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Abstract

Windows are one of the elements that greatly influence the performance of buildings, both
in terms of thermal comfort and energy consumption for heating or cooling. It is therefore
important to find an optimal design that balances their orientation, dimension and shad-
owing. This paper presents a methodology for the parametric study of a window optimal
dimension, based on the thermal performance of a reference room located in the climate
region of Coimbra, Portugal. First, the parameters of opening type, orientation, and size
are evaluated. During a second stage, the impact of using overhangs is assessed, with one
of the most common window types in Portugal. The thermal assessment is carried out by
calculating the degree-hours of discomfort using dynamic simulation. Results show that for
this location, triple glazing has better performance than single and double glazing, espe-
cially for the north orientation. The worst opening orientation is northeast and northwest,
independent of the window type. It is observable that optimum window dimension does
not imply equal space cooling and heating needs. Results also demonstrate that overhangs
do not significantly improve the room’s thermal performance but allow windows to have a
wider interval of admissible sizes without compromising performance.
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1. Introduction

Design decisions taken during the early architectural design phase may significantly con-
tribute to a building’s energy performance. From all building aspects, and due to materials
intrinsic characteristics, windows play an important role in buildings’ thermal performance.
They are the weakest element, as the glazed areas still present the highest values of heat
transfer coefficient (U-value) when compared to elements of the opaque envelope. Despite
this, large glazing areas have been widely used in modern and contemporary architecture,
either for aesthetic purposes or visual comfort. In this sense, if an inappropriate area or
type of glazing may negatively impact heat gains or losses, an incorrect shadowing may
contribute to an inefficient use of solar radiation, which can affect the thermal comfort of
the occupants and increase the energy consumption for HVAC systems.

Several studies have already focused on the impact of how windows contribute to build-
ings’ thermal and energy performance. The main challenge thus far has been to increase
insulation properties in glazing systems and as a result, these have evolved from single pane
to double, double with vacuum gap, gas, aerogel and more recently, to triple pane (Ghoshal
& Neogi, 2014). In this sense, several authors conducted extensive literature reviews that
assemble diverse aspects that may influence the global performance of a window, such as
glazing type, fenestration products and materials, spacers, frames, air or gas gap between
glass layers in glazing systems, and so on (Jelle et al., [2011}; Cuce & Riffat, 2015; Hee et al.,
2015)). More recently, new studies have demonstrated the advantages of incorporating new
technologies, such as electrochromic windows to better control heat gains in east or west
oriented openings (Tavares et al.2014)), the use of phase change materials in the transparent
areas of buildings’ envelope (Silva et al., 2016), or the use of a ventilation channel for ex-
hausting air through windows from outside to inside or vice-versa, according to the climate
season (Zhang et al., |2016)). These efforts to increase a windows’ performance by decreas-

ing U-values and solar heat gain coefficients allow technicians today to choose from a wide
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range of solutions according to specific architectural projects’ needs. Indeed, several sys-
tems of window labelling have been studied, so that these may be applied as an autonomous
product capable of ensuring specific levels of energy performance based on heating and/or
cooling needs (Trzaski & Rucinska), 2015)). Nevertheless, these perspectives place the focus
of thermal and energy performance merely on the development of new technologies, without
considering the window size and orientation as a passive design measure. This has, actually,
been gaining recognition amongst architects. Despite the availability of several assessment
tools to predict gains and losses through windows, namely the use of dynamic simulation
tools (Foucquier et al., [2013); estimations based on long-term measured climate data (Kull
et al., 2015); or the quantification of energy flows through glazing according to the ori-
entation and local climate (Manz & Menti, |2012), with regards to the study of dimension,
placement or orientation of glazing areas, there is still much to be studied (Kontoleon, |2015)).

Moreover, the use of triple glazing is not yet consensual. For instance, Tahmasebi et al.
(2011) compared the thermal performance of double and triple glazed windows and con-
cluded that triple glazing contributes to the reduction of annual energy consumption in all
quadrants and in different Window-to-Floor Ratios (WFR). On the other hand, |Gasparella
et al. (2011)) emphasise the fact that triple glazing windows show low solar transmittance,
which in winter seasons can contribute to the reduction of solar gains that can overcome
the reduction of thermal losses and increase energy needs. In addition, [Zhang et al.| (2016)
performed a thermal evaluation of a double and a triple glazing window for a given location
based on the calculation of total daily solar heat gains, and concluded that the heat losses
are considerably reduced in winter with triple glazing, but the difference in heat gains in
summer between the two glazing types are very low. Therefore, the selection of the glazing
types must be preceded by a further analysis of their impact according to the geographical
location and respective climate conditions.

With regards to shading devices, a detailed study is needful, due to their benefits in the
reduction of potential solar heat gains and in execution costs. Overhangs and fins represent
non-mechanic shading devices whose implementation can be considered as low cost when

compared to automated shadowing (Bojic, 2006]), such as adaptive building envelope devices
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(Zawidzki, 2015)). However, when designing solar shadings, thermal and visual comfort may
conflict (David et al.| 2011)). Some tools have been developed to optimise solutions for glazing
areas according to illumination, glare, solar radiation, or visual comfort (Andersen et al.,
2008)); however, shading devices seem to result from natural lighting concerns rather than
due to thermal comfort or energy efficiency issues. When focusing on these issues, dynamic
simulation tools are used to predict gains and losses through windows (Foucquier et al.,
2013), and to assess the effect of overhangs in energy savings (Bojid, 2006; Ebrahimpour
& Maerefat), |2011). Nevertheless, all of these studies make use of a predefined window
dimension and the mere possibility of having an overhang, a side fin, both or none, without
analysing the influence of the windows and overhangs dimensions.

The design of shading devices with an adequate dimension and position and how these
elements may be adapted to window performance needs is still a challenge for architects.
Even though, this adaptation is desirable as it would increase solar heat gains in winter
and decrease them in summer, while still providing a homogeneous distribution of daylight
throughout the year (Kirimtat et al., 2016). Currently, overhangs are designed for aesthetics
issues rather than for a conscious solar protection method. In this sense, it is important to
achieve an easy and intuitive means to obtain the optimum overhang for each opening.

From the literature survey, it was apparent that research has mainly focused on advances
in window technologies and products. However, the present study differs by proposing an
approach that congregates several aspects including glazing type, window size, orientation
and shadowing, taking into consideration that climate location and building systems provide
specific conditions, potentially leading to different results. The overall purpose is to assist
practitioners, namely architects, to take informed decisions in the early phase of the design
process, by providing data in terms of thermal performance of windows and respective
overhangs. This assessment was made in an annual, orientation quadrant, and seasonal
basis.

This paper is structured in five sections. This first section introduces the subject matter
and explains its importance. It also reviews the literature and past contributions to the

field. The second section explains the used methodology. The third section presents the
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results before discussing them in the fourth one. Finally, the paper is concluded.

2. Methodology

Generative methods have been used to create large synthetic datasets. The analysis of
these datasets allows us to better understand the building performance phenomena (Granadeiro
et al.l 2013 |Rodrigues et al., 2015). The methodology used in the present work follows a
procedure where in the first stage a reference room was created with a window placed in one
of the widest exterior walls. Then, the room was replicated 180 times and rotated in such a
way that the window faced a specific orientation in a two degree step. In the second stage,
a parametric evaluation was carried out by incrementally testing every window dimension.
This latter stage was carried out three times, once for every window type. The information
was stored and used to create the reference room performance curve for every orientation.
Each curve denoted the relation between the thermal performance and the window size. By
determining the minimum value on the performance curve, it was possible to identify the
optimum window dimension for a specific orientation and window type. By gathering all op-
timum curve points (one point per orientation) it was possible to draw the ideal performance
curve of window sizes around 360° degrees.

Finally, in the last stage, and for the most common window type in Portugal, the op-
timum overhang depth was determined for every window dimension and orientation. The
optimum overhang depth was found by incrementally assessing the overhang depth in equal
step intervals. When the reference room obtained a worse performance, the search stopped
and recorded the last best depth value.

The main purpose was to achieve the optimal window size for a given space, with and

without a passive shading mechanism, according to the location and orientation.

2.1. Reference room

The methodology used in the present study began by considering a thermal space as
a reference room with fixed dimensions and predefined constructive systems. Figure [1] il-

lustrates the geometry of the reference room, as well as the window position in the widest
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wall and the overhang to be analysed. Starting with an opening width of 0.0lm and a
height of 2.00m, this will increase in size until it reaches all the available wall length, which
means 7.00m wide, thus having a WFR ranging from 0 to 0.614. In addition, the opening
orientation was analysed in a two-degree step around the 360°, starting at 0° (north) and
then turning east. For each window size step (w) the optimum overhang depth (d) was

determined and it had the same width as the window.

Figure 1: Geometry of the reference room. The window width (w) varies between 0.01 and 7.00m and the

overhang depth (d) between 0 and 7m.

The envelope constructive system corresponds to a typical Portuguese building and is
presented in Table[l| by the U-values for the floor, roof, and exterior wall elements. The phys-
ical properties of each material layer are also listed. Three glazing physical properties were
chosen to characterise Single (SGW), Double (DGW), and Triple Glazing Window (TGW)
with 5.70, 2.60, and 1.00 U-values respectively (see Table . The window was modelled as a
simple window object where the U-value corresponded to the thermal transmittance of the
whole window including glazing and framing.

The room was considered to have no occupation and no other internal gains from equip-
ment or lighting. This was done in order to obtain a baseline space thermal behaviour. As
the room was modelled not to have any occupation, the openings were set as being closed

at all times. However, infiltration through cracks in the construction was considered as a
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Table 1: Physical properties of materials for each constructive system element.

Element U-value Layer Th A p Sp TA SA VA
(cm) (W/m-K)  (kg/m3)  (J/kg-K)
Plaster 2.0 0.43 1250.0 1088.0 0.90 0.60 0.60
Dense brick 11.0 1.25 2082.4 920.5 090 0.93 0.93
Exterior wall 0.43 Insulation 8.0 0.04 32.0 836.8 0.90 0.50 0.50
Concrete block 15.0 1.73 2242.6 836.8 0.90 0.65 0.65
Plaster (gypsum) 2.0 0.22 950.0 840.0 0.90 0.60 0.60
High weight concrete 20.0 1.73 2242.6 836.8 0.90 0.65 0.65
Insulation 8.0 0.04 32.0 836.8 0.90 0.50 0.50
Ground Floor 045 14 Dlaster 2.0 0.80 1600.0 8400 0.90 0.50 0.50
Hardwood 1.5 0.20 825.0 2385.0 0.90 0.78 0.78
Slag 1.5 1.44 881.0 1673.6 0.90 0.55 0.55
Felt and membrane 1.0 0.19 1121.3 1673.6 090 0.75 0.75
Roof 0.37 Dense insulation 10.0 0.04 91.3 836.8 090 0.50 0.50
High weight concrete 20.0 1.73 2242.6 836.8 0.90 0.65 0.65
Plaster (gypsum) 2.0 0.22 950.0 840.0 0.90 0.60 0.60

Th - layer thickness; A - conductivity; p - density; Sp - specific heat;
TA - thermal absorptance; SA - solar absorptance; VA - visible absorptance.

Table 2: Physical properties of windows.

Element U-value Type SHGC vT
5.70  Single Glass 0.66 0.70
Window 2.60 Double Glass 0.63 0.56
1.00  Triple Glass 0.51 0.42

SHGC - solar heat gain coefficient; VT — visible transmittance

steady 0.4 air changes per hour.

2.2. Thermal performance assessment

The thermal performance assessment was based on the degree-hours method. The degree-
time interval—which can be degree-hour, degree-day or degree-month—is a measure that
reflects the amount of energy needed to heat or cool a space, by summing the difference
between a running temperature—hourly, daily or monthly, according to the degree-time
interval applied—and a reference temperature of comfort limit. The simple and accurate

estimation provided by this method makes it widely used in diverse areas, such as HVAC
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industries or in energy planning (Satman & Yalcinkayal [1999).

In this case study, the thermal comfort assessment was calculated with a cost function
(Eq. (1)) that sums the total degree-hours of thermal discomfort (TDH) in the reference
room. The heating degree-hours (HDH)—which captures the heating needs—and cooling
degree-hours (CDH)—which measures the cooling needs—were determined by obtaining
the difference between the operative indoor temperature and the adaptive thermal comfort
limits, lower and upper bounds respectively, for naturally ventilated spaces, according to
the European Standard 15251:2007.

Accordingly, the adaptive thermal comfort approach provided by this Standard was em-
ployed, which states that occupants tend to adapt to changing conditions in indoor environ-
ment, such as increasing or decreasing clothing layers, or even opening or closing windows
(de Dear & Schiller Brager, [2001; Nicol & Humphreys, [2002). It is known that the con-
ventional thermal comfort approach based on Fanger’s models of Predicted Mean Vote and
Percentage of People Dissatisfied draws a special attention to human contribution, mainly
dependent on metabolic rates, clothing indexes, or even the occupants’ distance to the win-
dow (Lyons et al., [2000; [Singh et al., 2008)). However, it is out of the scope of the presented
study; thus, thermal comfort is assumed as related to the amount of energy needed to heat
or cool a space, by comparing an operative temperature given by the room conditions and
the reference temperature limits. It is not considered the variables that depend on a hy-
pothetical human occupation, still it is taken into account, even indirectly, the radiation
influence in each surface by the dynamic simulation model.

According to Eq. , the higher the value calculated, the worse thermal performance the
space has. In it, IV; is the number of hours in the year, T'(¢) is the operative temperature at
the time ¢, and fy, is the function that calculates the difference between the hourly operative
temperature 7'(¢) and the thermal comfort limits (Tjoyer(t) and Typper(t), lower and upper

limit respectively) according to Eq. .

F0) = 3 £ (T0), T (1), Tuger () )



Tiower =T it Tiower > T
Jan(T, Tiowers Tupper) = § T — Tupper  1f T > Tupper (2)
0 otherwise
The operative temperature in the reference room was obtained by using a dynamic simu-
lation program (EnergyPlus 8.1.0). The considered weather data was for Coimbra, Portugal,
retrieved from the US Department of Energy website. This city, with a latitude of N 40°
127, longitude W 8° 25’ and an altitude of 140m, has a cool-summer Mediterranean climate

with dry warm summers and mild winters, according to the Koppen Geiger classification

(Kottek et al., 2006]). The climate is characterized by warm and dry summers with an av-

erage monthly temperatures bellow 22°C during it warmest month. In the coldest month of
the year the average vary between -3 and 18°C. Figure [2| depicts maximum, minimum, and
the daily average temperatures in each month. Coimbra climate has a total of 414 annual

cooling degree-days and 1297 heating degree-days for a baseline of 18.3°C.
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Figure 2: Maximum, minimum, and daily average temperatures for the climate region of Coimbra.

2.3. A parametric approach

In this parametric study two algorithms were used and specifically adjusted for this task.
The EPSAP (Evolutionary Program for the Space Allocation Problem) algorithm consists in
a hybrid evolutionary strategy approach enhanced with a local search technique to allocate
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rooms on a floor plan (Rodrigues et al., |2013a.bjc). This algorithm was used to generate a
reference room with an opening in one of the larger exterior walls. This reference room is
replicated 180 times with a different orientation in a two degree step interval.

The second algorithm, FPOP (Floor plan Performance Optimisation Program), is used to
assess and alter the opening and overhang geometry. This algorithm consists in a sequential
variable optimisation procedure, where different building geometry variables, such as the
openings orientation, position and size, are changed, with the aim of minimising the total
degree-hours of thermal discomfort (Rodrigues et al. [2014a,b|). The thermal performance of
each solution is estimated using EnergyPlus (version 8.1.0). A database connected to both
algorithms stores several constructive systems, with the physical properties of materials, as
well as weather data and location information.

For each window type, the size of the window, which starts with 0.01m, is incrementally
changed until it reaches 7.00m wide. The room’s thermal performance assessment is carried
out at the end of each transformation and degree-hours of thermal discomfort are calculated.
This results in three datasets—one dataset per window type—with the room performance
for every orientation and window size. After, for the most common window type in Portugal,
the process repeats and the optimum overhang depth is determined for each opening size
step. The optimum overhang depth is found by incrementally testing the overhang depth
until the room performance ceases to improve.

Therefore, two batches of simulations were carried out. The first one was used to de-
termine the size and orientation for each window type having totalised 76140 simulations

runs. The second batch involved more than 25380 simulations.

3. Results

3.1. Comparison of glazing window types

From the methodology described above, it was possible to obtain annual and seasonal
assessment for each orientation and window type. In Figure [3| (a video with the optimum

window sizes for all orientations can be found in the URL), each column corresponds to a
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window type (SGW, DGW, and TGW) and each row is one of the four main orientations
(north, east, south, and west). In each graphic, the left-axis represents the relative thermal
performance—the value 0 indicates the performance of a space without any opening and
value 1 is the best performance in all orientations. The top and bottom axis represent the
WFR and Window-to-Wall Ratio (WWR), respectively. The blue line denotes the relation
between the window relative performance (delta TDH) and its size (WFR and WWR).
As the performance assessment measures the amount of thermal discomfort, the minimum
value on the performance curve is the optimum performance for that specific orientation.
Gathering all optimum curve points (one point per orientation), the ideal performance curve
is drawn around 360° degrees (thin black line). The red line is the CDH divided by the TDH,
whose scale is represented by the right-axis. The dotted lines are the other window types’
optimum values for all orientations. The vertical grey line indicates the graph orientation.

As the window increases in size, independently of the window type, the room performance
tends to improve until it reaches a minimum value (optimum window dimension) and then
gets worse again (blue line). In the first part of the curve, the room performance improves due
to the reduction of heating needs (HDH). In the second part, the curve performance worsens
due to overheating (CDH) and heat losses through the window surface. The overheating
may be confirmed by watching how the red line progresses, which indicates the ratio of CDH
per TDH.

A general observable aspect in Figure [3]is an unexpected behaviour in the north quadrant
for all window types. These have a higher WFR than in any other orientation. From a
detailed analysis of the heat gains and losses, the sky diffuse radiation gain is higher than
the heat transfer losses through the window surface. This thus allows for the use of larger

windows without overheating due to beam solar radiation.
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Figure 3: Annual assessment according to window type, orientation, and size. The blue line indicates the
room performance and the red line indicates the ratio of CDH per TDH. The thin black line corresponds to
the optimum window size (minimum value in each blue line) for all orientations. The dotted lines represent

the other window types’ optimum performance.
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In the case of the DGW and TGW, the performance is better than surrounding orienta-
tions (northeast and northwest). In the case of TGW, north orientation is even better than
east and west opening orientations. The reason for this behaviour is the fast increase of
overheating in east and west orientations due to solar beam radiation gains. As expected,
the ratio of CDH per TDH is much higher in these orientations (red line). Still, this ratio
is far from representing half of TDH in any quadrant, thus denoting that the heat losses
through the window surface are higher than the solar heat gains.

The three window types have almost the same WFR. in the south orientation, however,
the performance increases with the number of window glazing.

Therefore, it is noticeable that TGW has the best performance in all orientations as it
has the lowest performance curve (thin black line). The advantage of this window type is
especially evident when the opening is facing the north quadrant.

When the annual thermal assessment broken-down into seasonal evaluations, it is no-
ticeable that each window type has a significantly different behaviour. Figure 4] depicts the
optimum performance for each season (rows) and each window type (columns) for the 360°
degrees orientation (black line).

During wintertime, except for the south quadrant for all window types and the north
orientation for SGW, windows tend to have the best performance if they completely fill the
exterior wall. This results from the fact that heat balance is positive due to sky diffuse radi-
ation gains are higher than the losses through the window surface, as previously mentioned.
During spring, the performance curves of all window types tend to flatten, especially for
west, east, and south orientations. This means that, independent of the orientation, the
performance does not vary much. In summertime, due to outside daily average temperature
is within the thermal comfort limits (August, the warmest month, has 21.1°C daily average
temperature) and the room’s inertia, the window does not improve the thermal perform-
ance of the room and after a certain dimension the window even worsens the performance by
overheating the space. Finally, in the autumn season there is a clear performance distinction

between west and east quadrants, which does not occur in other seasons.
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Figure 4: Seasonal assessment according to window type, orientation, and size. During summertime window
size does not improve the room’s thermal performance and, see Table 3] may even worsen the room per-
formance due to overheating when windows are too large. The thin black line corresponds to the optimum
window size for all orientations in that specific season. The dotted lines represent the other window types’

optimum performance.
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Table |3 resumes the intervals of optimum WFR for an annual assessment, a quadrant
annual assessment, and a seasonal assessment. It is observable that WFR varies greatly, for
example DGW has an interval of optimum WFR between 0.126 and 0.387. This behaviour
is even stronger when the assessment is seasonal. In wintertime, the WFR tends to increase
to fill the available wall area (WFR of 0.614), and in the case of summertime, as explained
before, the opening could even be absent, as it does not improve the space performance.
The room thermal performance does not improve for having any window type during this
season, however WFR may go up to 0.165, 0.196, and 0.240, respectively SGW, DGW, and

TGW, before the performance worsens for the space due to overheating.

Table 3: WFR optimum interval per window type for Coimbra region.

Type Annual Quadrant Season

north 0.170 — 0.318 | Winter 0.331 - 0.614
east 0.148 — 0.200 | Spring 0.157 — 0.453
south 0.152 — 0.178 | Summer 0.165*

west  0.126 — 0.170 | Autumn 0.187 — 0.348

SGW |0.126 — 0.318

north 0.178 — 0.387 | Winter 0.296 — 0.614
east 0.152 — 0.231 | Spring 0.139 — 0.435
south 0.152 — 0.183 | Summer 0.196*

west  0.126 — 0.178 | Autumn 0.183 - 0.614

DGW |0.126 — 0.387

north 0.222 — 0.409 | Winter 0.318 - 0.614
east 0.178 — 0.265 | Spring 0.161 — 0.413
south 0.187 — 0.231 | Summer 0.240*

west  0.148 — 0.222 | Autumn 0.213 - 0.614

TGW |0.148 — 0.409

* Summer does not have any thermal discomfort up to this WFR value.

Bold text indicates the maximum WFR admissible value.

When windows’ performance is analysed on a seasonal basis, it is observable that the
WFR variation in winter and autumn is even greater than in the annual analysis. The beha-
viour is different in the springtime and summertime. In the case of TGW, the performance

is similar in any orientation in spring.
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3.2. Contribution of overhangs

This approach also allowed to determine the optimum overhang depth for each window
size and orientation. The DGW was selected for a detailed analysis of the results, as it
is the most common type of glazing used in Portugal. This methodology may however be
applicable to the other glazing types.

Figure [5| shows the results for the DGW with the contribution of an overhang in eight
orientations (north, northeast, east, southeast, south, southwest, west, and northwest). A
new right-axis in green was added and represents the relative overhang depth (1 is equal to
7.00m depth). The green line denotes the relation between the window dimension (WFR or
WWR) and the optimum overhang depth for that window size. Therefore, the performance
curve (blue line) differs from Figure 3] due to the benefit of the overhang. This may be
read in the graphics, as the green line increases, the space overheating (CDH, red line)
is attenuated thus flattening the blue line from that point. As the performance curves
have different minimum points, the 360 degrees curve (thin black line), which captures the
optimum window sizes, also changes.

As shown, the overhang does not contribute to the thermal performance in the north
quadrant, as the main contribution is from solar diffuse radiation and only when the WFR is
greater than 0.55 does the overhang have some effect. Similarly, in northeast and northwest
orientations the overhang is also unnecessary. However, in both cases, if the window is
slightly bigger than 0.23 and 0.18 WFR (northeast and northwest respectively), the overhang
may contribute to reduce CDH.

Nevertheless, the behaviour is different for orientations ranging from east to west passing
through south. In these orientations, as the overhangs increase (green line) these reduce or
attenuate the overheating (red line). This allows a higher optimum WFR. For instance, in
the south orientation the optimum size without overhang is near 0.18 WFR, however, with
a shading mechanism it is above 0.35 WFR. From all orientations, the west and east are the

ones that require the larger overhangs (0.30 and 0.25 relative depth respectively).
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Figure 5: Overhang contribution for the Double Glazing Window according to the orientation. The blue
line indicates the room performance and the red line indicates the ratio of CDH per TDH. The green line
indicates the overhang depth ratio. The thin black line corresponds to the optimum window size (minimum
value in each blue line) for all orientations. The dotted line corresponds to the optimum window size without
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4. Discussion

The present study aims to propose a simple way of analysing and assessing the optimal
dimension of windows and respective overhangs, according to a given building system, ori-
entation and climate location. For this, a generation, evaluation and optimisation procedure
was carried out, in order to obtain information on the thermal performance in an annual,
seasonal and quadrant basis. The results, in the form of WFR, were analysed taking into
consideration the space thermal comfort performance (TDH), as well as the relative amount
of overheating (CDH/TDH). For both variables, the lower value corresponds to the best
performance.

When considering the design of a window based on its permanency characteristics, the
annual assessment may provide the most adequate overview. However, due to the signi-
ficant differences between seasonal and annual results achieved in this study, one would
recognise that an in-depth study by season is indeed valuable for any building with seasonal
occupation.

Even a slight variation in WFR, as shown in Figure [3] for the same window type and
orientation, may lead to significant different results in terms of overheating or thermal dis-
comfort, especially in the south quadrant, followed by west and east. Therefore, obtaining
the precise value corresponding to the optimum window dimension may make a huge differ-
ence.

As expected, TGW presented the best performance amongst the analysed glazing sys-
tems, for the studied climate location. As shown, different window glazing types have
different optimum window sizes. In other words, each window type has its own optimum
opening geometry. Therefore, when retrofitting old buildings, if the window type is changed,
the opening dimensions may also have to be altered to obtain the optimum thermal per-
formance benefit of the new window type.

As previously stated, the DGW was selected for the study of overhangs, as it is the
most common glazing type used in Portugal. Figure [5| presents the results for four more

orientations, and it is evident that the worst opening orientation is northeast and northwest,
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even with the help of an overhang. Despite this, the main interest in this analysis is the
comparison between the results of WFR with and without overhangs. When comparing
these, it was noticeable that overhangs significantly contributed to the improvement of
the thermal performance in the reference room for the west, south, and east quadrants, by
allowing the increase of the WFR. However, based solely on the thermal comfort criteria, and
taking into account that the main contribution of the overhangs to the thermal performance
is the reduction of the cooling needs, the overall improvement is not so significant when
compared to a well-dimensioned window (when comparing the dotted black line and the
continuous black line in the graphics).

The heterogeneity in the set of optimum WFR is also noticeable, as well as the variability
in the amount of the overheating curve (red line), when comparing with the results from
the DGW without overhang, confirming that a slight variation in the WFR may lead to
significantly different performances. Thus, it is possible to state that shading mechanisms
allow the building designer to explore larger window areas or to use shading devices as
corrective measures to over-dimensioned openings. This is especially evident in east and

west orientations, where the thermal performance (strong blue line) is almost horizontal.

5. Conclusions

Despite not considering other performance requirements, such as lighting conditions and
visual comfort, it is possible to understand how window type, size, and orientation have a
significantly different impact on a building’s thermal performance.

For this particular case study, it was also possible to conclude that large glazing areas
facing north are not particularly bad for the thermal performance, since gains through sky
diffuse radiation compensate possible thermal losses. However, the benefits are almost none
in the case of windows with low thermal resistance. In relation to seasonal assessment, it is
evident that WFR vary greatly. From wintertime, where window size tends to be the largest
possible, to summertime, where even the existence of the opening is dispensable, the space
performance varies significantly and an ideal opening WFR is difficult to determine, as a

single value may hide different thermal behaviours around the year.
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In a global way, it is known that different types of glazing perform differently in diverse
orientations. However, through this approach, it is possible to obtain the minimum values of
penalties for all orientations. This means that it is possible to consider the optimal window
size in new buildings, according to orientation, climate location and the building’s physical
properties. Thus, if a practitioner considers the most adequate glazing type in the early
phase of the design process, either for new or existing buildings, alternative solutions may
be adopted to improve the buildings’ energy and thermal performance in the subsequent
operations phase. Moreover, this analysis may be beneficial when designing windows in
buildings with seasonal occupation, whether in winter or summer.

The presented methodology allows a simple and intuitive assessment of buildings systems,
namely openings, providing useful data that can help architects and decision makers to
obtain the window size with less thermal penalties for each case and, especially, a precise
depth for the studied shadowing. This is particularly important in the early phase of the
design process, as it aims to help in the adequate incorporation of those shading devices in
the building design, or even to use them as a corrective mechanism for existing windows

with suitable dimensions.
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