°  
Left diagrams: without shading   right diagrams: with external blinds 
Upper diagrams: HVAC setpoint constant 24°C lower diagrams: ASHRAE 55 setpoint 

 

Figure 28 shows the distribution of accuracy for the Maxim-ar 45° window. These results confirm 
the choice of timestep. For timesteps in a range from 1 to 5 minutes are close together. For higher 
timesteps the results are very different. In order to reduce the computation time needed, a timestep 
of 5 minutes, i.e. 12 intermediate calculations per hour, is chosen for further investigations. 

4.6 Glazing type 

Single glazed windows are state of the art for many Brazilian buildings. They are reasonably 
priced and they do not have high requirements for the window frame. An insulated building enve-
lope is often not necessary in warm climates. However, if an air conditioning system is used, the 
interior air temperature might be below the outside air temperature. If the outside temperature 
exceeds the interior for long periods within a year, the use of insulated and coated glazing should 
be considered. The properties of the two glazing types are shown in Table 10.   
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Table 10: Properties of glazing types 

Type Section U-Value  g-value 

Single glazing 

 

 
4 mm clear glazing 

5.80 [W/(m²K)] 0.86 [-] 

Double glazing 

 

 
4 mm clear glazing 
14 mm gap (90% argon, 10% air) 
4 mm coated glazing 

1.22 [W/(m²K)] 0.60 [-] 

4.7 Results 

In total 2,048 parameter variations are analyzed. It is not purposeful to show graphs for each case. 
In order to make clear and reliable statements the following chapters respond to the influence of 
chosen parameters. Building on that, recommendations for each climate are given. Detailed re-
sults with quantitative values for energy demand for cooling are shown in the appendix. 

4.7.1 Influence of permanent ventilation 

Three window types are characterized by permanent ventilation: 

 Boca de Lobo Fixo contains two fixed parallel panes with a gap in between. This window 
cannot be adjusted to changing climate conditions. The discharge coefficient used in En-
ergyPlus simulations for all situations is constantly 0.183. 

 Veneziana (Flaps and Holes) windows are sliding windows which can be opened and 
closed. In closed condition remain small openings in the form of flaps/holes for ventila-
tion. Therefore, two different non-zero values for the discharge coefficient are used: Ve-
neziana Flaps 0.079/0.226 and Veneziana Holes 0.021/0.212. 
 

Permanent ventilation in combination with air conditioning increases the energy demand for cool-
ing significantly because the conditioned air can leave the room at any time and warm air will 
enter the room. Figure 29 exemplarily shows the annual cooling load for an unshaded room in 
Curitiba with a constant cooling setpoint of 24°C. It can be seen that the results are in different 
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orders of magnitude. A direct comparison between the window types is not recommended because 
the natural ventilation situations differ a lot. 

 
Figure 29: Annual cooling load (climate 1, no shading, constant setpoint) 

 

Nevertheless, permanent ventilation can be a reasonable measure in hot and humid climates where 
buildings are not equipped with air conditioning (e.g. dwellings). 

4.7.2 Influence of shading 

The effect of external blinds is analyzed. The shading system closes when solar radiation on the 
vertical window surface exceeds 180 W/m². Table 11 summarizes the average energy saving for 
air conditioning (for all window types and for window wall ratios between 25% and 100%) if an 
external shading system is used compared to the same models without shading. 

Table 11: Average energy saving for air conditioning when shading is used 

Climate 
Single Glazing Double Glazing 

Setpoint 24°C ASHRAE Setpoint 24°C ASHRAE 

1) Curitiba 53% 81% 41% 79% 

2) Uruguaiana 39% 58% 34% 52% 

3) São Paulo 46% 70% 37% 65% 

4) Brasília 56% 83% 42% 81% 

5) Niterói 48% 64% 41% 59% 

6) Goiânia 39% 62% 34% 59% 

7) Cuiabá 29% 45% 27% 41% 

8) Belém 28% 43% 28% 40% 
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It can be seen, that the percentage of energy saving is higher in the southern climates 1 to 6. Cli-
mate 7 and 8 are characterized by high temperatures throughout the year as well as high humidity. 
In addition, the northern climates are close to the equator which leads to a high solar altitude dur-
ing midday. Thus, the solar radiation on vertical window surfaces is comparatively low. Neverthe-
less, it should be mentioned that the values shown in Table 11 are percentages. The absolute ener-
gy saving [kWh/(m²a)] can be higher in northern climates due to the very high cooling load in 
general. 

4.7.3 Influence of glazing type 

Clear single glazing and a double glazing unit are compared. Positive effects of insulated glazing 
are a noticeably lower g-value whereby the solar transmittance can be significantly reduced as 
well as a lower U-value which decreases the heat gains. In hot climates, it often occurs that the 
outdoor air temperature exceeds the room air temperature, especially when the building is operat-
ed with air conditioning systems. In these situations, an insulated glazing will reduce the heat 
transmittance from outdoor to indoor. On the other hand, in moderate climates a lower U-value 
will reduce the heat loss during the night which might decrease the indoor temperatures during the 
day. In moderate climates it has to be weighed very carefully if a heater becomes necessary if the 
building envelope is not insulated. 

Table 12: Average energy saving for air conditioning when double glazing is used 

Climate 
With Shading No Shading 

Setpoint 24°C ASHRAE Setpoint 24°C ASHRAE 

1) Curitiba 9% 39% 28% 45% 

2) Uruguaiana 13% 23% 20% 31% 

3) São Paulo 13% 31% 27% 40% 

4) Brasília 4% 42% 31% 49% 

5) Niterói 18% 29% 28% 38% 

6) Goiânia 15% 29% 21% 34% 

7) Cuiabá 14% 20% 16% 26% 

8) Belém 16% 19% 15% 23% 

 

In all climates, insulated glazing has a high potential to reduce the cooling load. The one-time 
investment in double glazing will pay off due to the annual energy saving. It should again be em-
phasized that Table 12 compares rooms with clear single glazing and a double glazing unit. It 
does not mean, that the adaptive setpoint based on ASHRAE leads to higher energy saving. It says 
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that if the cooling setpoint is chosen to be adaptive, the effect of double glazing is significantly 
higher. 

4.7.4 Influence of air conditioning setpoints 

It is being investigated how a constant setpoint for air conditioning of 24°C and an adaptive set-
point based on the ASHRAE adaptive comfort model do perform. Equation (4.2) explains how the 
adaptive cooling setpoint is defined. Table 13 states that high energy savings for cooling are pos-
sible. It also shows some values (highlighted with *) where a detailed consideration of each result 
show negative values which means a higher energy demand for cooling. The reasons for increas-
ing and decreasing energy demand are describes below. 

Table 13: Average energy saving for air conditioning when an adaptive cooling setpoint is used 

Climate 
Single Glazing Double Glazing 

With Shading No Shading With Shading No Shading 

1) Curitiba 51% -4% * 67% 18% * 

2) Uruguaiana 30% 1% * 38% 14% * 

3) São Paulo 42% 1% * 54% 17% * 

4) Brasília 57% 9% * 74% 29% * 

5) Niterói 31% 0% * 40% 14% * 

6) Goiânia 47% 16% * 56% 29% 

7) Cuiabá 34% 15% 38% 24% 

8) Belém 34% 17% 35% 25% 

 

For most of the cases (in 888 of 1,024 comparisons) the ASHRAE based setpoint leads to a no-
ticeably reduction of energy demand for air conditioning. ASHRAE defines the comfortable tem-
perature range in dependence of the outdoor temperature which is often above 24°C by which the 
temperature difference between the room air temperature and the target temperature is lower most 
of the time. On the other hand, a constant setpoint of 24°C for the indoor air temperature can lead 
to uncomfortable and uneconomical cold temperatures. 

Increased energy demand for cooling occurs only if no shading is used. A detailed analysis of the 
simulation results shows, that a low solar altitude leads to high surfaces temperatures if no shad-
ing is used. Comfort analysis is based on the operative temperature which is defined as the aver-
age value of mean surface temperatures and air temperature. If the surfaces are very warm, the air 
temperature needs to be lower in order to keep the operative temperature inside of the comfortable 
range. As a result, an air temperature of 24°C, which is aimed in case of the constant setpoint, 
does not obtain thermal comfort. On the opposite, the adaptive setpoint enables lower air tempera-
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tures in order to obtain thermal comfort but this results in higher energy demand. It can be shown, 
that the choice of no shading is the reason for increasing energy demand for cooling. 

4.7.5 Design recommendations  

Typical office rooms in Brazil with air conditioning are analyzed. All rooms are ventilated purely 
naturally. In order to guarantee thermal comfort at any time when the room is occupied an artifi-
cial cooling system is used for all simulations. The efficiency of natural ventilation can be ex-
pressed by the energy demand for cooling. 

It turned out that, independent of the bioclimatic zone, the following parameters will reduce the 
energy demand for cooling: 

 Smaller windows significantly reduce the energy demand for cooling, 

 The use of an external shading system is recommended for all climates, 

 A double glazing unit reduces solar gains noticeable and therefore the energy demand for 
cooling decreases as well, 

 An adaptive cooling setpoint (discussed in Chapter 4.4) is preferable to a constant cooling 
setpoint. 

When the above mentioned design recommendations are followed, the choice of the window type 
plays a subordinate role. The window type Maxim-ar 90° leads to the lowest energy demand for 
cooling in all climates, because the discharge coefficient and thereby the air change rate as well 
are the highest of all tested windows. However, permanent ventilating window types should not 
be used when an air conditioning system is used. 

The following figures show the annual energy demand for cooling for each climate considering 
the above mentioned parameters. Detailed results with quantitative values for energy demand for 
cooling for all cases are shown in the appendix. 

 
Figure 30: Annual cooling load for the preferred parameters in Curitiba 
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Figure 31: Annual cooling load for the preferred parameters in Uruguaiana 

 

 
Figure 32: Annual cooling load for the preferred parameters in São Paulo 
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Figure 33: Annual cooling load for the preferred parameters in Brasília 

 

 
Figure 34: Annual cooling load for the preferred parameters in Niterói 
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Figure 35: Annual cooling load for the preferred parameters in Goiânia 

 

 
Figure 36: Annual cooling load for the preferred parameters in Cuiabá 
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Figure 37: Annual cooling load for the preferred parameters in Belém 

4.8 Conclusion 

The results show that the energy demand for cooling can be reduced by passive measures. In cli-
mates with lower air temperatures (bioclimatic zones 1 and 2) and in climates with noticeable 
temperature amplitude between day and night (bioclimatic zones 3, 4 and 5) it is not necessary to 
install air conditioning systems in office buildings if passive measures like intelligent construc-
tions and natural ventilation are used and when the window size is limited. This is expressed by 
very low energy demand for cooling (less than 10 kWh/(m²a)).  

However, the results are subjected to some restrictions. The EnergyPlus simulations are run with 
statistical weather data for one city representing the whole bioclimatic zone. If local weather data 
are available, additional individual investigations should be done in order to concretize the results. 
The office room used for these investigations is based on the study carried out in a building of the 
Ministry of the Environment and Ministry of Culture, located in Brasilia, Brazil. Building compo-
nents, occupancy as well as the equipment is based on the ministry building. Deviating construc-
tion and building use will influence the cooling load. Aiming to improve the energetic perfor-
mance of buildings by the use of natural ventilation, the current research must be carried out by 
testing the performance of buildings with different thermal properties for different climates. 

Discharge coefficients used in the simulations are determined in wind tunnel experiments. These 
experiments provide data which are valid for cross ventilation only. All simulations are done with 
cross ventilation. This method enables much higher airflow rate than single sided ventilation does. 
This project exposes the potential of natural ventilation in hot climates. With intelligent designed 
building envelopes and interior tuned to the boundary conditions it is possible to either signifi-
cantly reduce the energy demand for cooling or to avoid expensive installation and operating of 
HVAC systems. Knowledge gained in this project shall be used for more detailed analysis in fur-
ther research. 
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5 Knowledge Transfer 

5.1 SBE16 - International Conference on Sustainable Built Environment (SBE) 

The project team attended to the SBE16 - International Conference on Sustainable Built Envi-
ronment3 from March, 7th to 11th of 2016. A paper written by the project partners about night ven-
tilation in Brazil and Germany was presented at this conference [26]. During the conference week 
multiple project meetings were done in order to plan the wind tunnel experiments and to contact 
the German project partner Lenderoth. 

 
Figure 38: Project partners at SBE16 in Hamburg 

5.2 Training School – Adaptive Facades 2016 (Hamburg, Germany) 

The next generation of facades (or building envelopes) consists of multifunctional and highly 
adaptive systems, where the physical separator between the interior and exterior environment 
(i.e. the building envelope) is able to change its functional features or behaviour over time in re-
sponse to transient performance requirements and boundary conditions with the aim of improving 
the overall building performance. Numerous programs on modern universities are dedicated to the 
subject of facade design and the number of research groups is steadily increasing. Within the 
COST program in the European Union (Cooperation in Science and Technology), a project Adap-
tive Facades Network was therefore promoted, which offers European scientists a platform to 
collaborate and exchange perspectives.  

To connect the young generation of scientists, a summer school4 took place in September 2016 at 
the HCU with a total of 62 participants from 37 universities. In addition to lecturers from Europe, 
invited experts from Brazil shared their research practices and findings. Their participation was 
supported by DAAD. 

                                                      
3 http://www.zebau.de/projekte/sbe16-hamburg 
4 http://tu1403.eu/?page_id=421 
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In a very intensive week of lectures and workshops the participating PhD and Master Students 
had the opportunity to look beyond the scope of their own research and to follow aspects of paral-
lel research on different case studies. Not only new knowledge was gained and shared, but also 
new long-term cross-border contacts are established to make a prosperous contribution to contin-
uation of the European science-evolving idea. 

 
Figure 39: Participants and Professionals at the 2016 Summer School 

 

 
Figure 40: Excursion to IBA area in Hamburg visiting the case study houses for energy efficiency 
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Figure 41: Evaluation of the projects developed during the workshop 

5.3 Workshop “Research into Use” 

This workshop was part of the project where the research team, partners, representative of the 
funding agencies and potential partners got together to discuss the results of the research and their 
application in the market. The aim of this meeting was to identify possibilities to transfer the 
knowledge gained within the research project to industry, economy, environment and further re-
search. 

 
Figure 42: Brainstorming during the Research Into Use workshop 
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5.4 Training School – Design Process for Building Retrofit 2017 (Campinas, Bra-

zil) 

The Training School 2017 was organized by the School of Civil Engineering, Architecture and 
Urban Design at Unicamp, Brazil. It was addressed to Master and PhD students from Brazil and 
Germany. In the first part of the event, lectures on Design Process for Building Retrofit were pre-
sented by Brazilian and German experts in the field of building design and retrofit process. In the 
second part, which was based on the input given during the lectures and their backgrounds, the 
participants were divided in teams. These teams created conceptually retrofit studies for a given 
case of institutional building in Brazil, guided by experts from Germany and Brazil. With the 
results of the workshop, the students prepared a final analysis of their conceptual design. 

 
Figure 43: Participants and Professionals at the 2017 Summer School 

 

 
Figure 44: Workshop phase during the 2017 Summer School 
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Appendix 

Climate 1: Curitiba 
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Climate 2: Uruguaiana 
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Climate 3: São Paulo 
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Climate 4: Brasília 
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Climate 5: Niterói 
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Climate 6: Goiânia 

     

     

  



 

60 
 

Climate 7: Cuiabá 

     

     

  



 

61 
 

Climate 8: Belém 

     

     


