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Abstract: The large size of a glazed component allows greater access to natural light inside and a wider
view of the outdoors while protecting the inside from extreme weather conditions. However, glazed
components make buildings energy inefficient compared to opaque components if not designed
suitably, and sometimes they create glare discomforts too. In order to protect against excessive
natural light and direct sunlight and for privacy, dynamic shading devices are integrated into the
glazed façade. In this study, the impact of various glazing and shading design parameters has
been investigated by performing uncertainty and sensitivity analyses. The uncertainty analysis
indicates that the variance coefficients for the source energy use, lighting energy use, useful daylight
illuminance (UDI), and shade-deployed time fraction are in the ranges of 15.04–30.47, 39.05–45.06,
40.57–49.92, and 19.35–52%, respectively. The dispersion in the energy and indoor visual performance
is evident by the large variation in the source energy consumption and UDI (500–2000), which vary
in the ranges of 250–450 kWh/(m2-year) and 5–90%. Furthermore, a sensitivity analysis identified
the window-to-wall ratio (WWR), aspect ratio (ASR), glazing type (Gt), absorptance of the wall
(Aw), and shade transmittance (ST) as major influences of the parameters. Each of the identified
parameters has a different proportionate impact depending on the façade orientation and performance
parameters.

Keywords: building energy simulation; indoor visual comfort; sustainable cities; dynamic glazed
façade; probability density function; sensitivity analysis

1. Introduction

In recent years, highly glazed façade office buildings have gained a great deal of
attention and are now being developed throughout the world. Larger glazed façades are
being preferred by modern office buildings in order to offer a sophisticated and enticing
appearance, to allow higher access to natural light indoors, and to minimize indoor artificial
lighting requirements. Moreover, the glazed façade provides a wider view of the outdoors
while shielding occupants from the outdoor environment’s harmful effects. Despite many
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benefits of a transparent façade, it is the weakest insulation component [1] and has a risk
of an increased heat loss/gain from/to the building [2–4]. The heat gain/loss eventually
increases the energy consumption in an HVAC system that is used to regulate the indoor
thermal environment. The heat loss even in low-energy glazed façade buildings can be
up to 40% [5]. However, the impact of the glazed component on the energy consumption
varies greatly with the building type and size. The impact can be lesser in multi-story
stone buildings but higher in skyscrapers [6,7]. Hence, the continuous development of
buildings with an increased size of the glazed façade will certainly significantly increase
the overall building energy consumption share from its current value in the global final
energy consumption, which is approximately 30–40% [8,9]. Moreover, an increase in
greenhouse gases (GHGs) emissions due to highly glazed buildings and its impact on
climate change cannot be ignored as the space-cooling demand is expected to be triple by
2050 [10]. The demand for air-conditioned floor space will further increase the electricity
consumption and GHG emissions in the building sector [11] as the commercial activities are
expected to be increased between 2012 and 2040, which will lead to an average 1.6% annual
increase in the building energy demand [10]. In recent years, various energy-efficient
glazing and window options, including thermochromic [12], electrochromic [13], double-
skin façade [14], double-pane [15] and triple-pane windows [16], fixed [17] and dynamic
shading devices [18], etc., have been explored to minimize the heating and cooling energy
usage, particularly in highly glazed buildings. Also, the policy makers, building designers,
developers, and researchers have increased their focus on designing and developing energy-
efficient glazed façades along with other energy-reducing approaches in buildings [19–24].
However, designing a glazed component that improves the energy and indoor visual
performance is highly desirable but complicated. Moreover, recent research shows that
the development of highly energy-efficient and well-daylit-illuminated buildings can only
be ensured if the sizing of the glazed façade, thermo-optical properties of the glazing and
shading, control strategies for shading and artificial lighting, and shading types are selected
suitably and appropriately [4,25–27]. Considerable energy savings can be achieved in
heating, cooling, and lighting energy consumption by applying automatically controlled
dynamic shading integrated with controllable artificial lighting in the buildings, irrespective
of the climatic conditions [28]. In our recent study, the energy-saving potentials through
various combinations of glazing, dynamic internal roller shading, and the glazed area have
been assessed and presented for office buildings in a cold climate [4]. The energy and visual
performances of glazed façades are essentially required to be evaluated in an integrated
manner by considering the combined impact of the glazing integrated with shadings and
other building parameters.

Here in this study, the glazed component represents a combination of glass panes and
the associated shading attachments. The shading attachments can be placed internally,
externally, or in-between the glass panes in a glazed façade and used to avoid the excessive
natural light and direct sunlight and offer a comfortable visual indoor environment with
privacy for the occupants [25,29]. There are different types of shading attachments, e.g.,
a roller shade, venetian blind, plated shade, and cellular shade, which are used in general.
The issue of a discomfort glare in the indoor space can be lessened/eliminated completely
and efficiently if a dynamic shading device is employed at the internal side of the glass
pane to clog the excessive daylight/direct sun rays [30]. Researchers have considered
interior shading attachments (including an interior roller shade) with glazed components
and investigated their effects on the buildings’ energy performance and illuminance level
in the indoor area. Recently, the impact of internally placed roller shadings on the energy
performance and indoor visual environment has been investigated for various sizes of a
glazed façade with different types of glazing [26,31]. Moreover, the effect of the internally
placed dynamic roller shading of different properties of shade fabric regulated by four
different controlling schemes has been assessed in terms of the energy consumption, indoor
daylight illuminance, and discomfort glare [31]. More recently, the effect of eight different
shading controls, including the static and dynamic frequencies on the visual and energy
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performance of the office building, have been assessed [32]. The balance between the indoor
visual comfort and the energy consumption of the building have been assessed for varying
properties of glazing and interior roller shades by taking the control strategy and window
size into consideration [33].

These shading attachments are required to be auto-controlled using the appropriate
triggers (e.g., glare, temperature, radiation, illuminance, temperature, etc.). The effect of
some of the different types of shading-controlled conditions on the energy performance
of an office room was studied recently [34]. Moreover, indoor thermal and visual envi-
ronmental conditions have been regulated by employing different options of shading and
glazing [30,35,36]. Also, the consumption, thermal, and indoor light environments are
significantly influenced by adjustment strategies for the shading and ventilation of the
glazed element [37]. It has to be noted that the energy and indoor visual performances of
the building are dependent on a number of variables, including the glazing and shading
properties, size of the glazed façade, control strategies of shading and interior artificial
lighting, building aspect ratio, and optical properties of interior surfaces, and obviously
on the climate of the location. Hence, the selection of each of the influencing parameters
is vital for creating energy-efficient building stocks and the sustainability of the cities.
The research literature highlights a few methods [38], including a multi-criteria assess-
ment [19], that have been proposed to assist in the process of decision making by the
building engineers for selecting the most influencing design parameters. The proposed
methods include the uncertainty and sensitivity analyses of the design parameters and
energy performance optimization of the buildings [39]. The uncertainty method is used
to assess the inconsistency in the performance of the buildings due to different uncertain
design parameters [37]. On the other hand, significant/influential design parameters that
regulate the energy performance and indoor visual comfort in the buildings are identified
and prioritized by performing a sensitivity analysis [40]. A thorough analysis of the global
uncertainty and sensitivity assists in the apt identification of the major influencing param-
eters/properties of the glazing and shading for designing a dynamic glazed façade that
not only enhances the energy performance of the office building but also provides a better
indoor-illuminating environment [26]. Both the methods have been practiced effectively
for years, in many areas of scientific research and engineering, to increase the effectiveness
and efficiencies of the systems, technologies, and processes [37,41–47]. The uncertainty
analysis is generally performed using the Monte Carlo (MC) process. However, for the
sensitivity analysis, different approaches, e.g., the Morris approach [48], sampling-based
approach [49], sequential bifurcation approach [50], factorial approach [51], and ANOVA
approach [38], are available and used extensively by the researchers and engineers for
assessing the effect of different design variables on the energy performance of the buildings.
Further, few other local and global sensitivity assessment approaches have been explained
in Ref. [52], and their advantages and disadvantages regarding the thermal performance
assessment of buildings have been reported in Ref. [53]. The compiled work indicated that
the global approach is highly reliable, but the high computational requirement is the only
disadvantage of the method. The approach collects facts for a portion of the input variables
in a broad range [47]. Regardless of the various studies on the assessment of the significant
design parameters of glazed components in buildings, the results may not be applied
uniformly in all climatic conditions for all types of buildings. Here, all the climate types
mean the climate types classified by Köppen and Geiger. Their classification divides the
climates into five main climate groups and various subgroups. The detail of their classifica-
tion can be learned from Ref. [54]. Further, it can be learned from the literature discussed
above that the design variables for designing a glazed façade integrated with a dynamic
internally placed roller shade for an office building in the subtropical hot desert climate,
BWh (as per Köppen and Geiger classification), has hardly been cited yet. Therefore, it can
be worth investigating the crucial design parameters and their proportionate contribution
in energy and indoor visual performances for a glazed façade integrated with an internally
placed roller shade. The results of the study are certainly and highly beneficial for building
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designers, developers, building engineers, and researchers, as well as for policy makers to
create high-performance building stocks and sustainable cities.

The study aims to scrutinize the significant design parameters that govern the energy
and indoor visual performance of office buildings particularly in a subtropical hot desert
climate. Therefore, efforts have been made to investigate the proportionate impacts of
the different parameters of a glazed component on the total energy consumption, lighting
energy consumption, and indoor visual comfort (in the form of the useful daylight illumi-
nance and shading-deployment time fraction). The uncertainty and sensitivity analyses
have been performed to assess the contribution of each of the studied design parameters of
the glazed component on the energy and indoor visual performance of the office buildings.
The results of the study will be equally applicable and effective for both a newly proposed
building to be constructed and for retrofitting in the existing buildings.

2. Materials and Methods

In this study, two-step procedure has been adopted to arrive on the appropriate glazed
façade design choices by performing range of discrete solutions. The first step in the
procedure is to investigate the uncertainties arising in the performance parameters for a
range of design parameters. However, if the first step is unable to determine the sources
of the uncertainties in the selected input design variables, second step for the sensitivity
analysis is encouraged to be performed. The method allows estimating the first-order and
total effect sensitivity indices and reveals contribution of each design parameter for the
building performance parameters.

2.1. Step-I: Uncertainty Evaluation

In the energy-efficient building design assay, uniform distribution is prevalently
utilized for portraying the distribution of the different design parameters [55]. The selected
sampling strategy is applied using the Monte Carlo (MC) approach to synthesize the
input variables through probability density functions. In this study, the Latin Hypercube
Sampling (LHS) strategy is employed to stratify the samples [56] for better coverage of all
parts of the factor distribution of input variables and appropriateness of the strategy in the
context of building energy simulation. The LHS splits each input variable and divides the
range of the variable into m equally probable intervals (m > 2). Leastwise, one random
observation is made within every interval. Further, the recommended executions (n) are
≥3/2 times of the total input variables (p) [57].

Dispersion and uncertainty in the results are assessed by the values of variation
coefficient (υ). The coefficient of variation is a statistical measure of the dispersion of
results and represents the ratio of standard deviation to the mean of results. Following
mathematical equations are used to estimate the mean (µ) and standard deviation (σ)
values:

µ =
1
n

n

∑
i=1

yi (1)

σ =

√
1

n− 1

n

∑
i=1

(yi − µ)2 (2)

2.2. Step-II: Sensitivity Evaluation

For sensitivity analysis, we have considered the variance-based extended Fourier
amplitude sensitivity testing (eFAST) method [58] as it is generally preferred for assessing
the complex problems of energy and heat transfer in buildings and is improved version
of classic FAST method [59]. In addition, among the available sensitivity assessment
approaches, variance-based approaches are competent to grapple with the non-monotonic
and non-linear models. Moreover, the method takes the effect of interactions among
the input variables into account during the assessment process. The extended FAST is
one of the highly effectual variance-based methods that features a rapid convergence.
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Unlike classic FAST method, the extended FAST method allows estimation of the first-
order sensitivity index (Si) and the total-order effect sensitivity index (STi)) for quantifying
the contribution of each input variable to the total variance by employing the same set
of samples. The first-order and total effect sensitivity indices are expressed in terms of
variance (Var) and expected value (E) of an output Y for input variables (i.e., X1, X2, . . . ,
Xk) as:

Si =
Var[E(Y/Xi = X̃i)]

Var(Y)
(3)

STi =
E[Var(Y/X−i)]

Var(Y)
= 1− Var[E(Y/X−i)]

Var(Y)
(4)

The input variable’s uncertainties effect on the output results is expressed by the
first-order sensitivity index. The values of the first-order index remain between 0 and
1. For additive system, the sum of all first-order sensitivity indices remains equal to 1.
The first-order index can moderately explain the impact of input variables on the change
in the output. For non-additive model, the value of Si remains less than 1. Therefore,
particularly in the case of non-additive models, total effect sensitivity index is assessed for
obtaining comprehensive information regarding the impact of a particular input variable
on the change in the output parameter. The total effect sensitivity index represents sum of
all indices, including first-order and other higher-order sensitivity indices corresponding
to the parameters that are being investigated. In this study, the sample set of the input
variables for sensitivity analysis has been generated in a statistical tool SimLab2.2 [57] by
applying the extended FAST method.

The totality of the total effect sensitivity always remains greater than 1 for non-additive
model and 1 for perfectly additive model. The comparative values of first-order and total
effect sensitivity indices explain whether the model is additive or non-additive. Equal
values of both the indices indicate that the model is additive. However, for non-additive
model, the value of total effect index has to be larger than the first-order index. Also,
higher value of total effect index implies interactions within the input variables. Moreover,
obtaining a lower value of first-order sensitivity index does not mean that the value of
input variable is inevitably fixed anywhere in the given range. Hence, assessment of total
effect sensitivity index recommended for fixing the values of input variables. Infinitesimal
values of total effect sensitivity index for the input variables indicate that the variables are
not affecting the output.

2.3. Simulation Tool for Estimation of Energy and Indoor Visual Performance Parameters

In this study, we have used EnergyPlus to perform simulation of dynamic glazed
façade integrated building. EnergyPlus is one of the whole-building energy simulation
and performance assessment software and being utilized extensively by building energy
simulation community because it has advanced features, including renewable energy com-
ponents, required in building energy simulation [60] for modeling the energy and water
consumption in buildings [61]. The tool utilizes best features and capabilities of two older
building energy simulation programs, i.e., DOE-2 and BLAST, which were developed under
the sponsorship of US Department of Energy and Department of Defense, respectively.
Moreover, the tool is found to be most suitable for this study, as it has several essential
features required for modeling advanced fenestration, roller shade and its controlling op-
tions, artificial lighting controls, and integration of daylighting components and estimation
of shade-deployment time fraction [62,63]. The daylight distribution at the work plane
is estimated by the split-flux method in the tool [64]. The effect of the interior surfaces’
reflectance is taken into account by the method while calculating the indoor daylight
illuminance. The split-flux method produces indoor illuminance values in comparable
range (<20% difference) [65] that are produced by the most powerful Daysim\Radiance
program for daylight modeling. Also, both the programs(i.e., Radiance/Daysim and Ener-
gyPlus) use one sky model (i.e., the sky diffuse irradiance and illuminance on tilted surface
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model) developed by Perez et al. [66] for estimating the external illuminance. Moreover,
EnergyPlus tool performs the daylighting and thermal simulations in integrated manner.
The values of input variables generated externally by the SimLab 2.2 have been used in the
EnergyPlus tool with help of jEplus 1.6 tool [67] for parametric run.

2.4. Roller Shade Model in EnergyPlus

Shading is a separate layer of either drapery, roller shade, or blind; however, the optical
and thermal properties of the dynamic glazed component (including glazing and roller
shade) collectively influence total energy consumption and indoor visual environment of
the glazed office buildings. In this study, a case of interior roller shade has been considered
with varying optical and thermal properties. EnergyPlus uses Winkelmann method [68]
for estimating the window luminance, considering the effect of shade in place. In the
calculation, the shade is assumed to be perfect diffuser. The transmittance, reflectance,
and absorptance of front and back of the shade are assumed to be equal and independent
of incidence angle. The air flow through the glazing and shade, particularly for interior
shade, carries the heat absorbed by shading and glazing and affects indoor air temperature.
The effect of natural airflow between the shade and glazing is taken into account by the
simulation tool and estimated as described in Ref. [69]. Also, shade is automatically
deployed during simulation in case of exceeded glare from its specified limit.

2.5. Climate of the Case Study Location

Amritsar has been selected as a case study location. Amritsar is the second largest
city in the Indian province of Punjab and houses over one million people. It is situated
(latitude: 31◦22′ N and longitude: 74◦31′ E) at an elevation 234 m above the sea level and
217 km northwest of state capital Chandigarh, 455 km northwest of the national capital
New Delhi. According to the Indian national building code (NBC), the city falls under
composite climate (Bureau of Indian Standard 2016) [70]. The city has been classified as
subtropical hot desert as BWh, by Köppen. The city experiences mainly four seasons, i.e.,
winter, summer, monsoon, and post monsoon, which fall between December and March;
April and June; July and September; and October to November, respectively. Figure 1
shows the diurnal average temperature and global horizontal radiation variation for the
whole year. The average annual temperature of the city is observed to be around 25 ◦C
most of the time throughout the year. Therefore, cooling is predominantly demanded. Also,
in Figure 1, the average daily horizontal global radiation can be observed to be varied in
the range of 0.10 to approx. 0.35 kWh/m2. Further, Figure 2 shows the total solar energy
received yearly during different hours by eight differently oriented vertical surfaces. East–
south surface receives maximum radiation at 11:00 a.m. and the value of the solar energy
stays above 150 kWh/(m2-year) during 9:00 a.m.–12:00 noon. East, north–east, and east–
south surfaces receive annual hourly solar energy in the ranges 50–200 kWh/ (m2-year),
50–100 kWh/(m2-year), and approx. 50–225 kWh/(m2-year), respectively, and these sur-
faces face sun mainly in pre-noon hours. The west–north, west, and south–west sur-
faces face sun mainly in the post-noon hours and receive the annual hourly solar energy
in the ranges of approx. 50–100 kWh/(m2-year), 50–150 kWh/(m2-year), and approx.
50–180 kWh/(m2-year), respectively. The north surface mainly receives diffuse radiation,
while the south surface faces sun most of the time during the day.
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Figure 2. Annual hourly solar energy intercepted by different vertical surfaces at Amritsar.

The study utilizes meteorological hourly time-series data arranged in TMY2 file
format. ISHRAE [71] measures the meteorological parameters that were made available to
EnergyPlus users.

2.6. Reference Case and Input Parameters

A standard room of 16 m2 area considered for the analyses has been assumed to be
situated at an intermediate floor of a multi-story office building. Only glazed façade is
assumed to be exposed to the outdoor environment. All other surfaces, i.e., floor, roof,
and walls, are assumed opaque and adiabatic. These surfaces are intermediate surfaces and
shared with adjacent similar office rooms at same room temperature. For the purpose of
comparative performance, base-cases scenario in which an office room of size 4 × 4 × 3 m
and having one wall of 30% glazed area of size 2.0× 1.8 m. The glazed façade was assumed
to be exposed to outdoor environment. The input values of the glazed frame and opaque
wall used in the simulation are given in Table 1. All other surfaces have been kept as
those of standard room. The glazing used in the base case was clear single glass pane, p1
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(as given in Table 5). For other cases simulated in this study, the room aspect ratio and
window-to-wall ratio have been varied for a fixed floor area.

Table 1. Input parameters for glazing frame and opaque wall.

Parameter Unit Value Ref.

Frame thickness (m) 0.0572 [4]
Frame conductivity (W/(m2-K)) 5.68 [4]
Frame surface absorptance (-) 0.60 [4]
Overall heat-transfer coefficient of opaque wall (U) (W/(m2-K)) 0.352 [72]
Surface absorptance of opaque wall (-) 0.60 [72]

2.7. Input for Indoor Illuminance Level and Useful Daylight Illuminance Assessment

The recommended work plane illuminance (i.e., 500 lux) at the work plane (0.8 m above
the floor) in the office spaces has been set in the simulations. The continuous dimmable
system has been assumed to be integrated with the indoor lighting that compensate the
daylight illuminance to maintain recommended illuminance level on the work plane [35].
A photo sensor has been assumed to be integrated with the continuous dimmer, which
is placed in the center of office room at the work plane. Further, the floor of the office
room has been divided into a grid of 10 × 10 points to produce daylight illuminance
map by the EnergyPlus. The map represents the mean value of the illuminance measured
at the center of each elementary square in the grid plane. The produced map is further
used for estimating the useful daylight illuminance (UDI) values. In this study, a separate
illuminance map is produced for each daylight hour; however, values of UDIs presented in
this paper are cumulative and only for office hours, i.e., 9:00 a.m. to 5:00 p.m.

2.8. Controls for Indoor Thermal Environment

The room has been assumed to be air-conditioned and indoor air temperature main-
tained at 24 ◦C in summer and 22 ◦C in winter, between 9:00 a.m. and 5:00 p.m. (office
hours) system. The cooling and heating temperatures for non-office hours have been fixed
30 and 18 ◦C in summer and winter, respectively. An HVAC system with single direct
expansion-type cooling coil and an electric heater have been assumed to be integrated
in building for cooling and heating, i.e., to maintain the desirable indoor temperatures.
The coefficient performance (COP) of the cooling unit (includes direct expansion cooling
coil, and condensing unit having electric compressor and condensing fan) and efficiency of
the electrical heating coil located directly in the air loop have been assumed to be 3.5 and 1,
respectively, throughout the simulation [4].

2.9. Indoor Lighting and Glare Control and Assessment

It should be noted that a dynamic glazed façade building having lighting control
system associated with the daylighting system can reduce primary energy demand up to
60% compared to static glazed façade [73]. For the simulation purpose, the indoor artificial
lightings in the office room have been assumed to be controlled by an ideal continuous
dimmer, behaving as shown in Figure 3 [74]. The real dimmer may show a different
correlation depending on the type of ballast used for indoor lighting and manufacturer of
the ballast [75]. They are of high frequency, and fluctuation in operation is barely noticeable
and less disturbing. The undesirable discomfort glare is an issue that arises due to highly
bright light source (i.e., glazed component). There are different indices used to explain
the glare and perception of the occupants. The daylight glare index (DGI) is one of the
widely accepted indices in the literature that represents intensity of the quality/glare of the
daylight. Table 2 shows Hopkinson scale [76] that defines perception of the occupants for
different values of DGI. The scale recommends 22 as upper limit of the DGI. The index is a
function of size and location of the luminance of the source of glare (glazed component),
view direction of the occupant, and luminance of background [76]. Method developed
by Hopkinson [77] is used in the EnergyPlus tool to estimate the DGI [64]. The glare is
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estimated if source is visible to occupant sitting in the normal position. In this study, view
angle facing the glazed façade has been taken for estimating the DGI in all simulated cases.
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Table 2. Hopkinson scale of daylight glare index (DGI) [76].

Perception Value of DGI

Just imperceptible ≤16
Perceptible 18

Just acceptable 20
Acceptable 22

Just uncomfortable 24
Uncomfortable 26
Just intolerable 28

Intolerable ≥28

2.10. Internal Heat Gain

The recommended values of the sensible heat gain, equipment load factor, and density
of the occupant during the office hours that have been used in the simulation process are
5.4 W/m2, 76 W, and 0.11 p/m2, respectively [31]. These values are also equivalent to those
recommended by Energy Conservation Building Code (ECBC) of India [72]. The power
density for illuminating the office space effectively (i.e., to provide an average 500-lux illu-
minance) by using the artificial light completely is 11.8 W/m2 [72]. In addition, a variable
heat gain from the luminaries has been taken into consideration according to the use of the
artificial lighting in order to compensate daylight illuminance to meet the recommended
indoor illuminance level.

2.11. Design Input Variables and Simulation Cases

Thermo-optical properties of glazing [78–80] and shade material [31], size of the glazed
component [81,82], shading types and control strategies for artificial lighting and shade
deployment [31], aspect ratio of the office room, absorptance of internal surfaces, orientation
of glazed façade, and many other parameters are critical to energy and indoor visual
performances of the glazed façade office buildings. Therefore, impact of the properties
and parameters has to be assessed systematically. The design variables and their ranges
considered in this study are listed in Table 3.
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Table 3. Detail of selected input design variables.

Building Design Parameter Symbol Unit Range Type of Distribution

Office room aspect ratio ASR (-) [0.5–1.5] Uniform
Window-to-wall ratio WWR (-) [0.05–0.9] Uniform

Absorptance of wall surface Aw (-) [0.2–0.8] Uniform
Absorptance of floor surface Af (-) [0.2–0.8] Uniform

Absorptance of ceiling surface Ar (-) [0.2–0.8] Uniform
Material transmittance of roller shade ST (-) [0.05–0.5] Uniform

Material reflectance of roller shade SR (-) [0.05–0.5] Uniform
Glazing types Gt (-) [A–J] Discrete

Orientation of the glazed façade is critical for energy and indoor visual performances
of the office buildings. Therefore, total eight differently oriented glazed façade office rooms,
which include four major orientations and four in between the major orientations, i.e., (N,
N–E, E, E–S, S, S–W, W, and W-N), have been simulated in this study. Further, total 10
glazing types (A-J), as listed in Table 4, have been used. All of these glazing types have been
arranged in double panes with a 12.7 mm air gap and cover a reasonable range of thermal
and optical properties of glass panes suitable for building applications. As the properties of
glass have strong relationship with each other and hence considering in a group as discrete
distribution is more appropriate over considering each property separately. The solar
optical and thermal properties, which are estimated at normal incidence, for groups of
double-pane glazing and for individual panes in groups, are given in Table 4 and Table 5,
respectively. WINDOW 6 tool, developed by Berkeley Lab [83], has been used for calculat-
ing the solar optical and thermal properties listed in Tables 4 and 5. The glazing types given
in Table 5 are available in the WINDOW tool’s database and have been manufactured by
different glass sheet manufacturers as well as also being used practically. However, values
given in Table 5 have been used as input to the EnergyPlus tool and its internal algorithm
calculates the combined values of thermal and solar optical properties for the double-pane
glazing, which may differ from the values listed in Table 4. The simulations have been
performed for each of the values within the range, and the energy and indoor visual
performance parameters have been assessed for each of the cases generated by LHS and
extended FAST strategies. The input parameters have been used to generate total 150 and
800 cases for each façade orientations for uncertainly and sensitivity analyses, respectively.
The simulation cases have been generated using SimLab 2.2, statistical software.

2.12. Building Energy and Indoor Visual Performances Assessment Criteria

Different performance matrices, i.e., source energy consumption, lighting energy use,
useful daylight illuminance, and shade-deployment time fraction, have been selected for
assessing the performance of office building with varying parameters. The source energy
represents the raw fuel consumed powering building. The source energy incorporates all
losses in transmission, delivery, and production of the electricity supplied to the building.
The overall energy performance of the buildings is suitably expressed and compared by
the total source energy consumption. The total source energy consumption includes energy
consumed in cooling, heating, fan, and indoor artificial lighting and office equipment.
In this study, we have calculated the energy consumptions for cooling, heating lighting, fan,
and equipment as well as total energy consumptions for all the simulated cases. However,
total energy and lighting energy consumptions have been used in the analysis as these
two are mainly considered in the process of decision making on the design parameters of
buildings. Further, the UDI and shading-deployed time fraction/shading on time fraction
have been used to assess the indoor visual performance of all the cases. The UDI explains
the quantity and quality of availability of the daylight illuminance in office space while
shading on time fraction informs about the availability of the outside view.
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Table 4. Combined thermo-optical properties of glazing types [84].

Property Type of Glazing

A B C D E F G H I J

Visual transmittance (tv) 0.832 0.839 0.714 0.634 0.61 0.496 0.426 0.305 0.234 0.582
Front/back visual reflectance 0.151 0.083/0.089 0.098/0.067 0.310 0.111/0.100 0.151 0.208/0.180 0.056 0.236/0.108 0.076/0.057

Solar transmittance (τs) 0.795 0.627 0.395 0.550 0.263 0.290 0.165 0.148 0.085 0.266
Front/back solar reflectance 0.142 0.135/0.122 0.189/0.265 0.228 0.325/0.460 0.337 0.384/0.525 0.080 0.130/0.244 0.387/0.407

Front absorptance 0.035 0.143 0.285 0.129 0.320 0.240 0.357 0.621 0.674 0.244
Back absorptance 0.029 0.095 0.131 0.094 0.096 0.133 0.094 0.151 0.112 0.104

U-value 2.677 2.703 1.362 2.669 1.226 1.689 1.226 1.688 1.407 1.249
SC 0.94 0.815 0.573 0.722 0.392 0.478 0.285 0.372 0.241 0.399

SHGC 0.818 0.709 0.499 0.628 0.341 0.416 0.248 0.324 0.21 0.347
Tvis 0.832 0.839 0.714 0.634 0.61 0.496 0.426 0.305 0.234 0.582

Note: Two glass panes separated by a 12.7 mm air gap for all glazing types.

Table 5. Glass pane properties of all double-pane glazing types [84].

Glazing Types

A B C D E F G H I J

Property/Pane P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2

Solar transmittance (τs) 0.889 0.889 0.781 0.781 0.571 0.571 0.73 0.73 0.391 0.391 0.484 0.484 0.302 0.302 0.322 0.322 0.228 0.228 0.41 0.41
Front side solar reflectance (RS1) 0.079 0.079 0.087 0.078 0.156 0.156 0.137 0.152 0.301 0.301 0.299 0.299 0.357 0.357 0.072 0.072 0.114 0.114 0.362 0.362
Backside solar reflectance (RS2) 0.079 0.079 0.078 0.087 0.229 0.229 0.152 0.137 0.435 0.435 0.275 0.275 0.498 0.498 0.218 0.218 0.235 0.235 0.384 0.384

Visible transmittance (τv) 0.909 0.909 0.915 0.915 0.844 0.844 0.783 0.783 0.779 0.779 0.704 0.704 0.646 0.646 0.547 0.547 0.479 0.479 0.762 0.762
Front-side visible reflectance (RV1) 0.082 0.082 0.045 0.048 0.057 0.057 0.184 0.193 0.069 0.069 0.132 0.132 0.145 0.145 0.05 0.05 0.19 0.19 0.048 0.048
Backside visible reflectance (RV2) 0.082 0.082 0.048 0.045 0.039 0.039 0.193 0.184 0.062 0.062 0.038 0.038 0.127 0.127 0.02 0.02 0.087 0.087 0.036 0.036

Front-side infrared hemispherical emissivity (E1) 0.837 0.837 0.868 0.837 0.837 0.837 0.84 0.82 0.837 0.837 0.837 0.837 0.837 0.837 0.837 0.837 0.837 0.837 0.837 0.837
Backside infrared hemispherical emissivity (E2) 0.837 0.837 0.837 0.868 0.103 0.103 0.82 0.84 0.037 0.037 0.104 0.104 0.037 0.037 0.103 0.103 0.125 0.125 0.048 0.048

Note: Outer and inner panes are represented by P1 and P2. The pane thickness in each case is 6 mm.
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Further, indoor visual performance of all simulated cases has been assessed using
UDI in the office space and shading-deployed time fraction, which provide information
availability of the useful natural light and outdoor view. Few researchers have reported
daylight autonomy (DA), which is another one of the assessment criteria for indoor visual
performance of the buildings. The DA represents total time fraction in the year when
the daylight illuminance available on the work plane is above 500 lux. However, the DA
does not provide the information on the contribution of daylight in reducing the artificial
lighting energy use when the indoor daylight illuminance remains below the minimum
required illuminance level (i.e., 500 lux) and dimmer-controlled artificial lights are used to
supply the additional required illuminance in the indoor. Moreover, daylight illuminance
may cause glare if exceeds a certain limit. Hence, the issue of the glare cannot be addressed
by the DA index. Therefore, in this study, UDI is reported as an indoor visual performance
assessment parameter. Initially, Mardaljevic and confreres [85] have proposed UDI, which
measures frequency of occurrence of daylight illuminance within the range of 100–2000 lux.
Moreover, unlike DA, the UDI includes factors that express the tendency of visual dis-
comfort occurrence for the occupants. From the perspective of visual comfort and energy
performance, the received daylight to indoor space should be glare free and adequate to
eliminate the artificial lighting use. Moreover, the index should provide the information
clearly on the capability of reducing artificial lighting use if it cannot be eliminated by the
received daylight illuminance to the indoor. Therefore, the UDI was further categorized into
following bins [33]: (i) 100–500 lux; (ii) 500–1000 lux; and (iii) 1000–2000 lux. Using these
bins, the assessment can be performed in a more systematic way. In this paper, we have
presented results for UDI by combining the last two bins into a single bin (i.e., 500–2000 lux).
The illuminance in this newly defined bin can suitably meet the recommended illuminance
level on the work plane without any use of the artificial lighting use, and the daylight
available in this bin does not cause glare issue. The indoor visual and energy performance
parameters described above have been estimated for each of the simulated cases.

2.13. Validation of Simulation Model and Reliability of the Results

Results’ accuracy of every component in EnergyPlus is ensured before final inclusion
in the tool. The validation of the components is performed against reliable experimental
data. However, it is essential to verify the EnergyPlus model suitably for the proposed study.
In this study, values of UDI, lighting, and total source energy have been verified with the
similar study performed by Shen and Tzempelikos [33] for south glazed façade. The model
used by Shen and Tzempelikos [33] has been validated with the full-scale experimental
results and the detail of the roller shade model is given in ref. [86]. Hence, the results
generated by the validated model are quite acceptable. However, there may be some
uncertainties and unpredictability involved in the results due to different methods used
by two different simulation models. Unlike split-flux method in EnergyPlus, their model
is based on the one-bounce ray tracing along with radiosity method for estimating final
luminous existence at different surfaces in the indoors from horizontal direct and diffuse
solar radiation values. Moreover, the heat-transfer calculation uses improved version
of finite difference thermal network method. There may be some unpredictability and
uncertainty in the results from two different models due to indicated different estimation
methods. Statistical parameters, such as mean bias error (MBE), root mean square error
(RMSE), and percent root mean square error (PRMSE), have been calculated to represent
uncertainties and unpredictability. The values of these parameters are calculated as follows:

MBE =
1
n ∑n

k=1

(
X′ − X

)
(5)

RMSE =

√
1
n ∑n

k=1

(
X′ − X

)2 (6)
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PRMSE =

√ 1
n ∑n

k=1

(
X′ − X

X

)2
× 100 (7)

where n is number of cases simulated for each roller shade type, X’ and X represent values
estimated by EnergyPlus and Shen and Tzempelikos models, respectively.

The EnergyPlus model has been developed for office building using the input values
from ref. [33] and values of lighting energy, total source energy consumption, and UDI
calculated for climate of Chicago. The south glazed façade office having glazing type I as
defined in ref. [33] simulated in bare glazing and with shade fabrics 3, 5, and 7% reflectance.

Figure 4 shows that the values of lighting energy consumption, total source energy
consumption, and UDI estimated by two different models are in a similar pattern. The val-
ues estimated by the EnergyPlus model are in good agreement with the values estimated
by the model used by Shen and Tzempelikos [33]. Further, the estimated values of MBE,
RMSE, and PRMSE for lighting energy, source energy, and UDI are listed in Table 6.
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Table 6. EnergyPlus model performance.

Shade Reflectance MBE RMSE PRMSE

Lighting energy consumption

Bare * 0.58 0.62 22.27
3% −7.14 8.22 16.09
5% −5.01 5.77 14.65
7% −0.98 2.13 10.92

Total source energy consumption

Bare * 9.14 9.43 7.83
3% −9.05 9.44 6.62
5% −4.75 5.14 4.07
7% 2.56 4.78 4.11

UDI

Bare * −3.11 3.94 12.57
3% −3.09 4.08 7.30
5% −3.16 4.13 6.18
7% −3.53 4.35 5.82

* No shade attached.

Larger values of PRMSE for lighting energy consumption have been estimated, which
may be the result of different indoor luminance estimation method and utilizing feedback
from multiple points for artificial lighting in ref. [33], unlike one reference point feedback
control in EnergyPlus model. Moreover, variation in the values for total energy consump-
tion can be anticipated for the effect of variation in the use of artificial lighting to maintain
the illuminance level on the work plane. Hence, the variation in artificial lighting use
influences the heating and cooling load and eventually total energy consumption.
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3. Results and Discussions
3.1. Uncertainty and Sensitivity

Table 7 shows the estimated values of the mean, coefficient of variations, and standard
deviation for the energy consumptions and the UDI (500–2000 lux) for differently glazed
façade-oriented offices. These values have been estimated from 150 simulated cases for
each façade orientation. The cases have been generated using the MC-LHS method by
using the ranges for eight input variables (i.e., the design parameters). It can be seen that
the values of the variation coefficient for the total energy consumption, lighting energy use,
and UDI vary between 15.04–30.47, 39.05–45.06, and 40.57–49.92% respectively. The max
values of the coefficient estimated for the shade-deployed time fraction, UDI, lighting
energy use, and total source energy consumption are approx. 52, 49.92, 45, and above 30%.
Significantly, large values of the coefficient of variations indicate large dispersions in the
output results. Through all eight differently façade-orientated offices, the maximum and
minimum values of the coefficient of variation for the total source energy consumption
have been estimated for the east–south and north façade oriented, respectively. The south,
south–west, and west façade show the least variation with each other. The east façade
performs almost similar to the east–south and the variation coefficient for the north–east
is very close to the value for the west–north façade. For the lighting energy, the variation
coefficients have been estimated as the lowest for the east façade office and highest for
the south façade office room. The values are in the narrow range of approx. 39–42% for
all the façade-oriented offices except the south- and south–west-oriented rooms. For the
UDI, the east–south and north show the maximum and minimum values of the coefficient,
respectively. The façades north–east and west–north show values closer to the north façade
and remain below 42%. The coefficient has been estimated as approx. similar for the west
and east façades. The comparative values of the coefficient of variation for the shading-
deployed time fraction are plotted in Figure 5. The highest (52%) value of the coefficient
can be seen for the north façade, while the lowest (19.35%) is for the south–west. The values
of the coefficient are above 30% for the east-, north–east-, west–north-, and south-oriented
façades and below 30% for the other studied façade orientations.

Table 7. Values of mean, standard deviation, and variation coefficient for source energy, lighting
energy use, and useful daylight illuminance (UDI) of the investigated four main- and four submain-
oriented façade office rooms.

Total Source Energy kWh/(m2-year) Lighting Energy kWh/(m2-year) Useful Daylight Illuminance (%)

µ σ υ (%) µ σ υ (%) µ σ υ (%)

S 454.74 126.17 27.75 27.85 12.55 45.06 37.71 16.38 43.44
SW 472.60 129.61 27.42 29.19 13.03 44.64 37.00 17.51 47.32
W 460.76 119.73 25.99 32.11 13.42 41.79 46.77 20.80 44.47

WN 385.03 77.24 20.06 35.61 14.40 40.44 53.14 21.87 41.16
N 335.62 50.49 15.04 37.60 15.09 40.13 55.68 22.59 40.57

NE 359.66 70.40 19.57 36.11 14.47 40.07 51.43 21.38 41.57
E 461.41 133.93 29.03 32.42 12.66 39.05 42.93 18.99 44.23

ES 495.81 151.07 30.47 29.91 11.91 39.82 38.46 19.20 49.92
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Figure 6 represents the probability density distribution of the total source energy
consumptions for all eight differently oriented façade rooms. Some of the curves can
be observed as highly right skewed which indicates a high-energy inefficiency over the
other simulated cases. The variation in the steepness of each curve indicates a significant
difference in the variance that can be confirmed from the values in Table 7. For instance,
the density curve for the north façade is steeper, and the source energy consumption is
highly concentrated in a narrow range between 250 and 450 kWh/(m2-year) while the
mode lies near to 350 kWh/(m2-year). The steepness of the curve is a little less for the
façades oriented north–east and west–north and the source energy consumption is majorly
distributed around 300–500 and 300–550 kWh/(m2-year), respectively. The east–south-
oriented façade shows the most flattened probability–distribution curve that indicates a
broader range of the total source energy consumption around the median value. The pattern
of the source energy consumption is almost similar for façades oriented south, south–west,
west, and east. Further, the base-case energy consumptions are represented by vertical lines
for the comparison purpose only for each façade-orientated office room. The variation in
the base-case source energy consumption with the façade orientation appears as a result of
the variation of the thermal heat gain/loss mainly from the glazed component. The higher
heat gain through the south façade during the winter season can lower the heating demand.
Also, a lower heat gain in the summer from the south façade due to the high elevation
of the sun lowers the cooling demand. A similar but variable effect can occur in other
office rooms having a glazed façade in a different orientation. Moreover, the deployment of
shading due to exceeded glare may reduce the heat gain and eventually lower the cooling
energy consumption.

Figure 7 shows the probability density curves for the indoor artificial lighting energy
consumptions of each studied façade-oriented office. The vertical line indicates the lighting
energy consumption for the base-case scenario, which is static for all façade orientations
and least irrespective of orientation. The minimum value for the base case is a result
of the sufficiently high availability of daylight in a room most of the time due to the
clear single-pane glazing without any shading. The probability for different values of
the lighting energy consumption varies with the cases; however, they remain higher than
the base case. The value of the other cases varies between around 20 kWh/(m2-year)
and over 70 kWh/(m2-year). The curves in the plot are a little right skewed, which
indicates undesirable energy-inefficient cases. For the east–south façade, the lighting energy
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consumption falls majorly between 20 and 50 kWh/(m2-year); however, the minimum and
maximum values are close to 15 kWh/(m2-year) and over 60 kWh/(m2-year), respectively.
In the case of a south façade office, the curve is a little less steep, and the median is observed
considerably left than the east–south façade. For the south façade, the energy consumption
majorly lies around 20 and 45 kWh/(m2-year). Further, the curves are flattened for the
west and east façades compared to the other façades and the lighting energy consumptions
are almost similar in the range between 20 and 55 kWh/(m2-year) for the majority of cases.
The least steep probability curves can be seen in Figure 6 for the offices oriented west–north,
north, and north–east, and the curves are skewed significantly to the right.
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Figure 7. Probability density function distribution of lighting consumption for offices of different
façade orientations.

Figure 8 illustrates the UDI (500–2000) probability density function plots for all the
simulated differently oriented façade offices. The values vary between less than 5% and
close to 90%. The most flattened curve can be observed for the north-oriented façade
office and the UDI values fall in a highly broad range from almost 0 to 90%. A higher
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value is highly desirable, and a lower value increases the artificial lighting consumption.
The steepest curve in the graph is observed for the east–south-façade-oriented office.
The majority distribution of the UDI values is between 15 and 55%. In the case of the
other façades, the median is observed to be shifted to the right and the curves are a little
right skewed. In the case of the UDI values, the median and majority distribution are
preferred to be on the right side of the 50% or more, which are highly desirable conditions
for naturally daylit offices. However, the automatic deployment of roller shading in the
case of exceeding glare values from the recommended level may limit the natural light
access. Further, the vertical lines represent the UDI values in the base-case scenarios for
the respective façade-oriented office rooms. The cases over the base-case UDI probability
values are highly desirable.
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Figure 9 shows the distributions for the time fraction of the interior roller shade to be
deployed. The shade-deployment time fraction varies between 0 and close to 0.45. The zero
value means that the façade has never been shaded and 0.45 means the façade has been
deployed 45% of the time in the case of exceeded glare. The probability curves for all the
studies of the façade orientations can be observed to be skewed left, which is undesirable.
For some of the façades, the values fall in the higher side of the range, i.e., in between 0.25
and 0.45. The south–west façade shows the steepest curve, followed by the south, west,
east–south, and east, as well as the west–north; however, the skewness follows the reverse
order. The offices with the glazed façade in the west–north, north, and north–east show
significantly flattened curves and the probability distribution lies largely in a broader range
between 0.1 and 0.4. A broader range of the probability distribution indicates a significantly
large value of the variance of the coefficient that can also be observed in Table 7 for the
north and north–east façades.

A significantly large variation in the probability distribution of the energy performance
parameters (i.e., the source energy and lighting energy consumptions) and the indoor visual
comfort parameters (i.e., the UDI and shade-deployment time fraction) clearly indicate
a substantial disbanding in the performance of glazed façades. Moreover, an indicative
disbanding in the coefficient of variation compels a further examination of the dominating
design variables, which play a decisive role in fixing the energy and indoor visual perfor-
mances of glazed façade office buildings. Hence, the delivery of befitting values of the
glazed façade design parameters at the early stage of building design is highly important
to make sure the energy and visual performance are in the desirable range. Therefore,
the influential design variables of dynamic glazed façades are required to be analyzed
through a sensitivity analysis.
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An adequately large sample size (i.e., 800 samples) has been generated for the para-
metric sensitivity analysis as the input for each façade orientation using the extended FAST
process. The energy and indoor visual performances simulations have been conducted in
the EnergyPlus tool for each of the sample cases for all the façade orientations. Further,
the sensitivity indices have been assessed for each case using the SimLab statistical tool.
For the easy identification of major influential parameters, the contribution of each parame-
ter, in the cumulative first-order and total effect sensitivity indices, has been presented in
percentage. Figure 10 shows the impact of each design parameter in the first-order and total
effect sensitivity indices. The largest value of the indices confirms that the window-to-wall
ratio (WWR) has the highest influence on the source energy consumption followed by the
glazing type (Gt) and thereafter the room aspect ratio (ASR), irrespective of the façade
orientation. The impact of the other parameters, i.e., the absorptance of the floor, wall,
and ceiling and the reflectance and transmittance of the shade fabric, is almost of equal
and limited proportions and does not exceed over 5%. However, the ranking of these
least impactful parameters varies with the orientation of the façade. It should be noted
that the first-order index values remain within the limit of 2% for all the other parameters.
Further, the total effect index analysis exhibits the impact of the surface absorptance for
the wall, ceiling, and floor in the range of 3–7% and within the limit of 4% for the shade
optical properties. The major influencing parameters are still the WWR, Gt, and ASR,
and their proportionate impacts are approx. 35–50, 20–25, and 12–17%, respectively, for all
orientations. The absorptance of the ceiling can be observed in the four highly impactful
parameters for all the façade orientations. Figure 11 shows the proportionate impact of
the first- and total-order sensitivity indices for all the designed parameters on the lighting
energy consumption. The relative percentages of the first-order indices clearly indicate that
the WWR is the most significant parameter followed by the shade fabric transmittance (ST)
and absorptance of the wall (Aw). The first-order relative percentage impact of the WWR,
ST, and Aw varies between 50–60, 25–35, and 5–12%, respectively. The cumulative impact
of all the other parameters remains between 6 and 10%. The proportion impacts, demon-
strated by the total effect index, of the WWR, ST, and Aw are in the ranges of approx. 38–46,
25–35, and 7–13%, respectively. The impact of all the other parameters remains in the range
of 1–5% individually. The estimated impacts of each parameter are quite understandable
and expected as the lighting energy consumption significantly depends on the availability
of natural light indoors. A larger-sized glazed façade allows a higher amount of natural



Sustainability 2022, 14, 14163 19 of 27

light that reduces the artificial lighting demand significantly. Further, the transmittance of
the shade fabric controls the access of natural light to the indoors, and therefore the artificial
light is highly influenced by the shade fabric transmittance. Moreover, the absorptance of
the vertical indoor surfaces significantly influences the lighting energy consumption, which
is clearly observable from the results. A high absorptance means a low reflectance that
leads to a lower illuminance at the work plane and eventually demands a higher artificial
lighting requirement and vice versa.
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There is a substantial difference in the influence of each design parameter with the
façade orientation, probably the result of the amount of solar energy received annually by
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the respective façade at different sunshine hours (see Figure 2). Moreover, the duration and
incidence angle of the sun faced by each of the façades are different and lead to variation
in the indoor daylight illuminance and eventually the occurrence of the glare. Such a
variation in the sunlight pattern intercepted by the different façades creates a complex
relation between the indoor artificial lighting energy and the source energy consumptions.
The source energy consumption is completely governed by the heating, cooling, fan,
and lighting energy demand. However, the cooling energy increases with increasing
lighting energy use (particularly in the cooling period) and vice versa is true for the heating
period (in the heating period). Hence, the values of the design parameters are suggested to
be selected by accounting the source energy consumption, which actually represents the
building energy performance and may influence the selection of the design parameters
significantly.

Further, the indoor visual performance is another crucial aspect in designing energy-
efficient, well-daylit, and sustainable buildings, particularly for office applications. There-
fore, while selecting the design parameters, performance parameters, such as the adequacy
of the indoor daylighting and a view to the outdoors, are required to be ensured. Figure 12
illustrates the contribution of different design parameters in the first-order and total ef-
fect indices for differently oriented façade offices for the UDI (500–2000). Comparatively,
the proportion for the first-order and total effect order indices of the design parameters
allude to the influence on the studied performance parameters, which is certainly helpful
in the decision-making process. Hence, the parameters of the high contribution of the pro-
portion are required to be given higher priority. Figure 12 clearly indicates that the WWR,
ASR, Gt, ST, and Aw are the most significant parameters that influence the indoor visual
performance of the office building. The proportion impact of the WWR varies between
50 and 85% for the different façade orientations and it became the most influential design
parameter. The second and third ranks interchangeably vary between the ASR and ST with
the façade orientations. The fourth impactful parameter is the Aw that contributes between
2 and 15% of the total impact. The proportionate impact of all the other parameters for all
the façade orientations has been estimated to be below 5%. In terms of the total effect index
analysis, the WWR is identified as the most significant parameter for the UDI, irrespective
of the façade orientation, and the proportion impact of the parameter remains in the range
of 40–55%. The second, third, and fourth rankings of the parameters interchangeably
vary among the ASR, Aw, ST, and Gt with the façade orientations. The portion impact
of these parameters varies between 5 and 20%. The contribution of the other parameters
remains in the range of 2–5%. The analysis clearly demands a careful selection of the design
parameters for a desirable UDI value for each of the façade orientations.

Another aspect in decision making for desirable visual comfort is the view to the
outdoors. It is highly preferable to have glazed façades that provide a continuous outdoor
view to make the occupants’ eyes feel comfortable and relaxed. Hence, a minimum shading
time fraction is utterly desirable. However, excess daylight/sunlight leads to glare issue
and shading is deployed. Previously, in this study, the variation of the shaded fraction
time has been discussed and presented (see Figure 9). Figure 13 represents the contribution
of the design parameters on the shading-deployed time fraction in the sensitivity indices.
The most significantly contributing parameter identified in both, i.e., the first-order and
total effect indices, is the Gt which has the highest proportion contribution in the range
of 48–60 and 33–41%, respectively. In terms of the first-order index, the second and
third major influencing parameters are the WWR and Aw, respectively. All the other
parameter’s contributions are not more than 5%. Further, the Gt is still the most influencing
parameter in the total effect index analysis; however, the contribution reduced to 33–41%.
The second, third, and fourth significant identified parameters are the WWR, ASR, and Aw,
and their proportion contributions have been estimated in the range of 21–25, 11–14,
and 7–12%, respectively. Here, one can notice that the ASR has not been identified as a
major contributing factor in the first-order index analysis, but in the total effect analysis,
it has become the third most influencing factor. Therefore, the total-order index sensitivity
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analysis is extremely important for identifying the appropriate influencing parameters.
The other parameters, i.e., the Af, Ar, ST, and SR, only contribute in the range of 3–6% in
terms of the total-order index.
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3.2. Impact of Highly Influential Design Parameters on the Source Energy Consumption

The scattered plot in Figure 14 illustrates the relationship patterns between the highly
influential design parameters and the source energy consumption for the south and the
north façades. One can observe a significant variation in the desirable value of the WWR,
but the energy consumption randomly varies with the Ar and ASR, irrespective of the
façade orientation. This random distribution indicates the influence of the other design
parameters and the requirement of the prudential selection of the Ar and ASR along with
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other parameters. Further, a considerable variation in the source energy consumptions can
be observed for the south and north façades. The dark blue dots represent the lowest energy
consumption that can be attained only if all identified, most influential design parameters
are chosen judiciously; otherwise, there are substantial chances of getting highly energy-
inefficient building designs. Increasing source energy consumption with increasing WWR
is anticipated as there is higher access to heat and solar energy upon increasing the size
of the glazed façade. Moreover, as the direct solar radiation is hardly intercepted by the
north façade, that makes the north-oriented room comparatively less sensitive to the WWR.
The red dashed lines show the base-case source energy consumption. The values over the
base-case line indicate the inefficient one and below the line are the desirable cases.
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Figure 14. Variation of the source energy consumption with the absorptance of ceiling (Ar), aspect
ratio (ASR), and window-to-wall ratio (WWR) for south- and north-façade-oriented office room.

Figure 15 also clearly shows rightly skewed and a little higher flattened probability
density curves for the different types of glazing in the west façade that indicate a high risk
and high probability of inefficiency in the performance of the building designs. The dashed
vertical black line represents the base-case source energy consumption for the west façade
office room. The probability for each of the glazing types falling over the base-case value
is considered an energy-inefficient case. This helps in making a decision in selecting
the design parameters. The surface observes more solar intensity in the summer season
compared to the other surfaces. The probability curves for glazing types A and B are highly
skewed to the right and highly flattened. For glazing type A, the curve is extended over
1000 kWh/(m2-year), while glazing types G and I show well-steeped probability curves in
the narrow range (250–500 kWh/(m2-year)) of the source energy consumptions. However,
the left tail of the curve can be observed to be extended toward the minimum value of the
source energy consumption for glazing E. Also, the correlation of the thermal and optical
properties of the glazing type, listed in Table 4, can easily be established with the variation
in the source energy consumption. The higher energy consumption values are evident for
the higher solar and thermal heat gain because of the higher values of the SHGC and the
thermal transmittance (U-value) of the glazing. The deviation in the relationship patterns
between the energy consumption and glazing properties (i.e., the SHGC and U-value)
indicate a dependency on the other factors too. For instance, a higher value of the glazed
façade’s visual transmittance would lead to high illuminance indoors that eventually may
produce glare. The exceeded glare limits force the shade deployment on the glazed façade.
The deployment of an internal roller shade only controls the illuminance, but the solar and
thermal gains are absorbed by the shade material and are eventually transferred to the
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indoors and lead to higher cooling demand. Also, the blocking of illuminance, sometimes,
may require artificial lighting that again increases the cooling demand. Hence, for the
functioning of a dynamic glazing system that includes glazing, auto-control shading is
very complex, and the effect is complex. Therefore, adequate attention must be given
at the design stage of a glazed façade and buildings. Inapt glazing properties and other
parameters may lead to the highly inefficient glazed façade office rooms. Hence, depending
on the performance matrix (i.e., the total energy consumption, lighting energy consumption,
or UDI), the design parameters should be prioritized for selecting their values. For instance,
if the total energy consumption is considered as a performance parameter, the size of the
glazed component should be the first preference to choose for optimization; the glazing
type and aspect ratio should be the second and third choices. Thereafter, depending on the
orientation of the glazed façade, the values of the absorptance for the internal surfaces of
the roof, floor, and walls should be selected.
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4. Conclusions

The MC-LHS and variance-based extended FAST methods have been used for assess-
ing the uncertainty in the energy and visual performances of the office building and to
identify the most influential design parameters in order to reduce uncertainty. The method
provides information about the sensitive parameters accurately by searching the entire
parameters space. A validated model of the whole-building simulation tool, EnergyPlus,
has been used to estimate the performance matrices for a large sample size of eight design
parameters of interior roller shade-integrated glazed façade office rooms oriented in four
main and four sub-directions in a composite climate.

The estimated values of the performance matrices, i.e., the source energy consumption,
lighting energy consumption, UDI, and shade on time fraction, vary in the ranges of
approx. 250–1100 kWh/(m2-year), around 15–72 kWh/(m2-year), 0–90%, and 0–0.43,
respectively. A significant variation in the matrices was also identified with respect to the
façade orientations.
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The uncertainties in the source energy and lighting energy consumptions, UDI,
and shade-deployment fraction time have been identified as the maximum for the east–
south, south, east–south, and north façade offices, respectively, while the minimum is
for the north-, south-, north-, and south–west-façade-oriented rooms, respectively. Large
uncertainties are evident by the large dispersion in the performance matrices.

Further, the sensitivity analysis shows that both the energy and visual performances
(except the shade on time fraction) are most sensitive to the window-to-wall ratio (WWR),
irrespective of the façade orientation. For the source energy consumption, the second and
third most influential parameters are the Gt and aspect ratio (ASR); however, the shade
transmittance (ST) and reflectance (SR) are identified as the least significantly influential.
Further, for the shade-deployment time fraction (i.e., the time fraction for which access to
the outdoor view is blocked), the glazing type (Gt) has been identified as the most influential
parameter. The other parameters that regulate the shade deployment are the WWR, ASR,
Aw, and Ar. The results indicate that the order of influence of the design parameters varies
with respect to the façade orientation for the other performance matrices too. The variation
in the sensitivity indices and the order of influence of the design parameters demand
the prudential selection of their values in order to keep the performance matrices in the
desirable range.

Inappropriate values of the design parameters may result in over 100–400% energy
inefficiency in the overall energy performance, approx. a 3.5–4.5 times higher lighting
energy consumption in the office building depending on the orientation of the glazed
façade. Further, the indoor visual performance results show extremely poor (UDI below
10%) then desirable conditions (UDI closer to 90%). Also, the view to the outdoors may get
blocked undesirably for a larger period of time (shade deployment time over 40% of the
office hours). Furthermore, the comparative results indicate that all design values cannot
be accepted from an energy performance viewpoint.

Hence, the findings from this study may provide highly useful insights for building
designers, owners, policy makers, and other stakeholders in the decision-making process
at the early stage of development of energy-efficient and well-daylit interior roller-shade-
integrated glazed façade office buildings. However, the applicability of the results is limited
to the office building in a composite climate and the glare-based control of the interior
roller shade deployment. The order of impact of the design parameters may significantly
vary for other climate and building types, shading types, and shade-deployment strategies.
Therefore, separate assessments for the indicated deviations are suggested to be performed.
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