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The impact of refurbished windows on Portuguese old school
buildings
Jorge S. Carlos

Centre of Materials and Building Technologies (CMADE-UBI), Universidade da Beira Interior, Covilhã, Portugal

ABSTRACT
This paper presents results of a study investigating ventilation mode, solar
heat gain and daylight performance via vertical fenestration of a common
school building in Portugal. In recent years, there has been a growing
awareness in energy-efficient building design and operation of the
building stock. The windows are usually the first component to be
replaced by new and more efficient ones. Dynamic envelope/window
systems may optimize the performance of the building when taking into
account airing, solar heat gain rejection/acceptance and daylight
admission. Higher thermal resistance glazing implies a reduction of solar
transmittance. A typical school building located in Covilhã, Portugal was
used for the study. Three different conventional windows were used for
comparison: a single pane as found in the building, a double-pane to
increase the thermal resistance and a double-pane with daylighting
controls. Different simulation tools were used during this study. To be
comparable with other studies, several ratios were present, namely the
window/wall, the glazing/wall ratios, the window/floor and the glazing/
floor ratios as well as the window opening area. This paper presents the
obtained airflow and solar gains on both the heating and cooling
season as well as the level of daylight for both overcast and non-
overcast skies. The findings are essential for the assessment of passive
building energy-saving techniques on a hypothetical building
refurbishment by replacing old windows. However, specific adaptive
actions to improve indoor environmental quality are also needed.
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Introduction

Choosing the best window solution for any kind of building, new or old, is a complex task. This should
involve, besides aesthetics, the evaluation of energy savings, overheating problems, glare, thermal
comfort, exterior view, operation, construction and maintenance costs. From an energy saving
point of view, heat and light have been a great challenge for building designers. Modern architecture
has provided high or fully glazed façade areas to obtain an attractive appearance of buildings and to
achieve high levels of daylight. This may lead to overheating and thermal loss problems that are com-
pensated by intensive use of air conditioning in order to obtain an acceptable indoor environment. In
general terms, it contributes to low energy-efficient buildings involving a high amount of energy con-
sumption. In the past decades, a lot of work has been done on improving windows and glazing
systems, yet no significant reduction of energy consumption has been carried out in the European
building stock (Kohler & Hassler, 2012). The objective of the different studies is to save energy
either by reducing the needs of the energy load (for cooling and heating) or artificial light
through maximizing natural light. By doing this, overheating and glare problems will be avoided.
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Also, several assessment tools, varying in complexity, were developed to analyze the performance of
windows to fulfil either research or design purposes. Most of these tools consider separately the heat
load, the use of light and also ventilation.

As a few example, a simple two-node models WinSim was used for evaluation of window perform-
ance in buildings (Schultz & Svendsen, 1998). Thermal and optical proprieties of the windows may be
calculated using WIS, a software tool developed in a European research project (van Dijk & Oversloot,
2003). Knowing the physical properties of each window’s components, an interaction between these
reflects the overall rate of the window, solar gains and daylight, thermal insulation and solar shading
that can then be used in every single tool which requires these parameters. As an example, a tool was
developed to evaluate the impact of incoming daylight on the energy consumption for artificial light-
ing (Hviid, Nielsen, & Svendsen, 2008). The tool calculates the daylight distribution to optimize façade
layout and orientation with respect to sunlight. With a simple input calculation program developed in
accordance to the European standard EN ISO 13790, six window types were analyzed. These windows
had three different areas and the analysis was done with and without glazing bars. The analyses could
be performed on a seasonal and hourly basis.

Some different approaches were carried out to analyze the performance of glazing, either related
to heat or daylight. Taking into account net energy gain during the heating season, comparisons of
energy performance of three different vertical windows for different orientations were carried out
(Nielsen, Duer, & Svendsen, 2001). The net energy gain depends on the thermal transmittance (U-
value) and the total solar energy transmittance (g-value) which is given as the solar gain minus
the heat loss. A further study focused the net energy gain where three different window sizes
were tested for different frame material (Svendsen, Kragh, & Laustsen, 2005). Determining the
shading coefficient over the glass system is always an architectural problem which interferes with
the energy efficiency of buildings. Summer shading and winter penetrating solar heat was calculated
to optimize the shading coefficient (Yang, Li, & Hu, 2006). A common belief of passive houses is that
windows facing north (northern hemisphere) should be small and facing south should be larger as to
take advantage of the solar irradiation. With the improvement of the building envelope, the size of
the windows seems not to have a major influence on the heating demand in winter, although the
window size facing south should be reduced to decrease the risk of overheating (Persson, Roos, &
Wall, 2006). This study indicates that it is possible to enlarge the window area facing north and
obtain better lighting conditions.

Portugal revealed poor indoor air quality in all schools even in recently constructed or refurbished
buildings. Installation of ventilation systems with heat recovery is often difficult or even impossible in
existing school buildings. Therefore, natural ventilation plays a crucial role in promoting the comfort
and health of its occupants (Carlos, 2015) as schools present a much higher occupancy than any other
building. Santamouris et al. (2008) stated that natural ventilation of classrooms is intermittent and
characterized by three air flow patterns, corresponding to the various operational schedules in
schools:

(1) The infiltration pattern where all windows are closed.
(2) The ventilation pattern during the teaching period where some windows may be opened.
(3) The ventilation pattern during breaks where almost all windows remain open.

Natural ventilation depends on natural forces, but also on window characteristics. Ventilation by
window opening is difficult to predict due to large and fast fluctuations of wind caused by an almost
permanently changing direction and speed. von Grabe, Svoboda, & Bäumler (2014) tested different
types of windows and found that the horizontal pivot window turned out to be the best one in the
case of buoyancy ventilation. It was also found that during cold seasons, ventilation is permanently
high due to the high temperature difference between indoors and outdoors, where wind adds sub-
stantial ventilation rates only in extreme situations.
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This paper presents the obtained airflow and solar gains on both heating and cooling season as
well as the level of daylight for both overcast and non-overcast skies through simulation. To be com-
parable with other studies, several ratios were present, as the window/wall, the glazing/wall ratios,
the window/floor and the glazing/floor ratios and the window opening area. The findings are essen-
tial for the assessment of passive building energy saving techniques on a hypothetical building
refurbishment when replacing old windows. A higher thermal resistant window may imply reducing
on the solar heat gain and daylight. The ventilation flow rate depends on the use of the windows.
However, specific adaptive actions to improve the indoor environmental quality and reducing the
need of energy consumption are needed.

State of the problem and method

There are about 7000 school buildings of the ‘Plano dos Centenários’ in Portugal, built in the mid
1950s. These were built with the same geometric plan of 2, 3, 4, 6 and 8 classrooms per building.
The construction materials were selected from local materials. Thirty-nine of these schools are in
the municipality of Covilhã (Carlos, 2016). These comprise walls of stone masonry with cement
mortar on both sides; classroom floors and the roof being supported by a timber structure; entrance
hall floors of concrete covered with ceramic mosaic and the roof covered with red ceramic tiles. The
U-value of the walls was of 3.56 W/m2K; the floor and roof had a U-value of 2.17 and 3.48 W/m2K,
respectively and the U-value of the window was 5.00 W/m2K (Carlos & Corvacho, 2010). The
windows had a central role in the conception of these kinds of buildings. It would collect solar radi-
ation and allow daylight into the classroom activities. In a previous study (Carlos, 2005), the thermal
performance of this school building was analyzed. With the thermal characteristics mentioned above,
the windows represented about 5.25% of the total heat loss during the heating season. The direct
solar heat gains were about 4.96% of the total heat loss to the environment. Nowadays, there are
requirements for new construction, nevertheless, most of the primary school buildings will remain,
most of them without any refurbishment. In order to obtain a better thermal performance of the
building, a refurbishment was then proposed, where the U-value of the walls was of 0.36 W/m2K;
the floor and roof had a U-value of 0.57 and 0.25 W/m2K, respectively and the windows a U-value
of 3.00 W/m2K (Carlos & Corvacho, 2010). As these schools did not have any cooling devices, only
the heat load was determined. With the proposed refurbishment, the reduction of the heating
load was about 52%. Under this condition, the windows had represented about 16.20% of the
total heat loss during the heating season. The direct solar heat gains were about 17.85% of the
total heat loss to the environment in spite of a reduction of the direct solar heat gain of about
15.05% (Carlos, 2005). It is the aim of this paper to assess the viability of the following Portuguese
rules on refurbishment of the classroom windows of these existing school buildings:

. The thermal comfort levels within the building are approaching the limits of 18°C and 24°C in
winter and summer, respectively.

. In educational spaces, the level of lighting on the work plan should be on average from 350 to
400 lx.

. Glazed equivalent area should be from 15 to 25% of the floor area, according to the climate zone.
The geographical orientation of the classroom fenestrations should focus on the Southeast–
South–Southwest quadrant.

. Three air changes per hour (ACH) should be ensured in classrooms.

. The reference U-value for the climate zone in Covilhã is 2.60 W/(m2°C).

. The maximum solar heat gain factor (SHGC) of glazing during summer in Covilhã is 0.56 (except for
Northern orientation).

In what concerns daylight, rules of thumb are also analyzed (Tregenza, 2002).
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. When a window is used to provide sunlight in a room, it should face 90° south and external
obstructions should not be higher than 25° above the horizon.

. A room can have a daylight appearance if the glazing area is at least 1/25th (4%) of the total room
area.

. Surfaces that are closer to a window than twice the height of the window head above the desktop
level, receive adequate daylight for tasks during most of the working year.

In order to evaluate the impact of these rules on these old school window performances, the geo-
metry, compartment area and characteristic of windows are defined. From the school buildings of the
municipality of Covilhã, a typical school with three classrooms was chosen (40.30N, 7.48 W) as a
complement to the previous study (Carlos & Corvacho, 2010). There are four windows in each class-
room (Figure 1) being three on the front elevation (150° from North) and one (smaller) on the rear
elevation (330° from North).

The classroom in this school building has an area of approximately 165 m3. There is only a portion
of the three big windows on the front elevation that can be opened for air flow. A double casement is
at the rear elevation with concrete bars in front of it reducing the opening and visible area. The geo-
metry of the windows and the openable area are illustrated in Figure 2. As any study on windows
relates its ratio based on the façade area (Ghisi & Tinker, 2005), several indices are presented for
further comparison (Table 1). Firstly, window/façade ratio (%) relates to the whole window area
(frame + glazing) over the whole façade area. Secondly, glazing/façade ratio (%) relates only the
glazing area of the window over the whole façade area. The overall window/floor and glazing/
floor ratio are presented.

Figure 1. Front elevation (SE) and cross section of the school building.

Figure 2. Front (SE) and rear (NW) windows of the classroom.
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A study on thermal retrofit of this school building was presented in a previous work (Carlos & Cor-
vacho, 2010). The present study compares the performance of the original (initial) window and a pro-
posed one that is in compliance with the Portuguese regulations. The proposal windows present
different physical properties, but the same geometry and ratios. Table 2 presents the window
solar–optical and thermal properties of the windows under evaluation. The first window (Initial) cor-
responds to the first window that fitted the building fenestration. The second window corresponds to
a new (Proposal) that replaces the old one in order to improve the thermal performance of the build-
ing. Indoor visible reflectance as defined in Carlos (2016) is presented in Table 3.

Simulation process and conditions

This section presents the characteristics of the weather data that were used for the study. The soft-
ware tools that were used in this study are also described. The general settings of the computer simu-
lations such as zones, locals, orientation as well as the relevant details are established accordingly to
the used tool.

Weather data

Natural ventilation depends on the characteristics of the wind (velocity and direction) and also on the
temperature difference between an indoor and outdoor environment (European Commission &
ALTENER Programme, 1998). The local typical climate data (LNEG – Laboratório Nacional de
Energia e Geologia, n.d.) were chosen to conduct the present study. The coldest (January) and
hottest (June) months of the region during the school period were identified. Figure 3 shows the fre-
quency (%) distribution of the ambient temperatures during a winter and summer month. The temp-
erature during winter is always below the comfort level, being about 80% of the hours between 10°C
and 15°C, while about 20% of the hours of the summer month are above the comfort level, up to
about 33°C.

Table 1. Window and glazing data.

Window area (m2) Glazing area (m2) Opening area (m2) Window/Façade (%) Glazing/Façade (%)

SE elevation 8.33 6.42 1.53 30.9 23.8
NW elevation 0.91 0.44 0.72 3.4 1.6

Note: Classroom area = 50.3 m2; Window/floor ratio = 18.4%; Glazing/floor ratio = 13.6%.

Table 2. Window (frame + glazing) solar–optical properties.

SHGC τsol τvis U-factor W/m2°C

Initial SE elevation 0.67 0.66 0.69 5.0
NW elevation 0.42 0.41 0.44 5.0

Proposal SE elevation 0.56/0.43* 0.49/0.38 0.56/0.44 2.6
NW elevation 0.35/0.27* 0.31/0.24 0.35/0.27 2.6

Note: τsol, is the direct solar transmittance; τvis, is the visible transmittance.
*Maximum allowed during the cooling season.

Table 3. Reflectance of the internal surfaces.

Surface Reflectance (%)

Wall and ceiling 70
Floor and door 20
Window 10
Chalkboard 15
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The predominant wind direction (Figure 4) on both winter and summer period is closely along the
longitudinal axis of the building. The lack of incidental wind on the windows reduces the possibility of
ventilation during the summer time if cooling down the building by means of natural ventilation is
sought. On the other hand, it prevents cold drafts during the winter.

The mean wind speed during winter was 2.0 m/s, while during summer was 2.2 m/s. As the latter
presents a higher wind speed, it allows higher chances of cooling through ventilation during the
summer period. The peak wind speed on each period was 11.1 and 5.0 m/s during winter and
summer, respectively. The available solar irradiance is shown in Figure 5. The average daily exposure
goes from 2.8 kWh/m2 in December to 10.0 kWh/m2 in July.

The software programs

AIOLOS
The simulation software AIOLOS calculates the airflow rate in natural ventilation buildings. This is a
numerical tool based on an airflow network model (European Commission & ALTENER Programme,
1998). For previously defined architectural scenarios, the air change rates can be calculated for design
purposes, which offer (Ghiaus & Allard, 2005):

. Calculation of the global airflow rates in simulated zone.

. Find the best process of appropriate opening sizes to receive best airflow rates.

These calculations can be done for a short or extended time period in a fixed time step to 1 h.
Critical paths for air circulation through the building and the characteristics of the architectural

Figure 3. Temperature frequency distribution in winter (February) and summer (June).

Figure 4. Shows the frequency distribution (%) of the wind direction a winter and summer month.
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components may be determined. This tool helps the user to promptly evaluate climate through stat-
istical treatment and a better understanding of the climatic condition results.

AIOLOS permits to choose the type of terrain that best fits the location of the building under investi-
gation. The options go from open flat country to city. The urban type of terrain was chosen. Concerning
the previous geometric definitions (Figure 1), the building has two storeys and the cross section shows a
classroom with exterior windows on opposite walls. The orientation of the main crossing axis was NE/SW.
The pressure coefficient was calculated by the tool at each step of the simulation, being the discharge
coefficient of all openings (exterior and interior) fixed at 0.78 (Ghiaus & Allard, 2005).

Autodesk Ecotect
Ecotect is a highly visual architectural design and analysis tool that links a comprehensive 3D model-
ling with a wide range of performance analysis functions covering thermal, lighting and solar aspects
(Crawley, Hand, Kummert, & Griffith, 2008). This complete environmental design tool can handle geo-
metry of any size and complexity that provides visual and analytical feedback of the building design
process. It provides an interactive solar ray tracing that update in real time with changes to building
geometry and material properties. Autodesk Ecotect is a program which allows designers to work in
3D and apply the tools necessary for an energy efficient and sustainable future. This includes visual-
ization of volumetric and spatial analysis results. In addition to standard graph and table-based
reports, analysis results can be mapped over building surfaces or displayed directly within the
spaces. Ecotect is a complete building design and environmental analysis tool that covers the
broad range of simulation and analysis functions required to truly understand how a building
design will operate and perform. Besides the geometry, non-obstacles in front of the building
were considered, providing total access to solar radiation.

VELUX daylight visualizer
VELUX Daylight Visualizer is a simple tool for daylighting design, analysis and appearance of a space.
The software permits generation of accurate 3D models, although it may be less flexible in terms of
complex geometry buildings. A detailed 3D-model may be created with programmes that support
DWG and DXF file types and also with the free drawing program Sketchup, which was the case.
The finished model is then imported into Daylight Visualizer. Settings include the location and orien-
tation of the building, the date and time of the simulation, as well as the CIE sky types (Labayrade,
Jensen, & Jensen, 2009). Simulation output includes luminance, illuminance, daylight factor (DF)
maps and also photorealistic rendering

Results and discussion

This section presents the results obtained by simulation with different software programs in order to
assess the Portuguese windows on residential buildings. Firstly, air flow rate was found in function of

Figure 5. Average daily global solar irradiance and solar altitude.
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the aperture area and its orientation. Secondly, solar gains are assessed in function of the window
orientation and size. Thirdly, the level of illuminance is established based on a standard CIE sky.

Natural ventilation

Natural ventilation of buildings has two purposes. Firstly, to guarantee an indoor air quality regarding
health safety. Secondly, to cool down the building structure during hot periods regarding thermal
comfort (Gagliano, Berardi, Nocera, & Salerno, 2015). The simulations to determine the air flow
were carried out in two phases. The first set of simulations considered the winter period (coldest
month). During this season, it is important to maintain a good level of air quality inside the building.
However, as the airing infers thermal losses to outside, a minimum air flow rate should be achieved.
Figure 6 shows the air flow rate (air change per hour – ACH) during winter for single-side ventilation
through the three windows on the front elevation (Figure 1).

The mean air flow rate that was obtained during the simulation period was 4.0 ACH, and the
lowest was 1.8 ACH. The maximum air flow rate was 7.1 ACH. The windows are operated by the
users; therefore, it can be opened whenever the air is felt stale. Fracastoro, Mutani, & Perino (2002)
stated that when indoor environment is not comfortable, either from thermal or olfactory point of
view, occupants themselves will, at times, operate a control by means of window and/or door
opening (i.e. airing). However, to obtain the requested mean air flow rate and for a single-side ven-
tilations, it would be necessary to have the three windows almost fully opened.

Figure 7 shows the comparison of the air flow rate (ACH) for both single-side and cross ventilation,
during June with the windows fully opened. The obtained mean air flow rate was 2.5 and 5.6 ACH, for
single-side and cross ventilation, respectively. The single-side ventilation was about 45% of the cross
ventilation with the windows fully opened.

The smaller window of the classrooms is on the rear elevation (Figure 1). This has concrete bars for
safety purposes; therefore, it can stay open all night to cool down the structure of the building during
summer. Therefore, a simulation was carried out to check the possibility of airing the classroom
through this window. Figure 8 shows the air flow rate for a single-side ventilation through one
window at the rear elevation.

As expected, the window with lower opening area obtained a lower air flow rate. There was no
relevant difference of the air flow rate between floors. Within this scenario, the classroom obtained
a mean air flow rate of 1.1 ACH. The peak air flow rate was about 2.3 ACH. The opening area of the
window at the rear elevation is about 47% of the front elevation. The minimum, mean and maximum
air flow rates obtained for the different ventilation modes during summer are shown in Table 4.

The amplitude of the results between the different ventilation modes is significant. The cross ven-
tilation has an amplitude of 9.4 ACH against 5.9 ACH through single side. The effect of the wind
characteristics (speed and direction) has a higher influence on the obtained air flow rate on a
cross ventilation than on a single-side one. Taking into account the indoor air quality, the Portuguese
regulation defines 3 ACH for classrooms. This target is achievable during both seasons on a cross

Figure 6. ACH for single-side ventilation (SE) during winter period.
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ventilation mode. On a single-side ventilation mode through the front elevation, the air flow rate may
be under the required value. During winter, the high air flow rate that is required implies high heat
loss that may be found by the following equation:

Q = rcV (Ti − To)
3600

, (1)

where, Q is the heat losses through ventilation due to air renovation (W), ρ is the density of the air,
(kg/m3), c is the specific heat of the air at constant pressure (J/kgK), V is the air flow rate (m3/s) and T is
the air temperature (K) of inside (i) and outside (o) environment. During the simulation periods, the
average outdoor air temperature was 7.7°C. The thermal losses to outside due to ventilation was
about 1.8 kW/m2°C. Windows with high ventilation efficiency could remain significantly cooler
during cooling season, but it is costly in terms of heating energy consumption during winter.
Natural ventilation can also be beneficial from an energy perspective when preheating of the incom-
ing air is available (Carlos, 2015; Carlos & Corvacho, 2010).

Solar gains through the big windows

Taking advantage of the solar radiation, one of the main concerns was to build this kind of elemen-
tary school buildings. Classrooms were orientated S–SE with three big windows each. This particular

Figure 7. ACH for single-side and cross ventilation during summer period.

Figure 8. ACH for single-side ventilation (NW) during winter period nights.

Table 4. The minimum, mean and maximum summer air flow rates (ACH).

Ventilation mode Minimum Mean Maximum

Cross 0.5 5.6 9.9
Single side (through front elevation) 0.3 2.5 6.2
Single side (through rear elevation – night only) 0.1 1.1 2.3

ARCHITECTURAL ENGINEERING AND DESIGN MANAGEMENT 9



building has three classrooms orientated SE (150° from North). Figure 9 shows the annual sun path
and also the shadow on the solstice day at noon. These big windows had a wooden frame and a
3 mm transparent glass, at the time of the construction (Table 2). Many of these school buildings
have trees in the playground. These partially block the solar radiation as they cast shadow mainly
on the ground floor (Carlos, 2016). Therefore, trees were not part of this study to evaluate the per-
formance of windows without any external obstructions. Simulations were carried out using Auto-
desk Ecotect tool to analyze the relationship between the available and used solar radiation.
Figure 10 shows the transmitted solar radiation through big windows and the ratio of the trans-
mitted/available global solar irradiation.

In spite of more solar radiation during the cooling season, the transmitted solar irradiance is lower
with a low ratio of about 15%. Due to the high solar altitude on the cooling season, the transmitted
solar radiation does not follow the increase on the solar availability. In January, there was an average
daily solar radiation availability of about 3805 Wh/m2 and transmitted to the inside of about
1223 Wh/m2. In June, there was about 9619 Wh/m2 of average daily solar availability against
1269 Wh/m2 of transmitted solar radiation to indoors. During January, the interior environment
receives about 32% of the available solar radiation, whereas during June it only represents about
13%. Taking into account the local heating and cooling season defined in the Portuguese regulation,
one may say that during the heating season, the big windows transmitted to the inside about 28% of

Figure 10. Local available average daily solar radiation.

Figure 9. On-site annual sun path.
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the available solar radiation. During the cooling season (May to September), the big windows allow
about 15% of the available solar radiation inside.

During the past years, many of these school buildings were refurbished. In contrast to the
same architectural project that was replicated all over the country, the improvement of these
buildings did not follow a common rule. As this paper analyses the windows, a new window in
agreement with the Portuguese regulation is assessed and compared (Table 2). A maximum of
solar heat gain factor (SHGC) of a window component during the cooling season is imposed,
which includes solar obstruction. The new window has a reference U-value of 2.6 w/m2°C. This
implies an SHGC of about 0.54 during the heating season. By adding an interior transparent
screen during the cooling season, the solar transmittance is reduced (Table 2). The comparison
of the transmitted solar radiation between the old (Initial) and new window (Proposal) is illus-
trated in Figure 11.

By reducing the SHGC of the window, the solar radiation transmitted to the indoor environment is
also reduced. During the heating season, the average reduction of the transmitted solar radiation was
about 33%, while during the cooling season it was about 58%. The new window has also a reduced U-
value of about 48% when compared to the old window. The average daily transmitted solar radiation
by the three windows, in function of the classroom area was about 143 Wh per floor square metre
during the heating season and 94 Wh per floor area during the cooling season. The old window
would transmit about 215 Wh and 225 kWh per floor area during the heating and cooling season,
respectively. For comparison, Table 5 shows the average daily solar gains by the three windows in
function of the classroom floor area.

Daylight availability

School buildings are operated mainly during the daytime. Usually, these buildings have been closed
during the summer (longer day period). Therefore, daylight plays an important role to limit the
energy consumption due to artificial light. Simulations were carried out using the software tool
VELUX Daylight Visualizer (Iversen et al., 2013). Firstly, the DF is assessed and then the level of illumi-
nation on the blackboard is compared. A simple tool to analyze the level of daylight of the classroom
is the DF. As stated by Cheng, Chen, Chou, & Chan (2007),

Figure 11. Average daily transmitted solar radiation by two different proprieties windows.

Table 5. Average daily solar gains per classroom floor area.

January February March April May June July August September October November December

Old window (Wh) 202 226 259 231 216 210 218 255 259 227 205 152
New window (Wh) 135 150 173 154 90 88 91 107 109 151 137 101

Note; Thermal conduction per floor area – old window = 0.83 Wh/m2°C, new window = 0.43 Wh/m2°C.
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It defines the level of illuminance at a specific point indoors, received from a sky of an assumed luminance dis-
tribution, without the presence of direct sunlight, and is expressed as a percentage of the horizontal illuminance
outdoors from an unobstructed hemisphere of the same sky.

The DF (in %) may be obtained by:

DF = Ei
Eo

100%, (2)

where, Ei is the illuminance due to daylight at a point on the indoors working plane (lx) and Eo is the
simultaneous outdoor illuminance on a horizontal plane from an unobstructed hemisphere of over-
cast sky. For a given point in a room, the DF is a permanent factor, which is calculated under a stan-
dard overcast sky, which means that the calculation is independent of window orientation.

The influence of the three windows on the daylight performance were carried out in a classroom
that measured 7.90 m by 6.20 m (width by depth) and had a floor to ceiling height of 3.40 m. The
classroom is illuminated by three large façade windows turned due southeast and one small
façade window turned due northwest. The window/glazing geometry is referred in Table 1. The sill
of the big windows was located at 1.10 m above the floor level being the middle window centred
in relation to lateral walls. A grid system was created to indicate the points at which the illuminance
values are calculated at the primary school work plane height of 0.75 m. Grid cells are approximate to
a square of about 0.5 m with 165 simulation pints (Figure 12).

The classrooms were modelled representing typical height of the ground and first floor. A free
horizon (no external obstructions) was assumed. The ground light reflectance was set to 20%.
Table 6 shows the statistical results over the grid system, for the initial and the proposal window,
both in winter and summer, with an external illuminance of 7078 lx.

From Table 6, it can be seen that the average DF is reduced when the new window is introduced.
Looking at the classroom area with a DF above 2%, a difference between 32% and 62% is observed in
spite of similar low value uniformity. The latter represents a space with large contrasts of daylight dis-
tribution, illustrated in Figure 13 of the three simulations.

Daylight factors are calculated as a function of the distance from the window (Figure 14). A plot of
the daylight factors along the perpendicular axis of the three windows also shows the distance from

Figure 12. Grid system within the classroom at 0.75 m height.
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the façade that achieves a DF of 2%. The distance from the façade with a DF of 2% varies from 2.0 m
(lateral proposed windows on the summer) to 5.5 m (centre initial window). While the uniformity pre-
sents a low value according to the standard EN 12464-1:2002 (EN, 12464-1, 2002), extreme variations
of the DF should be avoided (Rea & Illuminating Engineering Society of North America, 2000), but it is
important to provide enough variation in the light pattern to contribute to a stimulating, attractive
environment. As it can be seen from Figure 1, the classroom on the ground floor has the rear
window under an external roof without seeing the sky. The comparative results were also done in
the proposed window during winter on the ground and first floor. The DF is reduced on the
ground floor due to the almost null influence of the rear window. All simulations had shown a class-
room that needs supplementary electric lighting (DF 2–4% (Tregenza & Wilson, 2011)) expressed in
less than 80% of the floor area with a DF≤ 2% (BRE Global, 2012).

Simulations were made to calculate the illuminance on the blackboard located on the wall in over-
cast sky conditions. The results showed that the windows produced low illuminance values in the
area under analysis. The right zone of the blackboard had a reduction of the illuminance level of
about 25% when compared to the left zone. The day and hour for intermediate sky conditions
was also chosen to be 21 January at 12:00 hours. The general level was significantly higher and
the value was about 75% higher than for the overcast sky condition. On any of these sky conditions,
the windows produced low illuminance levels in similar distribution patterns (Figure 15). The bar scale
has the unit lux and indicates the illuminance level.

Changing the window to improve thermal performance of the school building (Table 2), lower
visible transmittance values are associated. The visible transmittance during the winter is imposed

Table 6. Statistical DF (%) results.

Initial Proposal winter Proposal summer

Average daylight factor 3.30 2.66 2.07
Minimum daylight factor 0.96 0.76 0.58
Maximum daylight factor 10.80 8.73 6.84
Uniformity 0.29 0.29 0.28
Share of room with DF above 2% 62.42% 42.42% 32.73%

Figure 13. VELUX daylight visualizer renderings of the three classrooms.

Figure 14. Daylight factors (%) at 0.75 m above floor level along an axis perpendicular and centred about the windows, overcast
sky conditions.
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due to the chosen glass. During summer, a protection screen is needed to reduce the SHGC of the
window and therefore the visible transmittance. Since during summer the overcast sky conditions
are very rare to occur, simulations were done on intermediate and clear sky conditions.

Figure 16 shows the illuminance simulated on the blackboard. The left illustrates the results
obtained under overcast and intermediate sky conditions during winter. The right illustrates the
results obtained under intermediate and clear sky conditions during summer. In all the simulations,
the right zone of the blackboard has a reduction of the illuminance level of about 25% when com-
pared to the left zone.

Figure 15. False colour rendering showing illuminance (lux) for the initial window under overcast sky conditions (left) and inter-
mediate sky condition (right).

Figure 16. False colour rendering showing illuminance (lux) for the proposed window for winter (left) and summer (right).
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Summary

Windows are very important building components. In school buildings, this component plays an
important role on the everyday tasks. It provides fresh air and relies on solar availability to get
solar gains and daylighting. In Portugal, there are thousands of these school buildings around the
country. Many of these have already been refurbished without a common characteristic as in the
first project. Usually, any refurbishment and/or adding did not change the architectural character-
istics of the building. Changing the windows to a more thermal resistant one was one of the most
common changes made in many of these buildings. This paper gives a comparison of this com-
ponent, with old and new window. Table 7 summarizes the overall results of this study, comparing
the new window to the Portuguese rules, rules of thumb and other indexes.

Conclusions

The performance of the windows of an elementary school building in Portugal was assessed. The
airflow rate, solar heat gain and level of daylight were analyzed. A comparison was done on different
opening modes and schedules of the windows. Single-side ventilation and cross ventilation were
established by simulation. It was observed that during the teaching period, the windows turned
NE were usually opened for airing, especially during summer time, but the small window on the
rear (NW) was barely or never opened. This led to a single-side ventilation mode, which was assessed
by simulation. The required airflow rate is obtained only when all the windows are opened on a cross
ventilation mode. When using only the rear (small) window during the night period on a single-side
ventilation, the required airflow rate was not achieved. This could barely cool down the structure of
the building during summer. However, the daily fluctuation is found to be quite high and is mainly
depending on random fluctuations of the wind speed.

An approach for estimating the solar irradiance through the SE vertical fenestrations and the level
of daylight under the overcast CIE Standard Sky were established. Simulations were carried out to
determine the useful irradiance (transmitted through the fenestrations) based on local weather
data. The DF was also established. The comparison was made for a different kind of windows on
heating and cooling seasons. The proposed double-pane window did significantly reduce both
the heat transfer by conduction and the solar heat gain when compared to the conventional
single-pane window. The level of daylight was also reduced. This reduction will reduce the cooling
load; however, it will increase the heating load as well the electricity consumption due to artificial
lighting.

Some simple measurements could be undertaken to improve the performance of the windows in
these school buildings. These could be applied without going on deep refurbishment and changing
of the architectural characteristics:

. Always provide cross ventilation by opening the windows on the opposite façades.

. Arrange for secure openings on the SE façade to provide cross ventilation. It is possible to deliver
the minimum airflow rate as well as to cool down the structure of the building at night.

Table 7. Summarized results comparison.

Pass Fail

Daylight level from 350 to 400 lx X
Glazed area from 15% to 25% of the floor area X
Fenestration on the Southeast–South–Southwest quadrant X
Provides 3 ACH of fresh air X
Comprises with the reference U-value X
Comprises with the maximum SHGC-value X
Glazing higher than 1/25th of the total classroom area X
DF assessment X
Surfaces closer to the window than twice the height of the window head above desktop level X

ARCHITECTURAL ENGINEERING AND DESIGN MANAGEMENT 15



. Increase the glazing/window ratio by reducing the framing to provide higher solar heat gain and
daylight in the classroom.

. Use solar shadings in classrooms during summer and increase light penetration using redirecting
devices.

. Increasing the internal reflected surfaces by treating higher reflectance finishes.

A set of modelling guidelines is required to perform any simulation, especially in relation to geo-
metry input and physical properties. Environmental factors were taken into consideration, as indoor
and outdoor temperature, wind speed, wind direction and solar radiation. Window opening options
were added, based on these environment factors. However, human behaviour should be added as
users operate windows as a function of their comfort. During high-ventilation mode, users may
close the windows during winter time due to discomfort, reducing the overall air flow rate. Even
in winter time and during a clear day under glare conditions, users may shut down some solar pro-
tection reducing the solar heat gain.

The option to control windows and solar control devices based on discomfort is critical, as these
are very common in buildings. Therefore, a schedule control could become inadequate. One signifi-
cant barrier in order to achieve building energy efficiency improvement is the lack of knowledge
regarding factors which determine energy use. For example, electricity is the main energy source
only for lighting during the summer period as there is no cooling equipment. In winter, in this par-
ticular case, natural gas was used for heating.

To fully evaluate the simulation tool and its network model, a more complete dataset from other
identical school buildings is required, namely on-site measured temperature, solar radiation (global
direct and diffuse, as needed for the weather file) and wind data. Measured volume flow rate data
throughout the building are critical to understand the ventilation mode. This finding has a relevant
impact on the design practice, since it can affect the evaluation of the overall airflow rate, the level of
illuminance, overheating and also the design of shading devices, thus affecting the calculation of
energy consumptions and savings linked to different design options.
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