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Abstract

This study comes from an integrated approach combining daylighting and thermal aspects of building spaces. Several room
configurations derived from the combination of four main design variables are tested. Width-to-Depth-Ratio (WDR), Window-to-Wall-
Ratio (WWR), orientation, and climate conditions are simultaneously investigated to find the best solutions that enhance the Daylight
Availability and, at the same time, diminish solar gains and total energy use (lighting plus cooling and heating). Principal Component
Analysis (PCA) is the statistical technique used to outline design guidelines for Mexican climate regions, namely arid, tropical, and
temperate. Hence, optimal values for WDR and WWR were recommended for specific orientations and climates. Therefore, PCA is set
as the basis of a methodology to define design strategies for specific locations and climates that further lead to updating high-
performance standards in buildings at regional levels. Results also showed that climate conditions, such as seasonal cloud cover,
temperature, and solar radiation, are crucial when establishing target limits for the actual daylit and over lit areas. The temperate climate
was able to endure up to 60% as over lit area. Instead, the arid and tropical climates tolerated up to 50% and 40%, respectively, as over

lit areas.

© 2021 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Daylight has been recognized as a useful strategy in energy-
efficient buildings. It can contribute to reducing the use of
artificial lighting and active thermal conditioning systems in
different architectural buildings [ [-3]. However, most daylighting
research has taken place in non-residential buildings [4]. Some
reviews of the state of the art have shown that both the light and
the view through windows contribute to feelings of spaciousness
and favourable assessments of room appearance [5]. Other authors
have extensively investigated the daylight positive impact on
people’s health (effects beyond vision), comfort, and well-being
[6-8]. Several lines of research have also shown that increased
light exposure by day can promote pleasant mood and feelings of
alertness, independent of circadian regulation [7]. On the contrary,
lack of access to daylight could be one factor for lower well-being
of poor housing quality: An optimal design of healthful housing
should include appropriately sized and oriented openings to
deliver light and views [4].

Therefore, daylight is an important feature in any building type.
The amount of daylight entering a building is mainly through
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windows. Thus, windows contribute to providing light to the eyes
while creating a more attractive and pleasant indoor environment
[7]. These openings are also associated with visual comfort,
thermal conditions, and building energy use. On the one side,
windows need to be modifiable to exclude direct sun and to
prevent glare. On the other side, solar gains through windows can
contribute to space heating, leading to energy savings [9]. While
windows have been widely studied for different building types,
such as offices (they achieved notable improvements in thermal
comfort and significant savings in the energy demand for heating
and cooling [10,11]), there is still a lack of studies concerning the
effects of windows on thermal comfort in homes [4].

Several standards and building codes have pointed out the role
of windows in building design [12]. However, worldwide design
guidelines have mostly recommended general strategies regarding
daylight provision: consider limits for building depth, orientation
factors to correct the daylight factor (DF) metric, south-facing
rooms will receive more light than north-facing ones in the
northern hemisphere. The state of the art revealed that several
national standards still in terms of the long-established DF or the
installed power density of the electric lighting system [13—17].
Nevertheless, the DF metric has been proved meaningful only for
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overcast sky conditions, which is not the case for many countries.
Furthermore, DF lacks consideration for illuminance task values
and building orientations [18].

To overcome DF limitations, new performance metrics, such as
Dynamic Daylight Metrics (DDM) [19,20] have been proposed to
determine the time series of illuminances or luminances within a
building throughout the year [19]. DDM are now included in
recent versions of green building standards. For example, the
LEED Certification requires to demonstrate through annual
computer simulations that spatial Daylight Autonomy (sDA with
an illuminance target of 300 lux during 50% of the occupied hours)
is achieved at least 55% or 75% of the regularly occupied floor
area [21]. For new constructions, sDA 55% will award 2 points
and sDA 75% will award 3 points. Moreover, Annual Sunlight
Exposure (ASE with a target of 1000 lux, during 250 hours) of no
more than 10% should be achieved to award those points.
However, the ASE metric was found to vary significantly
depending on the chosen simulation method, thus increasing the
overall uncertainty in its annual results [22].

One of the issues that emerges from these recommendations is
that sDA and ASE are not associated with the different possible
climates. This issue raises intriguing questions regarding the limits
for both illuminances and solar gains since they could be benefitial
for cold climates but detrimental for warm ones. Notwithstanding,
it has been a common practice to follow such general rules to
comply with certification systems [23], but independently to the
climate site although they originally apply to very few locations.
To be exploited properly, daylight through windows requires to be
deeply studied in the design stage of any building type, but
accordingly to the climate conditions of the project locations.
Hence, quantifiable references and specific targets for the
Dynamic Daylight Metrics (DDM) remain to be learned.
Furthermore, window design should be investigated relative to the
space dimensions and orientation of the fagcade. All these variables
affect the daylight provision as well as the lighting, cooling, and
heating energy uses. Daylight and energy domains must be
simultaneously investigated and included in the overall analysis.

Currently, whole-building and coupled computer simulation
tools have become accessible to evaluate at once both daylight and
energy aspects of buildings with simple geometries. Various
authors [24] have intended to study the performance of windows
in an integrated way that considers the daylight and thermal issues.
However, the software used was EnergyPlus for both domains.
Although EnergyPlus is well-suited to assessing the energy
performance of the conventional building systems, it has shown
significant shortcomings in predicting the daylight availability in
a space, especially as the distance from the fagade increases [25].
Similarly, the energy use and visual comfort (in terms of
illuminance values and uniformity) were the criteria in an
optimization procedure performed with EnergyPlus for specific
dates [26]. The results showed that windows optimized
exclusively for visual comfort produce large energy consumption
patterns. On the contrary, optimizing window size for low energy
consumption only does not meet any of the predetermined visual
acceptance criteria. Hence, a dynamic evaluation is still necessary
to better understand the performance of windows throughout the
year and not only during a few specific times.

A number of authors have considered the effect of the
performance properties of windows systems. In [27], 6 types of
glazing with different U values, visual transmittances, and SHGC

were discussed. The conclusion was that, for a hot climate as
Alexandria, Egypt, a higher U value and transmission window
properties are beneficial for saving energy and reducing heat
gains. However, the size of windows, room depth, orientation, and
other building design characteristics were not investigated. The
main focus of the authors was to evaluate the energy issues, but
not the daylight assessment. On the contrary, other authors [28]
have postulated a function of window sizes and room indexes
providing maximal DF and minimal electric lighting consumption
by using whole-building simulation and scale models for the UK
and Brazil. Nevertheless, the DF metric presents several
disadvantages as mentioned above. Besides, cooling and heating
energy loads were not considered in that research.

Other works have quantified DDM as a result of different
window models in residential rooms. In [29], the surface
reflectance (bright and dark rooms) and the geometry of the
windows (horizontal and square shapes) were investigated through
climate-based daylight simulations. Particularly, the DDM named
Daylight Autonomy (DA) was calculated. DA results were
proportional to the glass surface and reflectance of surfaces at the
back of the room, but its influence near the fagade was negligible.
In that study, only daylighting issues were investigated but the
energy savings were not addressed. Besides, the case study
dimensions remained fixed, so the room depth and its relation to
windows design were not investigated.

In a comprehensive study [30], different window placements
and areas on a fixed office space were evaluated in terms of the
lighting, heating, and cooling energy demand for different user
profiles. The authors concluded that an optimal window size was
around 30% of the fagade area, where the window was positioned
in the top half of the facade. Another similar work [11] searched
for the optimal transparent percentage in a fagade oriented towards
north and south. The authors analysed the heating, cooling, and
lighting demand, concluding that the optimum window size is in
the range from 35% to 45%, almost regardless of the orientation.
Likewise, various authors [31,32] have investigated the influence
of window size in the energy demand of residential spaces
regardless of the daylight provision and its distribution throughout
the working plane.

The evidence reviewed here provides important insights into the
study of daylight and solar gains through windows and their
impact on building energy consumption. However, the
generalisability of much-published research on this topic could be
problematic since the climate of the different regions should play
a major role but the standards and recommendations were pursued
with no consideration in this regard. Very little is currently known
about the relationship between the climate and the specific
daylight and solar targets to be achieved in projects. This indicates
aneed to understand the implications of the climate on the existing
recommendations and standards.

2. Objectives

This paper explores the effect of different window configurations,
(in terms of their window-to-wall-ratio and orientation) and their
relation with different room depths, for three different climate
regions in Mexico. The aim is to find the optimal design solutions
that provide proper natural lighting while reducing solar gains and
maintaining a balanced energy performance for interior spaces.
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The investigation comes from an integrated approach
combining daylighting and thermal aspects through specialized
software, DIVA (builds on Radiance and EnergyPlus as the
simulation engines). Thus, the evaluation is based on Daylight
Availability (DAvV), Solar Gains (SG), and Total Annual Energy
(TAE) use. The Principal Components Analysis (PCA) is the
statistical technique selected to compare all design options and to
extract the most important information from simulation results
(e.g. the value of the contribution of the design variables). Hence,
PCA is proposed as the basis of a methodology to outline specific
daylight and solar targets for specific Mexican climate regions,
namely arid, tropical, and temperate.

3. Methodology

To evaluate the daylighting and energy performance of different
window configurations, a case study was modelled with a window
in place. A total of 240 design options were compared to each
other by using a multivariate statistical technique. The following
sections describe the characteristics of the case study and the
procedures followed to run the climate-based daylight simulations
and the annual energy calculations.

3.1. Setting and design variables

In this study, an interior space in a residential building is selected
to investigate the relationship between daylight provision, solar
gains, and energy use. It was selected as an example of
conventional rooms of social dwellings in Mexico — considering
the standardized dimensions for living and auxiliary spaces [33].
The study is not intended to be particular to a residential building
— in fact, many of the dwellings in Mexico have been adapted to
allocate offices for emerging companies. It is also known that a
living space can host a variety of manual and visual tasks.

The room has a window placed at the centre of the single
external wall to provide outside views. Different design
characteristics of a room space are assessed. First, the model
comprises rooms whose Width-to-Depth-Ratio (WDR) are 1:1 and
1:2. These two ratios are selected in order to compare the amount
of daylight reaching the working plane within different room
depths. Second, the room dimensions are assessed over a function
of the Room Cavity Ratio (RCR), so as not to use random room
sizes. In this work, the RCR is used as an index that is
representative of the geometry of the part of the room between the
working plane and the ceiling. It is given by the formula [34]:

RCR = rW+D) )
wD

where W and D are the dimensions of the sides of the room and h
the distance between the working plane and the ceiling. Based on
the two WDR and the RCR formula, the dimensions of the room

can be derived as follows:

e  When the room ratio is 1:1, W=D, then W=10h/RCR
e  When the room ratio is 1:2, 2W=D, then W=7.5h/RCR

where the height of the rooms is 2.70 m and the working plane
is set at 0.80 m above floor level, so that h=1.90 m. After revising
several RCR, a value of 5 was observed to be in good agreement
with the typical room dimensions of Mexican residences [33].
Thus, the dimensions of the case study are set as follows (Fig. 1):
e 3.80m x3.80 m fora WDR 1:1 and RCR 5
e 2.85mx5.70m fora WDR 1:2 and RCR 5

Furthermore, two other characteristics of windows are
investigated. The Window-to-Wall-Ratio (WWR) refers to the
specific percentage of the area of the window relative to that of the
room fagcade. WWR from 10% to 100%, in steps of 10%, are
compared, as Fig. 2 illustrates. The shape of all windows is
corresponding to the fagade proportion. That is to say, for the
rectangular facade (WDR 1:1), a rectangular shape is used for all
tested windows, and for the square fagade (WWR 1:2), a square
shape is used for all tested windows. Then, the orientation is also
analysed, so the fagade where the window is placed is rotated
towards the four cardinal points. To sum up, 80 design options are

a « ‘
i1
(a) WDR 1:1 and RCR 5
050 1.85 0.50
2
| l .
o B i
o L] :

(b) WDR1:2 and RCR 5

Fig. 1. (a) and (b) Plan and section views of the room. The edge of the working
plane used for the analysis further on is represented by a dashed red line; the
lighting sensors are represented by a single red dot.

10% 20% 30% 40% 50%
60% 70% 80% 90% 100%
(a) WDR 1:1 and RCR 5
10% 20% 30% 40% 50%
60% 70% 80% 90% 100%

(b) WDR 1:2 and RCR 5

Fig. 2. (a) and (b) Fagade views showing all WWR considered for comparison.
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Fig. 3. Division of climatic regions in Mexico, based on information from INEGI https://www.inegi.org.mx/temas/climatologia/ and

http://atlasclimatico.unam.mx/atlas/kml/.

Table 1. Characteristics of the three climatic regions during summer (SMR) and winter (WIN).

Climate region City Latitude Dry bulb temperature (°C)  Relative Humidity Horizontal global radiation
(%) (Wh/m2)
SMR WIN SMR WIN SMR WIN
Arid Monterrey 25°40°N 28 17 61 66 299 194
Tropical Merida 20°58’N 28 24 66 72 268 220
Temperate Puebla 19°3° N 17 14 71 53 296 245

Table 2. Values for the design parameters studied.

Design parameter Values
WDR 1:1and 1:2
WWR 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100%

Orientation South, north, east, and west

Climatic region Arid, tropical, and temperate

derived from the two WDR x one RCR x ten WWR X four cardinal
points.

The set of 80 design options is investigated for the three
representative climatic regions in Mexico [35,36]: arid, tropical,
and temperate. Mexico exhibits many microclimates that are
classified into three big macro climatic regions, based on the mean
monthly temperature and relative humidity [36]. The three
climatic regions are depicted in Fig. 3 and described below:

e  The arid includes the areas in the Tropic of Cancer.

e  The tropical, mainly warm climatic region, includes the coasts
of the Pacific, Gulf of Mexico, Peninsula de Yucatan, and the
Mexican Southeast in general.

e The temperate climates are in the valleys of the Mexican
highland, in the central areas of the country, and extended to
the south of the 23™ parallel.

Furthermore, the Mexican cities whose weather files are
currently available were examined in order to prioritize those with
the highest gross production in the residential construction sector
for each climatic region [37]. From the examination, three cities
were selected as representative of the Mexican climatic regions,
so they can summarize the climate diversity of the country [35].

The EPW files of the three selected cities were finally used to run
both daylight and energy simulations. Table 1 summarizes several
factors derived from the three weather files. For the arid climate,
the average temperature is high in summer and low in winter,
while the relative humidity is around 66% almost all year long.
The tropical has high temperature and medium relative humidity
during summer, while medium temperature and high relative
humidity during winter. The temperate region has low average
temperatures (<20°) during all year long and high or medium
relative humidity during summer and winter, respectively. In the
end, a total of 240 models are derived from the combination of the
four design variables summarized in Table 2.

3.2. Simulation approach

To begin this process, the room and its 240 variations are modelled
with Rhinoceros according to the parameters described in Section
3.1. Then, the models are linked to Grasshopper for running the
calculations with DIVA-for-Grasshoper. This software builds on
thoroughly validated and tested simulation engines for daylight
and building energy use — both Radiance and EnergyPlus are open
source and validated by several studies [38—40]. Finally, the
resulting data is statistically analysed with Minitab software.
Figure 4 presents the workflow used in this study. All the steps are
described below.

Figure 5(a) illustrates the geometry used for daylight
simulations run in DIVA-for-Grasshopper, which is a validated
Radiance-based software that uses the Perez all-weather sky
model to predict the amount of daylight in buildings, based on
direct normal and diffuse horizontal irradiances from the weather
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components and to determine the best way to group and report the dataset.
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those that fullfill the daylighting and energy
requirements.
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Fig. 4. Workflow for an integrated approach combining daylighting and thermal aspects through Principal Component Analysis.

files [39]. The 3D model is constructed with solids and surfaces, material is a 6 mm clear pane with an 88% visible transmittance.
according to the dimensions described in Fig. 1. The materials It is selected as an example of a typical glazing material used in
assigned to the surfaces are characterized by 50%, 70%, and 20%  Mexico. Table 3 summarizes the Radiance simulation parameters
reflectance for walls, ceiling, and floor, respectively. The glazing that were set after running a convergence test.
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Table 3. Radiance ambient parameters.

Ambient Ambient Ambient Ambient Ambient Direct relays Direct sampling Limit
bounces division sampling accuracy resolution reflection
-ab -ad -as- -aa -ar -dr -ds -Ir

128 2 2 12

5 ‘ 2048 256 1

(a) 3D MODEL FOR DAYLIGHT SIMULATIONS

Solids

Surface:
Window

(b) 3D MODEL FOR ENERGY SIMULATIONS

Box:
Thermal zone

Surface:
Window

Model A: WDR 1:1 and RCR 5

Calculation
plane

Surface:
Window

Model B: WDR 1:2 and RCR 5

Box:
Thermal zone

@ Adiabatic

Fig. 5. 3D model constructed for: (a) daylight simulations, and (b) energy simulations.

Sensor points for the daylight calculations are placed inside the
room, 0.25 m apart, over a horizontal plane that runs at a 0.50 m
distance from the room perimeter and 0.80 m from the floor, as
shown in Figs. 1 and 5(a). A lighting sensor is located in the
middle of the back section of the calculation plane. It is used to
run the electric lighting control analysis by using a photosensor
dimming source, based on Radiance backward raytracing. The
illuminance target is set to 250 lux, an illuminance level
considered sufficient to develop the tasks usually carried out in a
residential room. Surveys of residential lighting conditions
consistently show levels that are lower than recommended practice
— e.g. median illuminance at seating location 120 Ix, versus IES
recommendation of 300 lux [4,41-43].

Either the working day of the residents or the occupancy
patterns of residential spaces have the quality of being very
changeable. Nevertheless, the architectural space is something that
will never change unless the surrounding urban environment
changes [19]. Therefore, considering the annual hours when it is

daylight is very practical to understand the full daylight potential
derived from architectural design. Thus, this work considers all
daylit hours during the year for the DDM calculation.

To meet the requirements for energy simulations, the 3D model
has to be modified. Figure 5(b) illustrates the geometry used for
energy calculations in EnergyPlus, a thermal simulation program
thoroughly validated and tested in practice to assess the energy
performance of conventional building systems [44]. Basically, the
zone component is created by using a box where the window
rectangle is overlapped to one vertical surface.

In Mexico, 95% of households do not have thermal insulation
and 85% of houses that are located in hot regions do not possess
thermal insulation; their comfort level is maintained by air
conditioning, which consumes much energy [36]. The main
construction materials for walls and roofs are block, brick, stone,
and concrete, according to housing censuses conducted by the
INEGI [37]. The selection of the construction materials is not
necessary linked to the climatic region. In fact, most of the
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Mexican standards related to the performance of the thermal
enclosure in buildings are voluntary.

Because this work is not focused on the different construction
materials and their thermal properties, but rather focuses on the
effect of daylight and solar gains through windows, a
simplification of the thermal model is carried out. Except for the
facade where the window is placed, the thermal transmittance
from all walls, ceiling, and floor are set to be adiabatic.
Furthermore, the main facade is characterized by a fixed generic
material from the EnergyPlus database. This approach is
particularly useful because the data obtained from daylight, solar
gains, and energy calculations can be mainly an indication of the
variations in the design options here studied. Then, solar gains
could be included in the final heat balance equations. Several
researchers have utilised similar simplifications to reduce bias
from the different construction materials in order to focus on
specific measurements [45,46].

The glazing system is characterized by a U-value of 5.894
W/m?2-K and a 0.905 SHGC. The heating and cooling setpoints are
20°C and 24°C, respectively. The occupancy and equipment loads
are 0.05 people/m”> and 7.3 W/m? with a home-schedule (full
occupancy at night and partial at daytime). The lighting energy
calculation is based on the output of DIVA simulation results, but
with an extended time from 6 h to 22 h to better fit with the
conventional schedule use of a residence. A 10.6 W/m? lighting
power density is also established.

3.3. Performance indicators

Climate-Based Daylight Modelling (CBDM) is used in this study
to obtain the annual illuminance profiles, which consist of the
time-series of predictions per point evaluated over a horizontal
workplane, usually hourly for a full year [47]. Thus, realistic sun
and sky conditions are employed in the simulations and the
resulting datasets contain the extremes in the luminous
environment that are typically encountered in actual buildings
under real sky conditions. In this paper, the CBDM metric used
for evaluations is the Daylight Availability (DAv), which is
founded on the Useful Daylight [lluminance (UDI) metric [48,49].
Through DAv, the working plane is divided into four portions,
each achieving a specific target of illuminance, during a certain
percent of the time. The four areas are described below:

e Actual fully daylit: This area is reported when useful
illuminances (300 — 3000 lux) are over 50% of the yearly
analysis period during the daylit hours. This area also includes
the illuminances over 3000 lux when they do not reach 5% of
the time.

e Actual partially daylit: This area is measured when
supplemental illuminances (150 — 300 lux) are met, but they

do not reach either the non-daylit or the actual fully daylit area.

e  Non-daylit: This area is reported when daylight illuminances
fall under 150 lux for at least 50% of the yearly analysis
period.

e Opver lit: This area is measured when daylight illuminances
exceed the maximum threshold of 3000 lux for more than 5%
of the daylit hours. This area might signify a potential for
glare and heat gain [50,51].

For this investigation, the actual fully and actual partially daylit
areas are considered sufficient to develop common visual and

Table 4. Performance indicators used for evaluation.
Daylight Metrics
Non-Daylit Area |
Actual Partially Daylit Area 1
Actual Fully Daylit Area 1
Over Lit Area |

Energy Indicators

Lighting energy use |
Cooling energy use |
Heating energy use |
TAE |

Solar Gains |

manual tasks with ease, especially for residences where a wide
range of ages has to be considered.

As regards the annual energy performance, it is estimated from
the Total Annual Energy (TAE) used on-site to supply the artificial
lighting, heating, and cooling energy systems, all normalized by
floor area (kWh/m?). The solar gains, namely the ‘windows total
transmitted solar radiation energy’, are also accounted for. Solar
gains refer to the short-wave solar radiation transmission through
the external windows. Like the other energy loads, solar gains are
normalized by floor area (kWh/m?).

Table 4 summarizes all performance indicators. Some of them
should be maximized (1) whereas others minimized (|) to get the
best overall performance and to find a balance between daylight
provision and solar protection.

3.4. Principal component analysis

The methodology employed in this work is based on the Principal
Components Analysis (PCA), which is a multivariate statistical
technique, widely used by almost all scientific disciplines [52-55].
It is a technique for reducing the dimensionality of large datasets,
increasing interpretability but at the same time minimizing
information loss [54]. PCA can also be applied to describe the data
in terms of new variables or principal components, so that, trends
can be visualized and correlations among the variables can be
depicted.

Hence, PCA represents the pattern of similarity of the
observations and the variables by displaying them as points in
maps [56]. Its goal is to extract the important information from the
data table and to express this information as a set of new
orthogonal variables called ‘principal components’. PCA is used
in this work to organize all daylight and energy results from the
240 design options around two main axes. It is also used to find
strong relationships in the derived dataset and to determine the
best way to group and report it.

In brief, the original data are plotted on a new coordinate system
with an X-axis and a Y-axis. These axes are related to the
eigenvalues and eigenvectors of the covariance matrix. In PCA,
the eigenvalues (also called characteristic values or latent roots)
are the variances of the principal components and each
eigenvector is a unit vector pointing in the direction of a new
coordinate axis. Then, the axis with the highest eigenvalue is the
axis that explains the most variation [54,56,57]. The main steps
followed when performing PCA evaluations are the following:

1. Standardization of the range of the continuous initial variables
so that each one of them contributes equally to the analysis.
This can be done by subtracting the mean and dividing by the
standard deviation for each value of each variable. Thus, all
the variables are transformed to the same scale.

value—mean

2

7=
standard deviation
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2. Covariance matrix computation: PCA provides a data table,
in which observations are described by several new
uncorrelated variables that maximize variance [56]. The data
matrix summarizes the correlations between all the possible
pairs of variables, that is to say, how much the pairs of
variables change together. The formula of the covariance is:

Cov (X,Y) = Z(xi_:f_)l(yi_Y) 3)
where:
xi = data value of x
yi = data value of y
X = mean of the variable X
§ = mean of the variable Y
n = number of data values
* If positive, then the two variables increase or decrease
together (correlated)
* If negative, then one increases when the other decreases
(inversely correlated)

3. Eigenvectors and eigenvalues: They are linear algebra
concepts that are computed from the covariance matrix to
determine the principal components of the data. Every
eigenvector has an eigenvalue, and their number is equal to
the number of dimensions of the data. In this paper, for an 8-
dimensional data set, there are 8 variables, therefore there are
8 eigenvectors with 8 corresponding eigenvalues. The
eigenvectors of the covariance matrix are actually the
directions of the axes where there is the most variance (most
information) and that are the principal components. Besides,
eigenvalues are simply the coefficients attached to
eigenvectors, which give the amount of variance carried in
each principal component. By ranking the eigenvectors in
order of their eigenvalues, highest to lowest, it is possible to
get the principal components in order of significance. After
having the principal components, to compute the percentage
of variance (information) accounted for by each component,
a division of the eigenvalue of each component by the sum of
eigenvalues is made. Thus, the percentage of the variance of
the data (proportion) is obtained.

Table 5. Eigenanalysis of the Correlation Matrix.

4. Feature vector: The components with higher significance
(feature vectors) can be kept and the components with lesser
significance discarded. This last step will reduce
dimensionality. However, if the aim is to describe the data in
terms of new variables (principal components) that are
uncorrelated without seeking to reduce dimensionality,
leaving out lesser significant components is not needed. More
information about PCA could be founded in [16,17].

4. Results and discussion

The following section reports the statistical findings of the
research, focusing on the optimal window configurations for the
three climatic regions. In addition, design guidelines and the
derived targets for daylighting metrics and solar gains are also
included in this section. Original data from simulations are
available at Mendeley Data [58].

4.1. Experiment results

The statistical analysis is based on the results from the daylight
and energy simulations from the 240 design options. The
following metrics are computed: the actual fully daylit area plus
the actual partially daylit area, the non-daylit and over lit areas, as
well as solar gains and the lighting, heating, cooling, and TAE uses.
A PCA is run to reduce the number of variables, to make the data
easier to analyse, and to find the best way to group and report the
dataset. Table 5 shows that the first principal component (PC1)
accounts for 58% of the total variance; moreover, PCI plus the
second principal component (PC2) account for 80.1%; meanwhile,
the first four principal components explain 97.3% of the variation
in the data.

Table 6 presents the correlations among the nine metrics. The
variables that positively correlate the most with PC1 are the actual
fully + partially daylit areas (0.385), and the lighting energy use
(0.279). Instead, PC1 inversely correlates the most with the over
lit area (-0.435) and solar gains (-0.426). Therefore, increasing
values of the actual daylit areas and the lighting energy use

Eigenvalue 4.6440 1.7626 0.7831 0.5957 0.1603 0.0544 0.0000 0.0000
Proportion 0.580 0.220 0.098 0.074 0.020 0.007 0.000 0.000
Cumulative 0.580 0.801 0.899 0.973 0.993 1.000 1.000 1.000
Table 6. Eigenvectors.
Variable PC1 PC2 PC3 PC4 PC5 PCo6 PC7 PC8
Non-daylit 0.199 0.649 0.242 0.064 -0.171 -0.613 -0.255 -0.078
Actual fully + actual 0.385 -0.290 -0.193 -0.445 -0.308 0.068 -0.629 -0.192
partially
Over lit -0.435 0.025 0.089 0.391 0.353 0.168 -0.674 -0.205
Solar Gains -0.426 -0.011 0.124 0.203 -0.858 0.160 0.000 -0.000
Lighting 0.279 0.579 0.137 -0.076 -0.005 0.750 -0.008 0.027
Cooling -0.413 0.130 0.081 -0.539 0.079 -0.042 -0.208 0.681
Heating 0.163 -0.345 0.920 -0.062 0.048 0.032 -0.001 0.003
TAE -0.407 0.154 0.091 -0.551 0.081 -0.013 0.204 -0.671
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Fig. 7. Score plot of the simulation results, grouped by the two space design characteristics: (a) Climatic region and (b) WDR.

increases the value of PC1, whereas increasing values of the over
lit area and solar gains decreases the value of PC1.

As regards PC2, the non-daylit area (0.649) and the lighting
energy use (0.579) are the variables that positively correlate the
most with it. On the contrary, PC2 inversely correlates the most
with the heating energy use (-0.345) and the actual fully + partially
daylit areas (-0.29). Hence, increasing values of the non-daylit
area and the lighting energy use increases the value of PC2,
whereas increasing values of the actual daylit areas and the heating
energy use decreases the value of PC2.

The loading plot in Fig. 6(a) depicts the results for the first two
components, PC1, and PC2. It is visually revealing which
variables have the largest effect on each component. Loadings can
range from -1 to 1. Loadings close to -1 or 1 indicate that the
variable strongly influences the component. Loadings close to 0
indicate that the variable has a weak influence on the component.
To summarize, PC1 is positively correlated with the actual fully,
partially daylit and non-daylit areas, as well as with the lighting
and heating energy uses. Nevertheless, PC1 is inversely correlated
with the overlit area, solar gains, cooling energy use, and TAE. As
regards PC2, it is inversely correlated with the actual fully and
partially daylit areas, as well as with the heating energy use,
whereas it is positively correlated with the other metrics.

What is interesting about the loading and score plots in Figs.
6(a) and (b) is that they allow clustering all 240 design options into
four different quadrants, so the correlations among the metrics can
be identified. At first sight, quadrant I (+,+) is strongly related to
the lighting and non-daylit area, while quadrant II (-,+) is strongly
related to the overlit area, TAE, and the cooling energy use.
Besides, quadrant III (-,-) is only related to the solar gains, and
quadrant IV (+,-) is related to the actual fully and partially daylit
areas, as well as with the heating energy use. As a result, the
window configurations can be correlated with the specific metrics
within each quadrant.

The most surprising correlation of the TAE is with the cooling
energy use: both metrics are strongly and negatively correlated
with PC1 (quadrant II (-,+)). Instead, the lighting and heating
energy loads are positively related to PC1 (quadrants I (+,+) and
IV (+,-), respectively). In reviewing the literature, no data was
found on the association between increasing the use of cooling
energy use in particular climates by introducing daylight into the
space. On the contrary, reducing the use of electrical lighting has
been the general intent in many projects and certification systems
[21].

It can also be inferred from the chart, that the optimal design
options are those enclosed within the quadrant IV (+,-), which has
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Fig. 8. Score plot of the simulation results, grouped by the two window design parameters: (a) Orientation and (b) WWR.

been highlighted in Fig. 6(b). This quadrant is positively
correlated with proper lighting levels whereas it is negatively
correlated with the annual energy loads. Thus, all dots within
quadrant IV match up the optimal solutions, that is to say, the
optimal window configurations.

To better interpret the trends, all design options are clustered by
the space design parameters in Fig. 7. Hence, it is observed that
the temperate climate is the one with the most number of models
correlated with the actual fully + partially daylit areas. On the
contrary, the tropical is the climate with less number of models
within the quadrant IV (+,-). It is also observed that the WDR 1:1
gets higher values for those metrics within the quadrant IV (+,-).
Besides, the quadrant I (+,+) only includes models with WDR 1:2.

Furthermore, all results are clustered by the two window design
parameters in Fig. 8. Thus, it is observed that the north orientation
is the best suited, followed by the west. Only a few models
oriented towards east and south are within the quadrant IV.
Besides, most of the models with WWR 30-60% are distributed

100 -
" I
80
70
60
50
40
30
20

% workplane

within the quadrant IV. Data from this figure can be compared
with the data in Fig. 7 which shows a clear relation between WWR
and the other design variables. That is to say, the room and the
window design characteristics are related to each other. Overall,
specific criteria can be derived from the optimal combinations
clustered within quadrant IV (See Section 4.3).

4.2. Linking the daylight availability with the energy use

Due to space limitations, the results from the non-optimal models
have been omitted and only the results for the optimal cases are
presented in this section. The dataset with the 240 design options
is included in a spreadsheet that can be downloaded from the
Mendeley Data [58]. An insight into the optimal and non-optimal
results is displayed in the Appendix A.1.

Figure 9 summarizes the daylight simulation results from the
optimal models identified with the PCA, namely those within the
quadrant IV. Then, the main advantages regarding the daylight
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Fig. 9. Results from daylight simulations: Optimal design options according to WWR, orientation, and location for: (a) WDR 1:1, and (b) WDR 1:2.

availability can be depicted from the statistical analysis. First, it
should be pointed out, there is no consensus yet as to what should
be the target values for the daylit areas or the occurrence of any of
the daylit illuminances [50]. Thus, the investigation here presented
is exploratory in nature.

The primary discernment to identify the best-case scenarios
involves the following objectives:

e  Avoid the excessive illuminances, related to glare and thermal
discomfort, so the over lit area should be less than 100%.
Provide useful illuminances for visual tasks in residential

spaces, so the non-daylit area should be less than 50%.

Further descriptive analysis in Fig. 9 shows that the optimal
design options from the PCA properly achieve both targets.
However, a few cases seem to provide results unusually small or
large for the actual daylit (sum of the actual fully + the actual
partially) and over lit areas. For example, the case with WDR 1:1,
WWR 20% facing towards East at the temperate climate, that
achieves a daylit area 0of 22% and an over lit area of 78%. The few

Scatterplot of the actual daylit areas vs TAE

fully + partially

40

200 240 320 360

(@)

outliers like this one are linked to the thermal results: the statistical
variances for the energy indicators (e.g. solar gains and cooling
energy use) are much lower for the outliers/optimal cases than
those for the non-optimal (e.g. the mentioned outlier achieves 177
kWh/m? for cooling whereas the worst-case scenario achieves 578
kWh/m? in a temperate climate).

The specific objective of this study is to balance proper
daylighting levels (actual daylit areas) with thermal and energy
implications. Therefore, potential relationships between the actual
daylit areas and TAE, as well as between the over lit area and the
cooling energy use, are explored through scatterplots. Figure 10
displays all optimal design options for pairs of variables at their
(x,y) coordinates. Three main scatterplots are presented — each
corresponds to a specific climatic region.

Figure 10(a) shows that, for the arid region, most of the optimal
configurations get more than 50% of the workplane as actual daylit
area (sum of the actual fully + the actual partially), and less than
50% as over lit area. Only two outliers are identified. They

Scatterplot of overlit vs cooling
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Table 7. Target limits for the DAv areas, according to the climate site.

Climate Region Fully + partially daylit areas

Over lit area

Arid > 50%
Tropical > 60%
Temperate > 40%

<50%
<40%
< 60%

correspond to the model with WWR 100% and WDR 1:1 at the
north that gets 49% and 51% for the two mentioned areas. Besides,
the model with WWR 40% and WDR 1:1 at west that gets 42%
and 58% for the two related areas. Regarding the energy
implications, both outliers achieve comparatively low values for
TAE and cooling energy use.

Regarding the tropical region, Fig. 10(b) indicates that most of
the optimal configurations get more than 60% of the workplane as
actual daylit area (or as the sum of the actual fully + the actual
partially daylit areas) and less than 40% as over lit area. The two
exceptions were two models oriented towards the east, namely, the
one with WDR 1:1 and WWR 20%, and the one with WDR 1:2
and WWR 40%. These last two models get an actual daylit area of
55% and 58%, respectively, and an over lit area of 45% and 41%,
respectively. As regards the energy implications, both outliers
reach comparatively low values for TAE and cooling energy use.

As regards the temperate region, Fig. 10(c) shows that most of
the optimal configurations achieve more than 40% as actual daylit
area and less than 60% as over lit area. Only three outliers are

identified. Two of them are models with WDR 1:1: one with a
WWR 20% at east, and the second with a WWR 50% at west.
These two models achieve 22% and 35% as actual daylit areas.
Moreover, they achieve 78% and 65% as over lit areas. The third
exception was the model with WDR 1:2 and WWR 40% at East,
which gets 38% as actual daylit area and 62% as over lit area. All
these cases achieve comparatively low values for TAE and cooling
energy use.

To summarize, the cause of the outliers has been determined.
Although they get low energy loads, their daylight provision is not
appropriate enough. Thus, further analysis and the main findings
can be conducted without them.

Table 7 summarizes the general targets derived from the PCA
and the scatterplots. One reference was the US Green Building
Council’s LEED system, which specifies that a key performance
indicator for daylight is the overall percentage of regularly
occupied zones within a building that is “daylit”. Particularly,
LEED V.4 requires to demonstrate through annual computer
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Fig. 11. Results from energy simulations: Optimal design options according to WWR, orientation, and location for: (a) WDR1:1 and (b) WDR 1:2.

simulations that spatial Daylight Autonomy of 300 lux during 50%
of at least 55% or 75% of the occupied floor area is achieved [59].
Another reference was the requirement suggested in [48],
according to daylit area evaluations — the Daylight Autonomy of
150 lux during 50% can be considered a good simulation-based
metric to mimic the partially daylit areas. However, the mentioned
references are generally applied with no consideration regarding
the climate site. Besides, in another work [51], it was concluded
that the overlit area should be confined to a range of 40% to 50%
according to the building orientation. This last recommendation
was focused on only a particular climate.

Therefore, specific targets should be proposed for specific
climate regions. In this work, a range of 40% to 60% of the
occupied floor area was proposed as the reference goal. The range
was derived from the statistical analysis — the targets correspond

to areas for which either the majority or a sizable portion of the
design configurations achieved the design goals. The remaining
design configurations were non-optimal. From here, it is
concluded that the climate must be considered as a determinant
factor when establishing the target limits for the actual daylit and
over lit areas.

Table 7 indicates that the temperate climate is particularly able
to endure high levels for the over lit area (up to 60%). This could
be related to its low temperature (<20°C) all year long (Refer to
Table 1). In contrast, the tropical climate, which has high
temperatures all year long (around 28°C during summer and 24°C
during winter) tends to tolerate low levels for the over lit area (up
to 40%). As regards the arid climate, which has high temperature
during summer (~28°C) but low temperature during winter
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Table 8. Guidelines for designing windows according to the climate region and room depth: optimal (+') and non-optimal (¥).

Climate Orientation South
Region WWR 10 20 30 40 50 60 70 80 90 100
Arid WDR 1:1 x x x x x x x
WDR 1:2 x x x x x x x
Tropical WDR 1:1 x x x x x x x
WDR 1:2 x x x x x x x
Temperate WDR 1:1 x x x x x x
WDR 1:2 x x x x x
Climate Orientation North
Region WWR 10 20 30 40 50 60 70 80 90 100
Arid WDR 1:1
WDR 1:2 x x
Tropical WDR 1:1 x x x
WDR 1:2 x x
Temperate WDR 1:1
WDR 1:2 x x
Climate Orientation East
Region WWR 10 20 30 40 50 60 70 80 90 100
Arid WDR 1:1 x x x x x x x x
WDR 1:2 x x x x x x x x x
Tropical WDR 1:1 x x x x x x x
WDR 1:2 x x x x x x x x
Temperate WDR 1:1 x x x x x x x
WDR 1:2 x x x x x x x x
Climate Region Orientation West
WWR 10 20 30 40 50 60 70 80 90 100
Arid WDR 1:1 x x x x x x
WDR 1:2 x x x x x
Tropical WDR 1:1 x x x x x x x x
WDR 1:2 x x x x x x x x x
Temperate WDR 1:1 x x x x x
WDR 1:2 x x x

(17°C), can tolerate moderate levels for the over lit area (up to
50%).

Therefore, it is clearly a strong relationship between the daylight
illuminances (quantified within the over lit area) and the energy
use. Hence, it is confirmed that daylight, though always associated
with solar gains, is also helpful to save energy, particularly for the
thermal conditioning systems. These results provide a new insight
that relates the actual daylit and over lit areas with specific climate
conditions.

Figure 11 illustrates the energy results for the optimal design
options derived from the PCA. Therefore, the main advantages of
their energy performance can be identified. This last, considering
as the best-case scenarios in every climate region, the models that:
e Achieve the highest saving percentages for solar gains,

cooling energy use, and TAE.

The energy savings are obtained from the percent error (¢%) for
each energy indicator, for each design configuration. €% is the
relative difference between an energy value obtained from the
worst-case scenario and the corresponding energy value obtained
from a particular design configuration. Hence, the worst-case
scenarios, in every climate region, were the models that achieved

the highest solar gains, cooling energy use, and TAE. They are
established as the 100% possible energy consumption, so that, the
€% is obtained with the following equation:

0 EnergyResultyorstCaseScenario—EnergyResultpesign option
&% = 4)

EnergyResultyorstcaseScenario

All the case scenarios can be accessed from the dataset [58].

Regarding the arid climate, the model characterized by a WDR
1:1, a WWR 100%, and oriented towards the east, represents the
worst-case scenario. It achieves the highest solar gains of 748
kWh/m?, as well as the highest energy use for cooling and TAE
rising at 675 kWh/m? and 706 kWh/m?, respectively. Nevertheless,
the optimal models within the quadrant IV get solar gains lower
than 258 kWh/m?2. Moreover, their lighting, cooling, and heating
energy uses are kept less than 42 kWh/m?, 316 kWh/m?, and 4
kWh/m?, respectively. As a result, the TAE for the optimal models
is lower than 349 kWh/m?. Hence, considerable improvements can
be accomplished from an appropriate design in the arid region, for
instance, a ~50% energy reduction, compared to the worst-case
scenario.

As regards the tropical climate, the worst-case model is the one
with a WDR 1:1, a WWR 100%, and oriented towards the west. It

2383-8701/© 2021 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

15 D. A. Chi/ Journal of Daylighting 8 (2021) 1-19

lux

60000.00
54000.00
48000.00
42000.00

36000.00

30000.00

24000.00

18000.00

12000.00

6000.00

0.00

lux lux

60000.00 60000.00
54000.00 54000.00
48000.00 48000.00
42000.00 42000.00

36000.00 36000.00

30000.00 30000.00

24000.00 24000.00
18000.00
12000.00

I 6000.00

0.00

18000.00

12000.00

6000.00

0.00

Fig. 12. Sun-path diagrams showing the hourly data scored (a) arid climate, (b) tropic climate, (¢) temperature climate during four representative days (summer solstice,

equinoxes, and winter solstice): Direct Normal Illuminance (lux).

achieves the highest values for solar gains, cooling energy use, and
TAE in this region, rising 638 kWh/m?, 728 kWh/m?> and 759
kWh/m?, respectively. Contrary to the optimal models within the
quadrant IV, whose solar gains are less than 212 kWh/m?2. Besides,
the lighting and cooling energy uses from these models remain
below 41 kWh/m?, and 412 kWh/m?, respectively. The heating
energy use is not necessary for the tropical region. Therefore, the
TAE is less than 446 kWh/m? for this climate, meaning a ~40%
energy savings in comparison to the worst-case.

For the temperate climate, the worst-case scenario is
characterized by a WDR 1:1, WWR 100%, and oriented towards
the east. It reaches solar gains of 829 kWh/m?, cooling energy use
of 578 kWh/m?, and TAE of 608 kWh/m?. Instead, the optimal
design options achieve solar gains lower than 315 kWh/m?
Besides, their lighting, cooling, and heating energy uses remain
below 40 kWh/m2, 259 kWh/m?, and 3 kWh/m?, respectively.
Thus, the TAE is kept lower than 291 kWh/m?, saving energy by
a~50%.

4.3. Design guidelines

General findings are deduced when comparing models with
similar design characteristics. In the case of models with different
WDR, but the same climate, orientation, and WWR, the following
observations. From Fig. 9, it is observed that the sum of the two
actual daylit areas is higher for those models with WDR 1:2 than
for those with WDR 1:1. Then, the over lit area remains much
lower for a WDR 1:2 than for a WDR 1:1. From Fig. 11, it is
noticed that all energy indicators remain lower fora WDR 1:2 than
for a WDR 1:1. It can thus be suggested that deep rooms have the
best overall performance.

Regarding the WWR, specific recommendations are identified
for every orientation at each climate region. Table 8 summarizes
the optimal values for the design parameters. It could be used as
Guidelines to find the appropriate design parameters that are
relevant to the climates. To complement the information provided
in the Guidelines, a Configurations Matrix with all the 240 design
options is included in Appendix A.2. Both the Guidelines and the
Configurations Matrix allow building designers to visualize the
performance of the optimal design configurations.

Regarding the south orientation, the general guideline is that
smaller WWR are better suited for shallow rooms (WDR 1:1) than
for deep rooms (WDR 1:2), in the three climates. For the north
orientation, most WWR are optimal at all climates since this is the

fagade less exposed to the solar trajectory at the northern latitudes.
For shallow rooms, all WWR are recommendable, except for the
largest (WWR 80-100%) at the tropical. For deep rooms, smaller
windows (WWR 10-20%) are not recommendable in any climate
whereas WWR 30-100% are favourable in the three regions.

As regards the east orientation, only a few WWR are optimal for
shallow rooms. That is to say, WWR 10% in the arid region, and
WWR 10-20% in the tropical and temperate climates. For deep
rooms, only a WWR 40% is recommendable for the tropical
climate as well as WWR 30-40% for the temperate region.

For the west orientation, the general guideline is similar to that
for the south. That is to say, smaller WWR are better suited for
shallow rooms than for deep rooms, but only in the arid and
temperate climates. Instead, a WWR 10% is the only one found
favourable for a WDR 1:1 located in the tropical.

The recommendations for the east and west orientations are not
equivalent due to the impact of the seasonal cloud cover, which is
different in the three cities. As an indication, sun-paths in Fig. 12
depicts the direct normal illuminance during the daylit hours of the
solstices and equinoxes at the three cities. Thus, it is possible to
support that the arid climate presents much cloudier sky conditions
during the afternoon than during the morning, mostly in summer.
Then, the tropical presents much cloudier sky conditions during
morning hours, all year long. Finally, the temperate climate
presents a more pronounced cloud cover during the afternoon than
during the morning, all year long.

5. Conclusions

This paper investigated and compared the outcomes of many
window configurations for residential spaces. The effect of
choosing a shallow or a depth room, a big or a small window, the
orientation of the openings, and all these variables according to
specific climatic regions, showed to be key elements when
studying the performance of building spaces. These findings
complement those of earlier studies that were focused on studying
one factor at a time without linking-up with other design variables
or with the climatic factors. Currently, very scarce studies had
been focused on proposing design guidelines for specific climate
regions.

This study came from an integrated approach combining several
space design characteristics with a coupled daylighting and energy
evaluation. In brief, two WDR, ten WWR, four orientations, and
three different climates were simultaneously analysed through a
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statistical technique widely used by almost all scientific
disciplines. Essentially, PCA allowed comparing all 240 design
configurations derived from the combination of the four design
variables. Besides, PCA permitted extracting the most important
information from simulation results in terms of finding a balance
between the daylight availability and the thermal assessment.
Besides, the loading and score plots allow showing all results
clustered into four quadrants. Hence, the fourth was optimal since
it was positively and strongly correlated with high levels of the
actual daylit areas (fully plus partially). Instead, it was inversely
correlated with high levels of solar gains and TAE (total energy
used on-site for lighting, cooling, and heating). In the end, PCA
was a useful tool to specify design guidelines for each climate
region, namely the arid, tropical, and temperate. One main finding
was that deep rooms are better suited than shallow rooms in terms
of the overall balanced performance, at the three studied climates.
Contrary to expectations, this study finds that introducing
daylighting into the space did not contribute to reducing the total

energy use (although it contributes to reducing the lighting energy).

Instead, cooling energy use resulted in the most significant load
for TAE.

Furthermore, specific WWR were recommended for deep or
shallow rooms, according to every orientation at each climate.
Generally, for the south orientation, smaller windows were better

suited for shallow rooms than for deep rooms, in the three climates.

For the west orientation, smaller windows had a better overall
performance in the arid and temperate climates. As regards the
north orientation, almost all WWR were optimal. In contrast, for
the east orientation, only a few WWR were in good agreement
with a balanced solution. The resulting design guidelines will be
of interest to architects and designers when working on project
specifications.

From above, a profound analysis of the seasonal cloud cover
was advantageous to understand the particularities of every
climate and its effect on the design guidelines proposed to find a
balance between daylight provision and thermal issues. Since
daylight is always associated with solar gains, it was also pointed
out that the climate is a key element when establishing the target
limits for the actual daylit areas and the over-lit areas. For instance,
particular climatic conditions, such as temperature during summer
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and winter, must be considered when proposing guidelines and
targets for climate-based daylighting metrics.

To summarize, some climates as the temperate were able to
endure higher levels for the over lit area (up to 60%). On the
contrary, arid and tropical climates tolerate lower levels for the
over lit area (up to 50% and 40%, respectively). These results were
in good agreement with the statement that excessive illuminances
(accounted within the over lit area) have been correlated with
thermal discomfort. The targets proposed in this work are a first
and new insight that relates the over lit area with specific climate
conditions. These findings may help the research community and
certification systems when looking for specific targets applied to
sustainable buildings.

To conclude, PCA was successfully set as the basis of a
methodology that could help architects and consultants to define
design strategies for specific locations and climates that further
lead to updating high-performance standards in buildings at
regional levels. Thus, this study is a starting point into criteria
considerations, so it can be extended to investigate other types of
climates and additional building components (e.g. glazing and
construction materials). Further research should also consider
shading devices, such as blinds, complex fenestration systems, or
improved glazing, to regulate solar radiation, daylight levels, and
energy consumption. A potential future study should take into
account other objectives and criteria, such as view quality,
acoustics, and glare, together with solar gains, energy
consumption, and daylight provision.

Appendix A: An insight into the results from all the design
options

A.1. Scatterplots of the results from all the 240 design
configurations

The purpose of the scatterplots included in the main document was
to show the relationship between the metrics accounted for the
optimal designs — how the metrics increase or decrease by
changing some design variables. The non-optimal designs were
not included since their results were not necessarily related to the
metrics analysed in the scatterplots. However, their inclusion may
be useful to show the general trends derived from the full dataset
and to corroborate the relations with the optimal-case scenarios.

338 3B 40 275 1496149 B0 30 OPTIMAL
100 33 " mE gy am = » No
L] Yes

overlit

Cooling

Fig. A.1. Scatterplots of the actual daylit areas vs TAE, and of the overlit area vs cooling energy use. The full set of design options for the temperate region has been
included. The curves display the regression fit. Data labels (numbers) were included to help the reader to identify the design configurations.
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Fig. A.2. Scatterplot of the nondaylit vs lighting. The full set of design options for
the temperate region has been included. The curve displays the regression fit. Data
labels (numbers) were included to help the reader to identify the design
configurations.

These last were defined as those that achieve the following design

goals:

e  Avoid the excessive illuminances, related to glare and thermal
discomfort, so the over lit area should be less than 100%.

e Provide useful illuminances for visual tasks in residential
spaces, so the non-daylit area should be less than 50%.

e Achieve the highest saving percentages for solar gains,

cooling energy use, and TAE.

Figure A.1 includes the results for the temperate region, both the
optimal and non-optimal. As observed from these graphs, some
outliers (non-optimal designs) were included within the proper
percentages for the metrics. Let’s take design option 131 as an
example. From the left part of Fig. A.1, it seems that it achieved
proper levels for both the overlit area and the cooling energy use.
From the right part of Fig. A.1, it seems that it is barely reaching
40% for the actual daylit areas with low energy consumption.
However, the two graphs were focused only on the mentioned
metrics.

Figure A.2 is plotted to better understand the overall results.
Here, design option 131 was non-optimal since it did not provide
useful illuminances for visual tasks. That is to say, the non-daylit
area exceeded the target limit of <50% workplane. Consequently,

Fully + Partially daylit areas Total Annual Energy
Climate Orientation South South
Region WWR 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Arid wDR1:1 | 83 68 57| 40_ |26 302 345] 390 435 478
WDR 1:2 38 68] 79 71 65] 60 55 50 44 38 260 269|201 317 349] 379 410 440
Tropical WDR1:1 | 83 73] 60 47 36 I383 423] 465 509 553
WDR 1:2 41 69] 79 74 e8] 63 58 53 47 42 358 368389 415 446 ] 476 506 536
— WDR1:1 | 86 74 60 48 32 l127 161 201 242] 283 323 364
WDR 1:2 42 70| 80 74 69 63 58| 53 47 42 155 161'180 204 234 262 z91|320 348 373
Climate Orientation North North
Region WWR 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Arid WDR1:1 | 98 96 88 85 77 70 67 60 58 49 211 225 239 252 266 279 291
WDR 1:2 40 66|96 92 89 86 83 80 196 205 215 225 234 243
Tropical WDR 1:1 95 88 83 74 69 64| 57 327 345 362 379|396 412 426
WDR 1:2 42 65095 90 88 84 83 79 312 324 336 347 358
Timperats WDR 1:1 95 88 80 75 68 62 57 85 96 108 120 133 145 156
WDR 1:2 42 71194 91 86 85 81 80 76 74 92 87 95 104 113 123 132 141
Climate Orientation East East
Region WWR 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 8 90 100
Arid WDR 1:1 288 ) 329 378 427 477
WDR 1:2 268 286 313 343 378 412 446
Tropical WDR 1:1 410 445 480 513 547
WDR 1:2 333 339 354|373) 396 420 443
Temperate R |164- 209 § 261 313 365
WDR 1:2 184 200|224 255] 202 328 364
Climate Orientation West West
Region WWR 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Arid WDR 1:1 | 79 64 |226 247 276 306|336 366 396 425 454 479
WDR 1:2 34 56 230 232 256 278 298 319] 341 362 380
Tropical WDR 1:1 43 380 | 420 464
WDR 1:2 27 53 60 49 44 351 366 387 414 446 477 507 537 567
Temperate WDR1:1 | 85 69 59 47 35 | 88 106 133 162 192) 221 251 279 308 334
WDR 1:2 39 62|77 71 66 125 126]133 149 169 190 211 232 253) 271
0 50 100 lower higher
. | . [ |

% Workplane: 150-3000 lux, >50% time

kWh/m2 (cooling + heating + lighting)

Fig. A.3. Configurations matrix for both optimal and non-optimal design configurations. The optimum solutions are highlighted with the squares. For interpretation of
the references to colour in this figure, please refer to the web version.
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it was one of the design options with the highest lighting energy
use. As mentioned in the paper, daylight is also effective on health
and well-being of occupants (apart from providing light to the eyes
and contributing to saving energy).

This type of analysis could be developed for each of the outliers.
However, they were omitted due to space limitations. The dataset
with the 240 design options is included in a spreadsheet that can
be downloaded from the Mendeley Data [58].

A.2. Configurations Matrix for all the 240 design configurations

To complement the information provided in the guidelines (See
Table 8 in Section 4.3), a Configurations Matrix with all the 240
design options is here presented in Fig. A.3. The aim is to allow
the performance comparison between the optimal and non-optimal
options. Specifically, two metrics are displayed:

e fully + partially daylit areas: % workplane that achieves
illuminances in the range 150-3000 lux, during at least 50%
of the occupied hours).

e TAE: cooling + heating + lighting = total annual energy use.

The Configurations Matrix itself could be particularly useful for
building designers to find the appropriate design parameters that
are relevant to their climate. It also allows visualizing the
performance of the optimal design configurations.
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