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Abstract

Based on a new approach for the prediction of the Daylight Factor (DF), using existing empirical models, this research work presents
an optimization of window size and daylight provided by the glazed apertures component for a building located in a hot and dry climate.
The new approach aims to improve the DF model, considering new parameters for daylight prediction such as the orientation, sky
conditions, daytime, and the geographic location of the building to fill in all the missing points that the standard DF, defined for an
overcast sky, presents. The enhanced DF model is considered for the optimization of window size based on Non dominated Sorting
Genetic Algorithm (NSGA II), for heating and cooling season, taking into account the impact of glazing type, space reflectance and
artificial lighting installation. Results of heating and cooling demand are compared to a recommended building model for hot and dry
climate with 10% Window to Wall Ratio (WWR) for single glazing. The optimal building model is then validated using a dynamic
convective heat transfer simulation. As a result, a reduction of 48% in energy demand and 21.5% in CO, emissions can be achieved.
The present approach provides architects and engineers with a more accurate daylight prediction model considering the effect of several
parameters simultaneously. The new proposed approach, via the improved DF model, gives an optimal solution for window design to

minimize building energy demand while improving the indoor comfort parameters.

© 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

Energy efficiency in the building sector has become a major
concern of energy and climate policies as it represents 40% [1] of
global worldwide energy consumption. In Algeria, Building sector
presents about 43% of final energy consumption [2], which is
mainly related to the use of heating and cooling equipment [3].
The improvement of the energy efficiency of the buildings
contributes to the preservation of the environment. The building
envelope is responsible for a large part of energy demand as it is
the physical separator between the interior and exterior and
therefore exposed to uncontrollable meteorological variations
throughout a year [4]. To this end, building envelopes should be
optimized in order to reduce energy demand by adapting active
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strategies such as integrating BIPV and smart windows [5-7], or,
passive strategies as the optimization of building envelope using
single or double glazing [8,9]. Single and double glazings are
commonly used due to their relatively low cost. Their high
luminous transmission and solar factor leads to a considerable
solar heat gain that minimizes heating demand in winter season,
and improve energy saving for artificial lighting [10]. The
advantage of using single or double glazing compared to the use
of BIPV or smart windows is mainly economic concern [11-14].
To comply with the Paris climate agreement, Algeria has
planned a strategy action plan for 2021/2030 which consists to
achieve 27% of national electricity production from Renewable
Energies at horizon 2030, generalization of efficient lighting, in
particular photovoltaic public lighting and apply a building
envelope thermal refurbishment program of 5,000 houses per year
between 2021 and 2030 [15,16]. Moreover, greenhouse gaz
mitigation actions plan respecting international commitments to
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Nomenclature
Acronyms
DF Daylight Factor %
or Total energy demand from luminaires and the window (W)
O luminaires Energy demand from luminaires (W)
O solar heat gain Energy demand from the window due to solar heat gain (W)
O vindow -AT Energy demand from the window due to temperature gradient (W)
Ow Energy transfer corresponding to the thermal transmission through the glazed area, (kWh/m?-year)
Oop Energy transfer corresponding to the thermal transmission through the Opaque surfaces, (kWh/m*-year)
S The area of the working plane (m?).
d Maintenance factor.
s Luminaire utilization factor.
Ou Unitary heat load of the luminaire (W).
E; the internal illuminance level(lux)
E uriificial Internal artificial illuminance level provided by the artificial lighting installation (lux).
Eur the simultaneous exterior illuminance on a horizontal plane (lux)
Eyr the simultaneous exterior illuminance on a vertical plane (lux)
Tur Total solar irradiance on a horizontal plane (W/m?)
Iyr (¥) Total solar irradiance on a vertical plane (W/m?)
Ag Glazed area of the window (m?).
A Total area of room-surfaces (m?).
M Maintenance correction factor.
R? Average reflectance of all room surfaces.
U Thermal transmission coefficient of the glazing (W/m?.°C).
SHGC Solar Heat Gain Coefficient of the glazing
L The local latitude
OF Orientation factor
CF Cloud amount Factor
H The hour angle
Greek symbols
o The luminaire yield.
O Unitary luminous flux of the luminaire (Im).
T Transmittance of glazing (visual transmission).
0 Vertical angle of visible sky from the center of the window.
7 Luminous efficacy(Im/w)
% Solar altitude
0 Solar declination

achieve the voluntary scenario of 7% for the first step and to
achieve the conditional scenario by 2030.

In design practice, the choice of building envelope is highly
dependent on the philosophy of the architects. This choice has a
significant impact on energy needs for cooling and heating [17].
The use of daylight in a building is one of the most obvious ways
to save energy [18].The amount of light introduced into a space is
affected by the luminous transmission of the glazing and the size
of the window, which represents also the weakest link in the
building in terms of energy demand [19,20].Therefore, the
optimization of the window size remains a research interest. An
inappropriate window size design can lead to excessive
penetration of sunlight into the space, causing glare and
overheating problems.

Recently, there has been an increasing interest among building
designers and architects to optimize the window size as a means

to reduce energy use in buildings. Literature review of essential
previous studies that focused on the optimization of window size
and building energy demand are shown in Table 1.

Recently, building standards and green building rating systems
have moved toward climate-based daylighting metrics (CBDM)
examples being daylight autonomy [21], which is a dynamic
metric that considers illuminance distributions under all sky
conditions and requires measurements for a whole year [22] .
These climate-based metrics are very interesting. However, the
CBDMs are not easy to predict and require the use of a validated
dynamic daylight simulation engine such as DAYSIM. As they are
based on a dynamic model, the incorporation of dynamic building
simulation in an optimization process is inefficient and complex
[23]. Therefore, the consideration of daylighting for multi-
objective optimization requires a detailed model for daylight
prediction while considering the impact of window size. For
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Table 1. Literature review of essential previous studies that focused on the optimization of window size and building energy demand.

References Performance Design Method Conclusions Research gaps/ missing
metrics parameters parameters
Kharvari [29] Window size design Window size, Multi objective The minimum suggested WFR for The space reflectance, the glazing
2020 based on daylight orientation optimization NSGA the south-, east-, north-, and west- type, sky type, building location
performance 11/ the use of CBDMs  facing windows are 20%, 15%, and the impact of the window on
dynamic metrics with ~ 20%, and 15% (Dsa) and 20%, energy demand were not
RADIANCE. 20%, 25%, and 20% (Csa), investigated.
respectively. This paper introduces
the “Proportion Ratio” as a new
indicator for designing windows.
Zhai et al.[49] The energy Window size, Multi objective The objective of energy The DF formula was not taken as
2019 consumption, glazing type, optimization using consumption varies inversely with an objective function in the
thermal comfort, and  orientation NSGA II and the visual performance as the optimization process. The impact
visual performance EnergyPlus/ window parameters vary and the of sky type and building location
experiment measure indoor thermal environment were not considered
of illuminance performance varies inversely with
the visual performance.
Isobe and Evaluation of the Temperature, Experiment measures  South facing buildings have Daylight effect on the optimal
Matsuhiro [50] room temperature solar radiation, of the inside maximum heat load compared to glazed area and heating loads
2017 and heating load orientation temperature/ other orientations. were not investigated.

Piotrowska et
al. [51]2017

Vanhoutteghem
etal. [52] 2015

Gagne et al.
[53]2012

Krarti [10]
2005

Energy consumption
for heating cooling
and lighting

Evaluation of
cooling heating and
lighting energy
demand

Improving indoor
daylight through
designing generative
facades

artificial lighting use
from daylighting

Window size,
daylight

Glazing to floor
ratio,
orientation,
glazing
proprieties.

Window size,
glare, shading
device

Window
opening size,
and glazing
type

calculation of heat
flux

Automatic and
manual control of
lighting/ measures of
illuminance

DAYSIM is used to
calculate a target
Daylight Factor
under overcast sky/
energy demand is
evaluated using
EnergyPlus

[lluminance
calculation model/
Multi objective
optimization/
prediction of daylight
using Lightsolve
Viewer simulation
engine.

Illuminance
calculation
Model/ multi
objective
optimization

Transparent partitions are
responsible for an average of 15-
25% of heat loss. By controlling
the light intensity during the on and
off switching, the lighting system
allows for optimal use of natural
light, which not only reduces the
consumption of electricity for
lighting by 10-15% but also
increases user's comfort.

Large glazing-to-floor ratios may
lead to reductions in space heating
demand. Design options for
prevention of overheating,
however, correspond well with
options for low space heating
demand

Designs with vertical shading
devices combined with smaller
window area and low-
transmissivity glass have lower
potential for glare situations than
designs with large window area,
high-transmissivity glass,
horizontal shading devices or no
shading devices

For most commercial buildings
with glass transmittance values
above 0.5, increasing window area
to floor area ratio above 0.5,
daylighting does not provide
significant additional lighting
energy savings. It has been found
that the geographical location had a
relatively low impact on
daylighting savings potential.

The impact of orientation, sky
conditions, geographic location of
the building, room reflectance and
glazing type were not
investigated.

For daylight prediction, Building
location, orientation, sky type,
daytime were not investigated.

The impact of sky type, building
location, artificial lighting
installation and orientation was
not addressed for the analysis and
for the optimization of window
size. The optimization process
doesn’t guaranty minimum of
building energy demand as it is
based only on the analysis of glare
and illuminance performance.

The impact of orientation, sky
type, space reflectance and
daytime were not investigated.
Cooling and heating demand were
not analyzed. It is important to
point out that it has been found
that the geographical location had
relatively low impact on
daylighting, as the daylighting
prediction model used was not
expressed using building location
patterns like solar altitude.

daylight prediction, the DF is commonly used [24,25]. The DF is
a static daylight metric [4]. It represents the ratio of the internal
illuminance level (Ei) to the simultaneous exterior illuminance on
a horizontal plane (Enr). Recent research works tend to replace the

DF with a dynamic daylight prediction model as the Useful
Daylight Illuminance (UDL.a (autonomous)) [26,27], which is supposed
to give detailed results, since it is based on a complex calculation.
The main barrier that hided researchers on investigating
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alternative daylight prediction model is that DF does not consider
the impact of orientation [28], building location [29] daytime and
sky conditions [30-32], since the CIE reference sky is overcast.

Therefore, this study aims to determine the optimal window
size, for a main hot and dry climate, based on a new approach for
daylight factor (DF) prediction, using existing empirical models.
The proposed method presents a combination of several empirical
models of several indicators such as the Orientation Factor (OF),
the luminous efficacy () and the Cloud amount Factor (CF),
previously developed by researchers for daylight energy studies.
Since the prediction of the external and internal illuminance level
is not obvious for clear or overcast sky, Taylor et al. [33],
developed various sky luminance distribution models which
require data of global and diffuse illuminance. They presented a
luminous efficacy model (1) for global horizontal irradiance to
derive values of outdoor global horizontal illuminance data from
local weather station data. The luminous efficacy was developed
for clear sky conditions [34,35] based on solar altitude. Then, a
general model was proposed to consider all sky conditions [36,37],
by introducing a new indicator which is the Cloud amount Factor
(CF) [37]. Consequently, the determination of the outdoor
illuminance level becomes easier and depends on solar irradiation,
which can be calculated according to the altitude of the sun,
building location patterns and daytime [38].

As the daylight factor concept is based on the worst case
condition (the completely overcast sky), it does not change with
orientation [25]. Hunt [39] and littelfair [40], proposed the use of
an orientation factor (OF). This factor can be multiplied by the
daylight factor to consider the effect of orientation. The above
named studies proposed an average orientation factor for four
cardinal directions instead of an orientation factor that depends on
daytime or the changing position of the sun during the day.

In this work, the use of the average DF model is also considered
to take into account the impact of glazing type, the space
reflectance and the space dimensions. The average orientation
factor (OF) is introduced in the average DF formula and turned
into a dynamic orientation factor that depends on daytime
variation and can be calculated for all orientations. Therefore, the
prediction of daylighting with the present approach, using the
enhanced DF model, led to consider the impact of different new
parameters that are the orientation, building location, daytime and
sky conditions.

The improvement of the DF model, proposed by this research
work, is carried out in order to offer to architects a simple,
generalizable and detailed model to accurately predict daylighting,
which can be used in the earlier design stage for all orientations,
sky conditions and building locations, without necessarily going
through complex dynamic models that sometimes requires the use
of softwares.

As various changing parameters are considered, a multi-
objective optimization is carried out for the optimization of
window size, using the None Sorting dominated Genetic
Algorithms (NSGA II), which is considered as one of the most
efficient [41] and popular multi objective genetic algorithm [42].
The internal natural illuminance level determined with the
enhanced DF model in combination with artificial lighting and
energy demand for cooling and heating are considered as objective
functions, with a constraint that limits the indoor illuminance level
at 500Iux according to the CIBSE [43,44] and EN 12 464 [45], as

the building case study is an office building. The energy demand
for cooling and heating of the optimum building model of this
study is compared to a reference building model with a
recommended Window to Wall Ratio (WWR) of 10% for hot and
dry climate, as optimum window size for single glazing [8], using
Energy Plus. A 10% WWR used in a hot and dry climate may be
sufficient to provide the necessary illuminance level in a space,
without additional artificial lighting. However, this configuration
does not necessarily guarantee a minimum energy demand. For the
same type of glazing, if the glazed area is reduced and the natural
lighting is complemented by a given number of luminaires, the
energy demand can be reduced while still guaranteeing the
necessary visual comfort. Therefore, the optimization of the
window size is based on the complementarity between artificial
lighting and daylight, and the optimal results must present a
compromise between thermal and visual comfort. The optimum
model is then validated through dynamic convective heat transfer
simulation using the Simscale tool.

The first step of this work is to improve the DF model by
integrating different indicators for daylight prediction taking into
account sky type, orientation, daytime, geographical location of
the building, glazing type, glazed area and space reflectance. The
improved DF Model is used in the NSGA II [46] multi objective
optimization algorithm to optimize the glazed area. The building
case study, of a square shape, which is recommended as the most
compact building shape [47,48], with 10% WWR, will be
compared to the optimized building model in terms of energy
demand and daylight performance. The resulting reduction in
energy demand, cost and CO: emissions is compared and
discussed at the end of this paper to highlight the benefits obtained
using the present proposed approach.

2. Methodology

This paper presents a multi-objective optimization method based
on NSGA-II using an improved Daylight Factor model to optimize
the window size and building energy demand. Section 2.1 of this
paper presents the improvement of the standard DF model. Several
new parameters are taken into consideration, such as orientation,
geographical location of the building, sky conditions and day time.
The improved DF model is used in the optimization process in
section 2.2, in order to optimize the window size and energy
demand considering different glazing types and orientations. This
optimization is carried out for an office building case study
presented in Section 3, designed according to the
recommendations of previous research works. The results of the
multi objective optimization in terms of optimum window size,
daylight and energy demand are presented and discussed in
Section 4. The energy consumption, CO> emissions and the cost
of the artificial lighting installation and HVAC system of the
optimized building are analyzed and compared to the initial
building model in section 4.5. The structure of the method is
shown in Fig. 1.

2.1. Improvement of DF model

By definition, the Daylight Factor (DF) is the ratio of the internal
illuminance level (E;), due to daylight at a point on the indoors
working plane received directly or indirectly from the sky, to the
simultaneous exterior illuminance on a horizontal plane (Eur),
from the whole of an unobstructed sky (Eq. (1)) [25]:
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Section 2.1

Development of Improved DF model

Section 2.2

v

Optimization of window size and energy demand using Genetic
Algorithm NSGA II for several orientations using MATLAB

4

Section 3

v

Description of the office building case study
with a square shape and a WWR of 10%

Y

Section 4

v

Optimum results analysis [

\ 4

Section 4.5

A 4

ASHRAE
Weather data ——p]
Viewer 6.0

Evaluating Cooling and heating loads with ASHRAE

RTSM Method

Convective heat transfer
simulation using Simscale

v

P
ASHRAE
\—/

Analysis of supply air flow

Cost Generator

Sizing of the HVAC system fo
the whole building

Size of the
HVAC system

Cost of the
HVAC system

Weather
Data file

—»{ EnergyPlus Calculation engine

Simulating building energy consumption with

v

Final energy
consumption

Primary energy
consumption

Evaluating CO2
emissions
Fig. 1. Flowchart of the methodology application.
DF = FL % 100% (1 external illuminance can be calculated. Therefore, the calculation
~ Enr 0 of the external illuminance becomes very flexible as the direct

This method does not require a detailed estimation of the
external illuminance and is based on the worst possible condition
(CIE overcast sky). Therefore, any extra light will be welcomed
[25]. As a result, the complexity of predicting the internal
illuminance under any sky conditions could be reduced. The
simple and easier way to determine the external illuminance level
is by using the luminance efficacy (n). This indicator was
developed to establish the relationship between solar irradiance
(Tur) and illuminance (Enr):

=11 )

The calculation of the external irradiation is carried out
considering the sun’s position in the sky and building location. It
represents the sum of direct, diffuse and reflected irradiance
depending on building orientation and daytime and can be
calculated according to ASHRAE Standard [38], depending on
solar azimuth, incident angle, solar declination and solar altitude.
From the luminous efficacy and the external irradiation, the

component of solar irradiation could be added or neglected.
Effectively, several researchers have published the values of the
luminous efficacy (n) for typical sky conditions [33,54,55].
Indeed, Aydinly [34,56], developed the following empirical
formula to calculate the luminous efficacy (n) basing on solar
altitude (ys) (Fig. 2):

n = 80.7 + 2.071y, — 7.4125 X 1072y, + 1.3482 X
1073y,3 — 1.2088 x 10~ %y,* + 4.2206 x 1078y, (3)

where, the calculation of the solar altitude (ys) can be carried out
using the formula proposed by ASHRAE [38], that is:

sinys = cosLcosdcosH + sinLsind

“)
where, L is the local latitude, H is the hour angle, and d is the solar
declination.

And for clear sky conditions Chroscicki [35], developed the
following equation, that is:

n = 59.3y, 01252 5)
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VERTICAL SURFACE

Ivr (1)
OF () = -
Tur (1) X 0.396

325.42
1140.74 x 0.396

=0.72

(b)

Fig. 3. Impact of solar position on orientation factor (OF) for (a) East direction and (b) South direction.

Also, in order to consider all sky conditions, Shikuyu and
Kimura [36], made some improvements to Chroscicki formula by
adding Cloud amount Factor (CF), ranging from 0 for a clear sky
to 10 for a completely cloudy sky, i.e:

CF

n =115 x (j—g) +59.3y,01252 x [1 -=

(6)

In the present work, clear sky is considered and CF is considered

equal to 0. From Eq. (1), Eq. (2) and Eq. (5) the DF formula can

be expressed as follows:
DF = 5e

- IyT X59~3VSO'1252

x 100% )

However, to predict the internal illuminance level, space
patterns such as glazing type, space reflectance and area of room
surfaces must be included in the DF model. Therefore, the average
DF formula is considered:

DF

_ AgXTXOXM
T Arx(1-R?)

®)

where, Ag is the glazed area of the window, 7 is the transmittance
of glazing (visual transmission), 0 is the vertical angle of visible
sky from the center of the window, M is the maintenance
correction factor, A¢is the total area of room-surfaces and R is the
average reflectance of all room surfaces. To consider the impact

of orientation in the average DF formula, the (OF) developed by
Littelfair [40] is introduced:

=5 _ AgXTXOXMXOF
bF = Agx(1-R2) ©)
where, the Average OF is:
W _ 1 Eyr(®dt (10)

T Jo Eyr(t)x0.396

where Eur and Evyr represent, respectively, the simultaneous
exterior illuminance on a horizontal and vertical plane. The
average OF proposed by Littelfair [40] is limited to North, South,
East and West directions. For a generalized and flexible formula,
the OF is expressed according to daytime as follows:

_ Eyr(t)
OF(t) = Enr(£)X0.396 (1)

Finally, from Eq. (2), Eq. (5), Eq. (9) and Eq. (11), the DF model
can be expressed as follows:

AgXTXOXMXIyT(t)X59.3ys(£)01252
AX(1-R2)XIyT(t)x59.3y5(£)0-1252x0.396

DF(t) = (12)
From Eq. (7) and Eq. (12) the DF can be expressed as:

DF(t) = 10!

Iyt (£)X59.3y5(t)0-1252

AgXTXOXMXIyT(t)
Aex(1-R2)xIy1(t)%x0.396

(13)

X 100% =
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From Eq. (9) and Eq. (13), the OF(t) can also be expressed as
follows, considering the total solar irradiance on a horizontal plane
Iyt and vertical plane Iyrt:

__ Iyr®
OF(t) = IgT(£)%0.396

(14)
The Impact of solar position on Orientation Factor (OF) is
presented in Fig. 3.
The resulting DF model Eq. (13), offers certain flexibility and
thus represents a generalizable model that can be used for all

orientations, sky conditions and geographical locations.

2.2. Window size optimization approach

Since the window and the artificial lighting installation are both
sources of heat and light in the building, the main objective of the
optimization is to find a good balance between daylight and
artificial lighting to reduce energy requirements for heating and
cooling, with the required indoor illuminance level for six
orientations that are: North, South, East, West, SSE and SSW. For
the optimization of window size, NSGA 1II is used where the
considered objective functions are: -artificial lighting installation
Eq. (15) and Eq. (16), combined with the internal natural
illuminance level determined with the enhanced DF model Eq.
(13); - energy demand for cooling and heating considering only
energy demand from luminaires and windows Eq. (17) and Eq.
(18). Thus, it is a multi-objective optimization with a constraint
that limits the indoor illuminance level at 500lux according to the
CIBSE [43,44]and EN 12 464 [45], as the building case study is
an office building. The optimization considers the
complementarity between artificial lighting and daylighting.

Eq. (15) is used to calculate the number of luminaires required
for the complementarity of the artificial illuminance (Earificiat) With
natural illuminance (E;), that is:

C. Mebarki et al. / Journal of Daylighting 8 (2021) 204-221

— |(Eartificia®>Sxd) 1
N = [( U xa ) X rpu] (15)
where:
Eurtificiar () = 500lux — E;(t) (16)

where S is the area of the working plane, d is the maintenance
factor, Ur is the luminaire utilization factor, o is the luminaire
yield and @y is the unitary luminous flux of the luminaire. The
optimization process is carried out for the summer season only, as
it represents the worst period in terms of energy demand. However,
the energy demand should be considered for heating and cooling
and is given by the following equations:

QT—heating (t) = Qluminaires (t) - QSolar heatgain (t) +
QWindow—AT (t) (17)

QT—cooling (t) = Quuminaires(t) + Qsolar heatgain ®+
QWindow—AT (t) (18)

where, Q uminaires 1S the energy demand from luminaires, Q solar heat
ain 18 the energy demand from the window due to solar heat gain
and Q window -aT 1S the energy demand from the window due to
temperature gradient .To optimize the total energy demand (Qr),
solar heat gains are considered free heat gains that reduce (-) the
heating demand in Eq. (17) for the heating period. On the other
hand, solar heat gains are considered as additional (+) cooling
loads in Eq. (18) for the cooling period. Indeed, as a long summer
characterizes hot and dry climates the optimization process is
carried out for the summer season only. The interaction between
the different design parameters in the optimization approach for
the calculation of the total energy demand (Qr) is illustrated in Fig.

1
I 1
1
| Solar radiation Building Building Sky type .
' Iy, Iv shape locati ) (CF) !
! I I oca ](Im s I i Inputs
I 1
| y ’
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Fig. 4. The interaction between the different design parameters in the optimization approach for the total energy demand (QT) calculation.
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Table 2. Genetic algorithm NSGA II parameters.

C. Mebarki et al. / Journal of Daylighting 8 (2021) 204-221

Parameter

Value

Initial population size

Population initial Range [Ag; N]

100
Lower Bound [0;0] and Upper Bound [18;20]

Number of Variables (Ag and N) 2

Crossover Fraction 80%
Mutation Fraction 40%
Pareto Fraction 35%

Table 3. Characterization of the design parameters used in the optimization.

Design parameters Values Design parameters Values
d 1.4 R? 0.5
Qu 1.6 W o 70.8%
M 90% Pu 1300 Im
0 90° At 28.7 m?
Table 4. Glazing type characteristics [57].
Glazing type SHGC U (W/m?2 °C) T % Thickness (mm)
Typel Single glazing 0.83 5.8 87 4
Type2 Double glazing classic 0.75 33 81 4(6)4
Type 3 Double glazing (Reinforced Thermal Insulation) and solar 0.48 14 58 4(12)4
Type 4 CDO(?JE;:: glazing (Reinforced Thermal Insulation) and solar 0.08 14 7 6(12)6
control

The methodology of the optimization process using NGAII is
presented in Fig. 5. The parameters of the NSGAII genetic
algorithm are given in Table 2 and the characterization of the
design parameters used in the optimization are given in (Table 3).
The optimization process is carried out for 4 different types of
glazing (Table 4).

—P| Glazing type K: 1—4 |

v
—PI Orientations i: N. S. E. W. SEE. SWW |
v
Initial population :A,, N
— —
| Evaluating the Objective functions

Crossover
Mutation

Are
Optimization
Criteria met?

v Yes
| — e Optimum A,
esults
v e Optimum N
—| Next orienvtation i+l | « Optimum Q;

Next glazing type k+1

End

Fig. 5. Genetic Algorithm NSGA 1II Flowchart.

3. Case study Presentation
3.1. Building climatic environment

The proposed methodology is implemented for an office building,
illustrated in Fig. 6, located in a typical hyper arid Saharan climate
in Algeria, in the region of Adrar (southwest Algeria), which is
considered as one of the hottest zones in the world. The design of
the office building case study is based on the optimum results
recommended by previous research works with 10% WWR and a
square shape.

The scenarios of daily temperature variation and global
irradiation on a horizontal plane, used in the EnergyPlus
environment for ADRAR, are presented in Figs. 7 and 8 and are
taken from the international meteorological database
Meteonorme. The optimization process is carried out for a typical
day of July, as it represents the hottest month of the year (Figs. 7
and 8).

3.2. Simulation conditions and environments

To evaluate the annual energy demand of the building, a
simulation is performed with EnergyPlus calculation engine. The
optimal window sizes are taken into account in the building case
study simulation. The optimization with NSGA II genetic
algorithm is performed with MATLAB tool, considering clear sky
conditions. The optimization results for each orientation and
glazing type are presented in Tables 5-10. The energy demand for
heating and cooling is then compared to that of the reference
building model with a WWR of 10% of single glazing (Fig. 9).
The energy demand due to the glazed area expressed as a
percentage (%) is also investigated (Fig. 10). To validate the
optimized building case study, a dynamic simulation of convective
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] Perpendicular section to the overall Z-axis of the
Section A-A Office space 3D vue Office building case study

Fig. 6. Characteristics of the office building (case study).

Temperature (°C) - Maximum daily temperature - Average daily temperature Minimal daily temperature

5
5 .

40 3 A o b [}

35 - : “ p

5 i [\ /\«/I\/ N/\f L

. M AT 1
ki

N ) VN
S\MWMT” for 1Y

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 7. Scenario of daily temperature variation used in EnergyPlus environment.

Q= 1412+ 143.6+193.0+214.3+233.2+225.9+229.0 +213.9+ 191.6 + 163.2 + 137.5+ 126.7 = 2213.08 kWh/m?
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Fig. 8. Scenario of global irradiation on a horizontal plane used in EnergyPlus environment.

heat transfer is performed using the Simscale tool at 3 p.m for the
month of July. The results are shown in Fig. 10.
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4. Results and discussion of the optimized parameters

4.1. DF result analysis

Tables 5-10 show that the DF value varies for each orientation,
glazed area, sky type and glazing type. The result shows two
different lighting situations. For an overcast sky, when the DF
value increases, the daylight gain E; through the window increases,

EHeating
ECooling

C. Mebarki et al. / Journal of Daylighting 8 (2021) 204-221

KkWh/mounth

as the external illuminance Eyr is the same for all orientations.
While for a clear sky, when the DF value decreases, the daylight
gain E; increases. Therefore, north orientation presents the highest
DF value, as the exterior illuminance Eur is low, and south
orientation presents the lowest DF value, as the external
illuminance Enr is very high (Fig. 3). The interpretation of the
results reveals that daylighting performance with the DF for a clear

EHeating

@ Cooling kWh/mounth
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Fig. 9. Energy demand analysis: (a) 10%WWR (glazing type 1); (b) optimum window size (glazing type 4).

Temperature (K)

310

308.915

307.83

306.745

305.66

304575

30349

302405

301.32

300.235

299.15

Reference model with 10%WWR glazing type 1:

e Total glazed area : 43.2 m?
e Qu=141.3 (kWh/m2year); Qo,=26.7 (kWh/m?.year)

o %Qw=0663%

Temperature (K)

304.63
303.945
303.26
302,575
301.89
301.205
300.52
299.835

299.15

Optimum model with glazing type 4:
e  Total glazed area : 118.4 m?
. Qw=26.3 (kWh/m?.year); Qop= 50 (kWh/m?year)
e %Qw=182%

Fig. 10. Convective heat transfer simulation for the tow building models at 3 p.m.

Table 5. Results of the optimization for East direction (Ag is the same for clear and overcast sky).

Typel Type2 Type3 Type4 10% WWR
T % 87 81 58 7 87
A, [m?] 0.2 0.26 0.36 3 1.8
N 6 5 5 5 -
Optimum Earéifician [lux] 187.6 121.8 125 122.9 -
results
for clear sky Ei[lux] 321.4 378 374.9 377 2811.8
Eur [lux] 42488 42488 42488 42488 42488
Evyr [lux] 38165 38165 38165 38165 38165
DF % 0.73 0.89 0.88 0.89 6.6
OF 2.87 2.87 2.87 2.87 2.87
n 97.2 97.2 97.2 97.2 97.2
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Qr [w] 170.6 152.3 136.6 242.9 816

Enr [lux] 14513.26 14513.26 14513.26 14513.26 14513.26

Evr [lux] 9260.2 9260.2 9260.2 9260.2 9260.2

Ei [lux] 59.8 72.4 71.7 72 538
Overcast sky DF overcast sky %o 041 0.49 0.49 0.49 3.7

OF oyercast sky 1.61 1.61 1.61 1.61 1.61

TOvercast sky 115 115 115 115 115

Table 6. Results of the optimization for North direction (Ag is the same for the clear and overcast sky).

Typel Type2 Type3 Type4 10% WWR
T % 87 81 58 7 87
A, [m?] 0.55 0.54 0.89 7.4 1.8
N 8 9 7 7 -
Optimum Eariifician [lux] 202.8 228 179.4 178.3 -
results
for clear sky Ei[lux] 297.2 271.7 320.6 321.7 972.6
Enr [lux] 12317.77 12317.77 12317.77 12317.77 12317.77
Evr [lux] 17033.3 17033.3 17033.3 17033.3 17033.3
DF % 2.4 2.2 2.6 2.6 7.9
OF 343 343 343 343 343
n 97.2 97.2 97.2 97.2 97.2
Qr [w] 242 214 183 412 489
Enr [lux] 14513.26 14513.26 14513.26 14513.26 14513.26
Evyr [lux] 7475 7475 7475 7475 7475
Ei [lux] 132.6 121.2 143 143.6 434
Overcast sky DF overcast sky %o 091 0.84 0.98 0.99 3
OF gyercast ky 1.3 1.3 1.3 1.3 1.3
T Overcast Sky 115 115 115 115 115

Table 7. Results of the optimization for West direction (Ag is the same for the clear and overcast sky).

Typel Type2 Type3 Type4 10% WWR
T % 87 81 58 7 87
A, [m?] 0.19 0.22 0.32 3 1.8
N 6 5 4 2 -
Optimum Eariifician [lux] 151.5 1243 108.7 57.2 -
results
for clear sky E; [lux] 348.5 375.7 391.3 442.8 3301.9
Eur [lux] 44949 44949 44949 44949 44949
Evr [lux] 44528 44528 44528 44528 44528
DF % 0.78 0.83 0.87 0.98 73
OF 3.19 3.19 3.19 3.19 3.19
n 97.19 97.19 97.19 97.19 97.19
Qr [w] 167 150 129 230 925
Eur [lux] 14513.26 14513.26 14513.26 14513.26 14513.26
Evr [lux] 10098.4 10098.4 10098.4 10098.4 10098.4
E; [lux] 63.4 68.4 71.2 80.6 600.9
Overcast sky DF gvercast sky %o 0.44 0.47 0.49 0.55 4.1
OF overcast sky 1.8 1.8 1.8 1.8 1.8
T|Overcast Sky 115 115 115 115 115

sky is completely opposite to the case of an overcast sky. As a  is low) (Fig. 3). This result is in good agreement with those of

result, the south direction presents more daylight than the other  reference [58] for the southern orientation.

orientations (as Enr is high) and minimum solar heat gain (as Iyt For an overcast sky, Eur is the same for all orientations. In this
case, the value of DF calculated with the standard formula (Eq.
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Table 8. Results of the optimization for South direction (Ag is the same for the clear and overcast sky).

Typel Type2 Type3 Type4 10% WWR
T % 87 81 58 7 87
Ag [m?] 0.35 0.5 0.78 4.4 1.8
N 7 3 1 7 -
Optimum results Eartifician [1ux] 180.6 75.2 25.5 177 -
for clear sky E; [lux] 3193 4247 474.5 323 1642.4
Enr [lux] 85492.08 85492.08 85492.08 85492.08 85492.08
Evr [lux] 25808.3 25808.3 25808.3 25808.3 25808.3
DF % 0.37 0.5 0.55 0.38 1.9
OF 0.83 0.83 0.83 0.83 0.83
n 97.2 97.2 97.2 97.2 97.2
Qr [w] 204.3 170.5 135 301.3 624
Eyr [lux] 14513.26 14513.26 14513.26 14513.26 14513.26
Evr [lux] 8569.6 8569.6 8569.6 8569.6 8569.6
Ei overcast sky [1ux] 97.1 129.2 1443 98.2 499.4
Overcast sky DFovercast sky %o 0.67 0.89 0.99 0.7 34
OFovercast sky 1.49 1.49 1.49 1.49 1.49
TMOvercast Sky 115 115 115 115 115
Table 9. Results of the optimization for SEE direction (Ag is the same for the clear and overcast sky).
Typel Type2 Type3 Type4 10% WWR
T % 87 81 58 7 87
Ag [m?] 0.23 0.16 0.37 2.17 1.8
N 4 10 3 8 -
Optimum results E artificiar [lux] 110.2 247.5 81.9 204 -
for clear sky Ei [lux] 389.8 252.5 418 295.9 3050.8
Eyr [lux] 52860.7 52860.7 52860.7 52860.7 52860.7
Evyr [lux] 38075 38075 38075 38075 38075
DF % 0.74 0.48 0.79 0.56 5.8
OF 2.51 2.51 2.51 2.51 2.51
n 97.2 97.2 97.2 97.2 97.2
Qr [w] 1524 172.9 116.5 227.7 813
Enr [lux] 14513.26 14513.26 14513.26 14513.26 14513.26
Evr [lux] 9233.93 9233.93 9233.93 9233.93 9233.93
Ei overcast sky [1ux] 68.4 443 73.4 52 535.6
Overcast sky DF gvercast sky %0 0.47 0.3 0.5 0.36 37
OF overcast sky 1.6 1.6 1.6 1.6 1.6
TOvercast Sky 115 115 115 115 115

(1)), for a fixed glazed area, is the same for all orientations. The
impact of the orientation is carried out by the consideration of the
external illuminance Eyr for the calculation of the orientation
factor (OF), which amortizes the value of DF according to daytime
and season. This interpretation using the present new approach
reveals the impact of sky conditions, direct sunlight and
orientation on DF value.

Along the same lines, the Illuminating Engineering Society of
North America (IESNA) Lighting Handbook suggests that ‘when
an average daylight factor is 5% or greater an interior space will
appear to be well lighted. When the average daylight factor is less
than 2%, the interior space will seem dimly lighted’ [59]. These
recommended DF values are only valid in the case of an overcast

sky (direct sunlight excluded). In this case, the internal
illuminance level E; is underestimated. If a clear sky is considered,
the same window area could represent excessive daylight. For
example, a WWR of 10%, for East direction, presents a DF of 3.7%
for an overcast sky condition with an internal illuminance Ei of
538lux (Table 5). If clear sky is considered, DF value changes to
6.6% with an internal illuminance of 2811.8 lux (Table 5), which
could cause overheating and over lighting problems. This
optimization approach shows that the daylighting performance of
a window must be related to its energy performance in order to
find the best compromise that provides thermal and visual comfort.
To do so, clear sky conditions should be considered. As a result,
the present methodology can be applied to determine the optimum
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Table 10. Results of the optimization for SEE direction (Ag is the same for the clear and overcast sky).

Typel Type2 Type3 Type4 10% WWR
T % 87 81 58 7 87
Ag [m?] 0.2 0.22 0.3 2.34 1.8
N 4 4 4 5 -
Optimum results E artificiar [lux] 103.8 94.2 103.8 127 -
for clear sky Ei [lux] 396.2 405.8 396.2 373 3565.8
Enr [lux] 55321.6 55321.6 55321.6 55321.6 55321.6
Evr [lux] 43738.2 43738.2 43738.2 43738.2 43738.2
DF % 0.72 0.73 0.72 0.67 6.4
OF 2.8 2.8 2.8 2.8 2.8
n 97.2 97.2 97.2 97.2 97.2
Qr [w] 148.2 136 122 2154 911
Eur [lux] 14513.26 14513.26 14513.26 14513.26 14513.26
Evr [lux] 10007.7 10007.7 10007.7 10007.7 10007.7
Ei overcast sky [1ux] 66 67.7 66 62.2 594.6
Overcast sky DFovercast sky %o 0.46 047 0.45 043 4.1
OF overcast sky 1.78 1.78 1.78 1.78 1.78
TOvercast Sky 115 115 115 115 115

window size for any space and the potential for energy savings in
any city worldwide as the DF enhanced model is expressed
according to building orientation, solar altitude (building location)
and sky type.

4.2. Window size and Qr

Tables 5-10 show the obtained optimum window sizes (Ag) and
luminaires number (N) that give minimum energy demand (QT).
The results show that the optimum window size increases when
the visible transmittance (t) of the glazing decreases.

From an energetic point of view, a 10% WWR, recommended by
Alwetaishi [8] and Muhaisen et al. [20], ensures the required level
of indoor lighting without the need for additional artificial lighting.
Nevertheless, it represents higher energy demand with excessive
daylight entry, compared to a reduced glazed area for the same
type of glazing with additional artificial lighting. For the east
direction, for example, 10% WWR (1.8 m?) of glazing type 1
presents an energy demand of 816W (Table 5), while for the same
glazing type, the optimal result presents a glazed area of 0.2m?
with 6 luminaires and energy demand of 170.6W (Table 5). To
increase the size of the glazed area, while guaranteeing minimum
energy demand and the required internal illuminance level, several
glazing types are considered. From the results of Tables 5-10,
glazing type 4 seems to be the most adequate as it presents the
largest glazed area due to its low luminous transmission (7%).
This result is in accordance with the results of reference [60], the
single glazing has the smallest optimal glazed area as it has a high
heat transmission coefficient, visible transmittance and solar
factor, which causes additional cooling and heating loads. This is
crucial as a large window size has a positive impact on occupants.
Peoples like to be able to see out of the building. A window allows
one to stay in touch with the changing weather and time of the day.
It offers a visual rest center, enabling eye muscles to relax on a
relatively distant point [61]. As a result, the use of glazing type 4
with optimum size is highly recommended in hot and dry climate
instead of 10% WWR of single glazing.

Orientation also has an impact on optimum window sizes. It
increases when solar radiation decreases. As a result, north
orientation presents the largest window sizes, as the direct solar
radiation is excluded. On the other hand, the external horizontal
radiation is lower in the south orientation (Fig. 3). Thus, the
optimum results for south orientation give minimum energy
demand.

4.3. Energy demand analysis

To evaluate the annual energy demand of the building case study,
a simulation is carried out using EnergyPlus. The optimal window
sizes relative to glazing type 4 are therefore considered in the
building case study. The energy demand for heating and cooling
is compared with that of the same building with 10% WWR of
single glazing [8] (Fig. 9). The percentage of energy demand due
to the glazed area (%QW) over the total energy demand is also
investigated. To validate the optimized building case study, a
dynamic convective heat transfer simulation is carried out using
Simscale at 3p.m (Fig. 10).

From Fig. 9, the cooling period is longer than heating period.
This is quite obvious for a hot and dry climate as a long summer
characterizes this climate with a higher external temperature and
solar radiation. In both cases, cooling demand is greater than
heating demand. Nevertheless, the cooling period is longer for the
building with 10%WWR. This is due to the use of single glazing
which leads to higher solar heat gains, as it has a high solar factor
of 83%, which increases the inside temperature (Fig. 10). This is
interesting in the heating season as solar heat gains reduce heating
demand, since it accounts as free energy. For example, for March
and April, with single glazing, cooling demand is higher compared
to high-performance glazing type 4, because the transmission of
solar heat gain is stopped by the high performance glazing as it has
a low solar factor (8%). In this case, 10%WWR of single glazing,
recommended by Alwetaishi [8], presents 66.3% of total building
energy demand (Fig. 10). On the other hand, the total building
energy demand presents 18.2% for glazing type 4. Therefore,
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Fig. 11. Energy demand analysis for the optimum building using optimum
window sizes of glazing type 4.
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. Total glazed area: 112 m?
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o %Qw=22.5%
Fig. 12. Convective heat transfer simulation at 3 p.m for the optimum building
model.

heating demands decrease when single glazing is used as shown
in Fig. 10. These results are in good agreement with those obtained
by reference [62] under the same environmental conditions of hot
and dry climate. As a result, the use of high performance glazing
(glazing type4) with optimum window size is recommended for
hot and dry climates in order to reduce cooling demands. A single

Table 11. Building performance analysis.

glazing type is not suitable for hot and dry climates as it leads to
high solar heat gain.

Figure 10, shows a convective heat transfer simulation at 3p.m
for the two building models, with temperature variation inside a
typical floor of the building case study, carried out using Simscale
tool. The consideration of 10% WWR with a single glazing type
causes excessive heat gains compared to the use of high
performance glazing with optimized surfaces, as single glazing
has a high transmission coefficient and solar factor, which
increases the office ambient temperature. It shows minimum heat
gains for north, east and south orientation and maximum heat gain
for west orientation, because of solar radiation which plays an
important role in increasing the internal room temperature. As a
result, the optimum building model shows a considerable
reduction of 32% in cooling demand while ensuring a large glazed
area of 118.4m? compared to 10%WWR which corresponds to
43m? (Fig. 10) for the whole office building.

4.4. Analysis related to the shape and orientation of the building

The orientation of the glazed area is impacted by building shape
and orientation. The square shape offers minimum possibilities for
windows orientation (the 4 cardinal directions). East and west
orientations cannot be avoided if the building is oriented north. As
shown in the previous subsection, west orientation presents
maximum heat gain than the other orientations, as the angle of
incidence becomes parallel to the normal of the glazed area at 3
p.m, which produces maximum solar heat gain and therefore
overheating and glare problems. To improve the result of the
optimization (Tables 5-10), the shape of the building is changed to
a hexagonal shape as shown in Figs. 11 and 12. This shape allows
avoiding the two critical orientations east and west while favoring
the north and south orientation for minimum solar heat gains.
Besides, this shape is more compact than the square shape for the
same volume, which reduces heat exchange through the external
wall. With this configuration, cooling demand is reduced to 111.8
(Kwh/m?.year) (Fig. 11). The reduction in cooling demand goes
from 32% to 48% with a total glazed area of 112 m?, which is
higher than the 10% WWR (43 m?) and the window is responsible
for 22.5% of total energy demand (Fig. 12) compared to
10%WWR which represents 66.5%.

Reference Building Model (square

Optimum Building Model (hexagonal

shape/10% WWR) shape)
Total air flow (m*/h) 6874 3375
Building Cooling loads ASHRAE (RTSM) (kW) 27 13.3
Rooftop unit cooling capacity (kW) 74.4 38
HVAC installation Cost ($) 30731 20431
Whole building glazed area (m?) 43.2 112
Annual energy consumption of the HVAC system for 12089.3 6204.6
heating and cooling (kWh/year)
Annual energy consumption of the HVAC system for 14.5 7.4
heating and cooling (kWh/m?.year)
LENI (kWh/m?.year) 0 5.5
Total energy consumption (kWh/m?.year) 14.5 12.9

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/

218 C. Mebarki et al. / Journal of Daylighting 8 (2021) 204-221

(@) (b)
Fig. 13. (a) 3D views of the HVAC system for the reference building model with 10% WWR (b) and the optimum building model.
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Fig. 14. CO; emissions of the two building models.
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Fig. 15. Economic impact of the reference building model with 10%WWR and the optimum building model.

4.5. Environmental and economic impact of the optimum Rooftop unit with air ducts (Fig. 13). The outcomes in terms of
building envelope cost and CO; emissions are compared in Table 11, Figs. 14 and 15.

The impact of the HVAC system and the artificial lighting As the complementary artificial lighting installation of the

installation on building energy consumption is considered in this optimum .building mOd?I .(Tables S ',10)2 affects the energy
section. For air conditioning, the chosen HVAC system is a basic consumption of the building, the Lighting Energy Numeric
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Table 12. Comparison of the improved DF model to a CBDMs metric Daylight autonomy.

DF improved

CBDMs (Daylight autonomy)

Offers the possibility of manual calculation of Daylight Factor.

As it is expressed in a detailed formula, it can be used as an objective function in
the optimization programs and algorithms such as NSGA 1I for a direct
simultaneous and optimization in one step

Offers the possibility to calculate the instantaneous, daily, monthly and annual
daylight performance without the requirement for annual illuminance measures.

Requires knowledge of software such as DAYSIM and RADIANCE and
annual measures of illuminance for annual daylight performance simulation

As they are based on a dynamic model, the incorporation of dynamic
building simulation in an optimization process is inefficient and complex
[23]

The use of softwares and annual simulation are required

Their computation is slow and requires memory, which make them more
difficult to integrate into design tools [66]

Indicator LENI [63] is calculated and combined with the energy
consumption of the HVAC system, to estimate the total energy
consumption per year for the optimum building model.

The cost of the HVAC system installation is also analyzed using
the Cost Generator, which is an international database developed
by CYPE according to market for several countries [11]. In the
present work, generic prices are considered. These are an average
cost values obtained considering different countries markets
prices. CO; emissions are calculated considering the fossil CO»
emission factor and fossil fired power plants (Natural gas) [64,65].
From Table 11 and Fig. 13, the optimum building model shows
several advantages compared to the building model with 10%
WWR. As the building envelope is optimized, cooling loads are
reduced by 50%. This has an impact on the size of the air ducts
(Fig. 13), and the supply airflow rate which is reduced by 51%, as
well as the cooling capacity of the HVAC system and its cost,
which is reduced by 33.5%. Regarding the energy consumption,
the optimum building model presents minimum total energy
consumption of 12.9 (kWh/m2year) including the artificial
lighting installation, compared to the reference building model
with 10%WWR where the energy consumption is 14.5
(kWh/m?.year).Therefore, CO, emissions resulted from the total
energy consumption (Table 11)are also reduced by 21.5%, as
depicted in Fig. 14.

Figure 15 shows that the optimum building model is more
economical, not only in terms of energy consumption but also in
construction as it has a more compact shape (Hexagonal shape),
which in turn leads to a reduction in the amount of building
materials. It should be pointed out that even the optimum building
model has a large glazed area with high performance glazing,
which is very expensive than single glazing (Single glazing: 16
$/m?; Glazing type 4: 137 $/m?) [11], the optimum building model
shows significant benefits than the reference building model with
a recommended window size of 10%WWR [8,20] and a square
shape [47,48],because the consideration of a high performance
glazing with optimized size and a compact building shape with
optimum orientation, contributes to the reduction of cooling and
heating loads and therefore to the reduction on the size of the
HVAC system, air ducts and energy consumption. These results
are in good agreement with those obtained by reference [14] under
the same environmental conditions of hot and dry climate of
Morocco using a high performance gazing type.

As aresult, the consideration of the cumulative cost of the whole
building with the HVAC system led to say that the optimum
building model presents maximum economic benefits with a
minimum of energy demand (with a reduction of 48%) and a larger
glazed area of 112 m? for optimum occupants comfort.

5. Conclusion

The daylight factor proposed in this research work depends on an
integral approach of design that takes into account various
parameters such as building location, time of year, sky conditions,
room dimension, window size, glazing type, wall reflectance,
maintenance factor, orientation and daytime. This is achieved
through the integration of various indicators as the Orientation
Factor (OF), Cloud amount factor (CF) and luminous efficacy (1),
which were experimentally validated by previous research works
and developed for use in daylighting studies. The obtained DF
model is therefore generalizable, accurate and simple to use for
daylight prediction for all geographic locations of buildings.

In this work, daylight is considered as an important parameter
in energy efficient design, as it complements electrical lighting
during the day. This property is taken into consideration for the
optimization of the window size, based on the compromise
between thermal and visual comfort. The optimal result presents
the best configuration of natural lighting (from the glazed area)
and artificial lighting (from the luminaires) that gives minimum
energy demand. The use of the obtained DF formula leads to the
optimization of the window size in order to reduce building energy
demand, because of its flexibility and the fact that it depends on
all parameters that influence the amount of energy and natural
light introduced into the space.

The result of this work shows that the building envelope is a
determining factor that directly influences building energy
demand. The bioclimatic design of the building, as well as its
shape, glazing type, window size and building orientation,
determine its thermal performance. These parameters contribute
not only to the reduction of building energy demand but also to the
reduction of HVAC system cost and CO; emissions. Due to the
compactness of the hexagonal shape, a greater choice of window
orientation is possible and the heat exchange through the outer
wall is reduced. As a result, building and HVAC system cost are
reduced.

This new approach for the optimization of window size using
the DF enhancer formula allowed obtaining a large glazed area
with minimum energy demand compared to the reference building
model with a recommended single glazing of 10% WWR. As a
result, a quite considerable reduction of 48% of energy demand
and 21.5% of CO; emissions can be achieved. Therefore, the
methodology presented can be applied to determine the optimum
window size for any space and the potential for energy savings in
any city worldwide.

Finally, the use of the improved DF formula is highly
recommended. This new DF model is an accurate and simple
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model which completes all the missing points that the standard DF
presents. Thus, it offers several advantages:

e [t takes into account the location of the building.

e It can represent the change in indoor illuminance levels due
to the temporal variation of sky luminance.

e The orientation of building fagade effects on DF calculation.

In hot and arid regions, for solving the problems of energy
consumption and CO, emissions, a careful consideration of
climatic conditions and understanding the surrounding luminance
environment is a key factor. The usual recommendations are
mainly related to the protection from the effects of solar radiation.
However, using the new model of DF with the current new
approach for the optimization of building energy demand and
energy consumption needs to consider daylighting, the building
shape, the orientation, glazed area, glazing type, the reflectance of
room surfaces, sky type and the geographic location of the
building, which are the major parameters to handle.

Indeed, the CBDMs still a very efficient dynamic metrics to
accurately predict daylighting using software. However, the new
DF model is a simple formula expressed as a function of the
orientation, daytime, sky conditions and geographical location of
the building, which allows a simple prediction of DF and offers
several advantages over CBDMs, as presented in Table 12.

This study focuses on the optimization of window size to
minimize  building energy demand, considering the
complementarily between daylight and artificial lighting
installation. However, some limitations are outlined:

e If the illuminance uniformity is required in the room, the use
of the improved DF is not sufficient, and room modeling is
required in order to study the illuminance uniformity in the
whole room surface. The uniformity of the illuminance
creates a better environment for visual comfort and is a major
part of indoor environment quality studies.

e The impact of glare in the optimization process was not
investigated to optimize the window size.

This study presents a new approach for the optimization of
window size through an improved daylight factor considering the
case of hot climate. The approach in this research work is a first
step towards integrating intelligent search methods into the design
process using the improved DF model. The method should be
extended to optimize the window size and energy demand for
different climate conditions and building configurations and
classification regarding the impact on the environment.
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