Solar radiation crossing the windows contribute to space heating in cold climates. In hot cli-
mates solar gains are not wanted, but daylighting is still needed. According to Lee at al. (Lee et
al. 2013) as window sizes narrow, the building energy load decreases as the thermal transmission
is also reduced. The relationship between the windows and the facade are commonly referred
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INTRODUCTION

With respect to thermal performance, windows are the weakest component of the
building envelope, essentially because the U-value is usually higher than the opaque
envelope. This would allow the highest heat conductance of the building envelope.
However, it also helps buildings to gain useful solar heat during winter. Therefore, it
has been generally accepted that passive buildings would have small windows towards
the poles and large windows facing the equator (Persson, Roos, and Wall 2000).
In spite of this guideline, large or fully glazed facades have been used in modern
architecture. The intensive use of air conditioning is the result of overheating and
high thermal loss problems, which otherwise would lead to thermal discomfort.
This extensive use of large windows associated with high energy consumption has
motivated researchers to study this building component.

Window areas were investigated by Persson et al. (Persson, Roos, and Wall
2006) on 20 terraced houses with larger windows facing the equator and built in
Gothenburg. The building envelope was well insulated and fitted with energy efficient
windows. It was found that energy efficient windows do not have a major influ-
ence on the heating demand in the winter, but it is relevant for the cooling need in
summer. Therefore, reduced indoor illuminance due to small windows can be solved
by enlarging them in order to obtain relevant daylighting conditions. When efficient
windows are designed for a warm climate, as in Mexico, reducing heat flux and solar
transmittance indoors was the best option for energy savings (Aguilar et al. 2017).
However, reducing solar transmittance influences the indoor illuminance, which was
not analyzed.
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to the window to wall ratio (WWR) in percentage. This metric could oscillate from region
to region. In the Japanese climate an appropriate WWR value from 30 to 50% was proposed
(Wen, Hiyama, and Koganei 2017), while in Manila and Taipei a lower WWR value of 25%
was found to be adequate (Lee et al. 2013) where the relative window size should be minimized.
Therefore, window area, amongst physical properties is of great importance for harvesting solar
radiation and providing proper daylight indoors. Generally speaking, larger window sizes facing
the equator increase cooling demand, while heating demand increases with large windows facing
north (Ochoa et al. 2011). Reducing the window size to reduce energy consumption is the
worst measure regarding the minimal conditions of daylighting.

Reducing energy loss through the building envelope requires the optimization of thermal
performance of the windows in order to obtain minimal heat losses and optimal solar gains.
This means that it is possible to consider the best window size according to orientation, loca-
tion and building physical properties. The most effective thermal insulation glazing is charac-
terized by low U-values, but associated with low solar transmittance which reduces solar gains
(Gasparella et al. 2011), (Amaral et al. 2015) as well as daylighting, when the number of glazing
is increased. A reduction of the window U-value can reduce the energy demand for heating
and cooling depending on the solar heat gain coefficient (SHGC) (Grynning et al. 2013). For
instance, in Tehran’s climatic condition, lowering the U-value and SHGC is necessary in north
and south faced classrooms to decrease overheating (Zomorodian and Tahsildoost 2017). Thus,
from hot climates to cold climates, higher SHGC and optical transmission window properties
are beneficial for saving energy (Lee et al. 2013). The thermal balance of the building envelope
is affected not only in summer, but also in winter. One should consider not only heat loss or
gains, but also the beneficial effects of solar radiation and hence reduced demand for heating
and artificial lighting due to daylight.

Other geometry factors, besides the window to wall ratio, play an important role on the
thermal performance and daylighting distribution. The window orientation and also the room
width to depth ratio have been analyzed by Susorova et al. (Susorova et al. 2013) to find the
combination of parameters yielding the lowest energy consumption for office buildings located
in various climatic zones of the United States. The highest energy savings with fenestration
geometry were found in hot climates while in temperate and cold climates it was low. Different
room ratio and dimensions were assessed by Ghisi and Tinker (Ghisi and Tinker 2005) to find
the ideal window area based on the Daylight Factor (DF) and to predict the energy savings on
lighting. The daylight factor describes the ratio representing the illuminance available at a point
indoors in relation to the outdoor illuminance on a horizontal plane under an overcast sky. The
authors concluded that the proposed methodology could be applied to any space and energy
savings on artificial lighting in any city worldwide. However, this study did not incorporate
solar heat gain.

Window to floor ratio is another geometry factor that was studied by Gasparella et al.
(Gasparella et al. 2011). Four ratios (16 to 41%) were used alongside orientation and four
climate zones (Paris, Milan, Nice and Rome). The results showed a common trend in all cli-
mates. The winter energy need always decreased with increasing window area on windows not
facing north. It was found that on the south orientation, an increase of the window surface was
the most effective expedient to reduce the winter energy need.

The main objective of this study is to define the optimal geometry factor for elemen-
tary school buildings in Portugal based on pre-set rules, such as room area, window ratio
and orientation.
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FIGURE 1. Monthly climate in Braganca and Evora
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METHODOLOGY

To investigate an optimal window design for elementary school buildings in Portugal, a model
of a single thermal zone of a classroom was created in Sketchup. This model was imported to
the Energy Plus (Crawley et al. 2001) simulation engine and also to the VELUX Daylight
Visualizer (Labayrade, Jensen, and Jensen 2009). This classroom was located first in Braganga
(41.8 N; 6.73 W) and then in Evora (38.57 N; 7.9 W), Portugal, with cold winters and hot
summers (Figure 1).

The classroom’s ceiling, floor, and three interior walls were considered adiabatic. Heat
transfer between the classroom and the exterior occurs only through one exterior wall with the
window under study. During summer an interior window shading is provided. The relevant
properties of the Portuguese climate zone in the simulations are shown in Table 1.

Reflectance for interior surfaces is within the range of the Standard EN12464-1:2011 (EN
12464-1 2002), which is shown in Table 2.

TABLE 1. Thermal and optical properties of the windows used in the simulations.

Heat transfer coefficient SHGC
(reference values) (maximum values
W/m?2°K i
'm SHGC in summer) Visual

Braganca Evora (winter) Braganca Evora transmittance
Wall 0.35 0.50
Smaller window | 2.40 2.90 0.76 0.56 0.50 0.81
Bigger window | 2.40 2.90 0.76 0.42 0.38 0.81

Journal of Green Building 187

04_02_CarlosIndustry_6793.indd 187

2/20/18 8:56 AM

SS900B 981} BIA 6Z-80-G20Z 18 /w0’ Aio1oeiqnd:pold-swinid-yiewisiem-jpd-swiid;:sdyy wouy peapeojumod



TABLE 2. Reflectance of the interior surfaces.

Surface

Floor 0.4
Walls 0.7
Window 0.14
Ceiling 0.8

The internal loads were accounted to a metabolic rate that was set for 25 people at 100
W/person. There was no equipment and lighting was considered negligible. The schedules
were considered from 8:00 am to 5:00 pm, on working days, from September to June (Carlos
2016), (Carlos and Corvacho 2010). The classroom had one opening placed on the center of
the external wall. The lower edge of the glazing was located 0.75 m above the floor, at a task
level. A free horizon and no external shading were assumed. Portuguese recommendations for
classrooms are:

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

* The ceiling should preferably be white, with reflection higher than 75%.

* The 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.

* Floor to ceiling should be at least 3.2 m.

* The minimum floor area is 48 m”.

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

A rule of thumb concerning daylighting (Tregenza 2002).

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

e 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.

A classroom area should meet good practice daylighting criteria expressed in at least 80%
of the floor area with a DF > 2% (“BREEAM New Construction: Non-Domestic Buildings”
2012). With a window head at 3.2 m height and the working plane at 0.75 m height, the length
of the classroom could be 4.9 m. Therefore, a classroom of 4.9 m length, 9.8 m width and 3.2
height (+48 m?) would be expected with a width-to-depth ratio of 2:1. However, to study dif-
ferent classroom geometries two more classroom ratios, such as 1:1 and 1:2, were studied with
the characteristics shown in Table 3.

The first evaluated parameter was window orientation, being southeast, south and south-
west. Another tested parameter was a window to floor ratio (WFR). For different room geometry
the WER would result in a different WWR. The latter represents the percentage of an exterior
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TABLE 3. Resulted characteristics of the classroom model.

Overall heat transfer
coefficient
Classroom Window | Window 2
W/m?eK
Classroom | dimension | Window to floor to wall
Setn°® | ratio (m) area (m?) ratio (%) ratio (%) Braganga Evora
1 2:1 9.8x4.9 7.2 15 23 0.54 0.69
12 25 38.3 0.74 0.93
2 1:1 6.93x6.93 7.2 15 34.6 0.47 0.59
12 25 57.7 0.67 0.83
3 1:2 49x9.8 7.2 15 459 0.42 0.52
12 25 76.5 0.63 0.76

wall area that is transparent. Different WWR would affect not only the overall wall heat trans-
fer coefficient, but also the amount of available daylight and solar heat gains. Two WFR (15%
and 25%) were tested for different classroom ratios. The last parameter evaluated by this study
was the classroom ratio representing the relationship width to depth (W/D ratio). This is an
important room geometry parameter which affects the interrelation between the interior and
the outer environment. The width of the classroom exterior wall determines the area exposed
to heat transfer through the facade and the amount of received solar radiation. The classroom
depth determines the distance of daylight penetration. The classroom ratio was, 2:1, 1:1 and
1:2 (deepest classroom). Therefore, the windows under study comprise the Portuguese recom-
mendation as well as rules of thumb.

RESULTS AND DISCUSSION

Comparisons of the obtained results under two different local climates (Braganga and Evora)
are presented. The first analysis refers to the smaller window ratio that corresponds to 15% of
the floor area, due south. Figure 2 shows the yearly total heating and cooling load per unit of
floor area. As expected, the heating load has reduced from set n° 1 to set n° 3. As the room
coefficient thermal reduces, so does the thermal loss and heating demand. Nevertheless, the
reduction was not significant. In Braganca it corresponds to a reduction of about 4%, from
40.6 to 38.9 kW/m?/year, while in Evora it is about 6%, from 12.6 to 11.8 kW/m?/year. On
the other hand, the cooling load has a small increment from set n° 1 to set n° 3. As the external
air temperature drops below internal air temperature, the smaller external wall is presented with
the lowest thermal losses.

Figure 3 shows the heating and cooling loads for two windows to floor ratio (15% and
25%). It can be read that the heating load has always decreased when the window to floor ratio
has increased, both in Braganca and Evora. As these results were obtained during diurnal activ-
ity from September to June, it was not affected by the lowest temperature that occurs during
the night period of winter. Also, during the day the solar radiation influences the thermal
performance of the classroom due to solar heat gain. As the room’s overall thermal coefficient
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FIGURE 2. Yearly heating and cooling load per unit of floor area for different set number.
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increases with the augment of the window ratio, solar heat gain also increases, which overpasses
thermal losses. Therefore, the classroom benefits from the higher solar heat gain as the window
is enlarged. Also, the heating load has a reduction of about 23% in Braganca and 33% in
Evora. On the other hand, the cooling load has increased by about 41% in Braganca and 35%
in Evora with the augment of the window area. Nevertheless, the total thermal load has always
increased with bigger windows.

The thermal load in Braganca and Evora is shown in Tables 4 and 5, respectively, for all
the classroom ratios and orientations. The best orientation for heating load was found to be
south and for the cooling load southwest. However, the lowest total thermal load is for southeast
orientation where the highest energy saving is achieved. The highest total thermal load is found
in south orientations due to high solar heat gain in summer.

The distribution of daylight through the classroom is observed in Figure 4, where DF
is plotted at work task level with the smallest window (WFR = 15%). The DF below 2% is

FIGURE 3. Heating and cooling load per unit of floor area for different window to floor ratio.
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TABLE 4. Thermal load in Braganca for different classroom ratio and orientation.

Classroom WWR Heating load Cooling load Total thermal load
rate Orientation (%) kWh/m?/year | kWh/m?/year | kWh/m?/year
2:1 SE 23 44.5 13.1 57.6
38.3 35.2 24.9 60.1
S 23 40.5 12.0 52.5
38.3 31.2 24.1 55.3
SW 23 47.2 11.9 59.1
38.3 39.3 22.3 61.7
1:1 SE 34.6 43.1 134 56.5
57.7 34.0 255 59.5
S 34.6 39.3 12.3 51.7
57.7 30.3 24.8 55.2
SW 34.6 45.8 12.2 58.0
57.7 38.2 23.0 61.2
1:2 SE 459 42.7 13.6 56.2
76.5 33.6 259 59.5
S 459 38.9 12.5 51.4
76.5 30.0 25.1 55.1
SW 459 45.3 12.4 57.7
76.5 37.8 23.3 61.0

obtained near the sidewalls in classroom ratios 2:1 and 1:1, away from the direction of the
window. In classroom ratio 1:2 the lowest DF is found at the back of the classroom. The per-
centage of the room with DF above 2% is lower than 66% of the classroom area with 47% in
the classroom ratio 1:2 (deepest classroom). The illuminance uniformity is 0.24 in the classroom
ratio 1:1 and below 0.2 in the remaining rooms.

Figure 5 shows the DF with the big window (WFR = 25%). Comparing Figures 4 and
5 it is evident that the illuminance at the back of the classroom does not depend only on the
height of the window head. It depends also on the area and the proximity of the window to
the side walls. Due to more incident daylight on side walls, more daylight is reflected into the
space. The back of the room is not further than twice the height of the window head (left image
in Figures 4 and 5). The percentage of the room with DF above 2% is higher than 80% in the
classrooms ratio of 2:1 and 1:1. The deepest room has a percentage of about 58% of DF above
2%. 'The illuminance uniformity in the latter is about 0.13 and in the remaining rooms it is
0.22 and 0.26, respectively (Table 6).
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TABLE 5. Thermal load in Evora for different classroom ratio and orientation.

Classroom WWR Heating load Cooling load Total thermal load
rate Orientation (%) kWh/m?/year kWh/m?/year | kWh/m?/year
2:1 SE 23 14.5 26.6 41.1
38.3 10.3 42.0 52.3
S 23 12.6 25.3 379
38.3 8.5 41.4 50.0
SwW 23 16.5 25.5 42.1
38.3 12.8 39.9 52.7
1:1 SE 34.6 13.7 27.0 40.7
57.7 9.8 42.8 52.6
S 34.6 12.1 25.8 37.8
57.7 8.1 425 50.6
SW 34.6 15.8 26.0 41.8
57.7 12.2 40.8 53.0
1:2 SE 45.9 13.5 27.3 40.8
76.5 9.6 43.5 53.1
S 459 11.8 26.1 379
76.5 7.9 43.1 51.1
SwW 459 15.5 26.4 41.8
76.5 119 41.4 53.2

FIGURE 4. The distribution of DF in the classroom with window to floor ratio of 15%.
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FIGURE 5. The distribution of DF in the classroom with window to floor ratio of 25%.
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TABLE 6. Illuminance results for the different room ratios.

Window to Illuminance
Room ratio floor ratio Average DF uniformity Above DF of 2%
2:1 15% 4.6 0.17 65.5%

25% 7.6 0.22 98.8%
1:1 15% 4.5 0.24 61.5%

25% 7.4 0.26 98.2%
1:2 15% 4.2 0.12 46.8%

25% 6.4 0.13 57.9%

With respect to daylight, the investigation on the window to floor ratio of 15% was done
on the classroom ratio of 2:1. This was the only studied geometry that had the back of the
classroom properly lit. The window sill was set in a fixed position of 1.00 m above the floor. The
window header was lowered by 0.1 m each time (Figure 6). In order to maintain the minimum
required area, the window was enlarged at each step. At a certain point of the simulations, the
head of the window could not be lowered more without darkening the back of the room. A
minimum DF of 2% was never achieved closer to the side walls. The option was to split the
window into two similar windows. With a window height of 1.80 m, 81% of the floor area
had a DF above 2%, as it is shown in Figure 7. The average daylight factor is 4.69 and the
illuminance uniformity is about 0.31.
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FIGURE 6. Facade with alternative windows of same area.
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FIGURE 7. The distribution of DF in the classroom with two windows and a window to floor
ratio of 15%.
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When the classrooms were fitted with a bigger window (25% of the floor area), it was
seen that the classroom ratio 1:2 (deepest classroom) was the only one that had lower levels of
illuminance than 2%. The back of the enclosure was not properly lit, which means that a big
window solely on one fagade is not enough to provide daylight to the entire space. The classroom
ratio 2:1 had a good illuminance level with a smaller window. The squared classroom with a
25% window to floor ratio may have its illuminance level above the minimum required. This
illuminance level may be decreased in order to reduce the window area and therefore the thermal
load. The investigation sought to determine to what extent the window could be reduced in in
terms of the daylight requirements.

The window sill was set in a fixed position of 1.00 m above the floor and the head of the
window lowered 0.1 m each time. Every desk/table should be 1.0 m from the walls. Therefore,
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TABLE 7. Results obtained with a square classroom and a window to floor ratio of 22%.

Total
Heating load Cooling load thermal load

Orientation kWh/m?/year kWh/m?/year kWh/m?/year
Braganca E 36.2 21.9 58.1

S 324 20.9 53.3

SW 40.1 19.8 59.8
Evora SE 10.5 38.4 48.9

S 8.8 37.7 46.5

SW 12.8 36.9 49.7

this closer zone to the walls may see its illuminance level values to be lower than 2% of DE
which defined the height of the head of the window. The area of the window based on the
minimum DF was analyzed. As seen previously, the window had to be split into two similar
windows and each placed near one of the side walls into order to provide enough illuminance
level to that zone. The final window to floor rate was found to be about 22%, with a WWR of
48%, being 81% of the task level with DF above 2%. The average daylight factor is 6.65 and
the illuminance uniformity is about 0.23.

New simulations were carried out to analyze the thermal load for this new window geom-
etry factor. The reduction of the window area has also resulted in the reduction of the total
thermal load of about 2-3% in Bragan¢a and 6-8% in Evora. During winter, the heating load
increased about 5-7% in Braganca and 5-8% in Evora. As the window area reduced so did
the solar heat gains affecting winter and summer performance. The cooling load has decreased
about 14—16% in Braganga and 10—11% in Evora. The overall results in each local climate and
orientation respectively is shown in Table 7.

CONCLUSIONS

The geometry of the window and the classroom affects the thermal performance. Any change in
the classroom dimension or percentage of the exterior wall that is transparent represents a new
overall heat transfer coeflicient of the classroom. The higher the overall heat transfer coefficient,
the higher the heat transfer between the inside and outside environments. While the width of
the exterior wall determines the area exposed to heat transfer through the fagade, the depth
determines the distance of daylight penetration. The dimension of the window determines the
solar heat gain and the amount of daylighting that penetrates the classroom. This is also depen-
dent on the orientation of the window, due to the incident solar radiation. The location of the
window on the wall does not influence the thermal load of the enclosure. This depends only
on the thermal properties of the building components. In turn, the daylighting of the interior
environment is largely influenced by the geometry of the window and its location on the wall.
Other assumptions may be withdrawn:
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* Narrower rooms have a lower heating load, of about 4.1% less in Braganc¢a and 6.1%
less in Evora and a higher cooling load, of about 4.3%in Braganca and 3.3% in Evora
on South orientation;

* 'The use of large windows enhances winter performance by about 22.8% in Braganga
and 32.5% in Evora, but worsens summer performance by about 50.3% in Braganca
and 39.3% in Fvora on South orientation;

e There is an improved effect for the south orientation, which is the best performing in
winter, however worsens in summer, due to higher solar gains of about 9.7% in Braganca
and 13.6% in Evora;

¢ Shallow rooms have the best daylight distribution at the back of the room with a higher
percentage of DF above 2%;

* More than one window on the fagade brings higher levels of daylight to the zones near
the side walls with an increase of DF;

* A higher illuminance uniformity was always obtained in a squared room.

Generally, in Portugal air conditioning is seldom used to cool down the air temperature.
Therefore, to obtain indoor thermal comfort direct solar radiation must be blocked, however
without compromising the quality of the daylight. Selective shading systems should be installed
to improve summer performance without adversely affecting winter performance. These can be
manipulated by the class room occupants to establish their level of comfort.
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