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Abstract:

1 glazing systems are responsible for excessive cooling and
heating energy in building environments requires the use of high-
performing opaque and windowed walls. Triple glazing units attenuate solar heat gain/loss
compared to singléshand double-glazing assemblies, thus reducing air-conditioning costs and
greenhouse gas emisstons. The optical, energy, economic and environmental performances of
a glazing unit are strictly correlated with each other. An improvement of optical properties
leads to higher glazing energy performance, cost savings, and greenhouse gas emission
mitigations. This work aims to suggest and define an energy-efficient triple glazing unit for
lowering cooling and heating costs in buildings while experimentally testing the spectral
performance of reflective glasses and assessing heat gains/losses. In this regard, bronze,
green, grey, sapphire blue, and gold reflective glasses were considered and settled in sixty

different triple glazing combinations. Spectral characteristics of reflective glasses were
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measured experimentally using a spectrophotometer over the entire solar spectral range (300-
2500 nm). For the aims of this investigation, a numerical model was developed to assess the
net annual cost saving ($/m?) and the payback period of the examined glazing units for the
eight cardinal directions (N, N-E, E, S-E, S, S-W, W and N-W). The results confirmed that
the TWG35 window glass unit in the S-E orientation was the most energy-efficient glazing in
terms of alleviating this critical challenge (air-conditioning cost-saving 16.72 $/m” among all
other studied window glass units), while a payback period of 2.2 years was revealed. On the
other hand, the TWG33 window glass unit has led to the optimal-lowest payback period (2.1

years), with a net annual cost saving of 16.55 $/m”. The findin paper demonstrate

the significance of triple-glazing design approaches from an ec and environmental

point of view.

Keywords: Triple glazing units; Energy c&cious ings; ning cost-

savings; Payback period; Color render1

1. INTRODUCTION

nspicuous reduction in energy demand for air-conditioning
can be attained adopting rational building envelope schemes while applying efficient
HVAC systems. e building envelope is the physical barrier between the controlled
environment and th8”ambient air in simple terms. It becomes apparent that building
components collaborate to maintain conditioned spaces comfortable for residents by
regulating the heat fluxes between the interior and the exterior environments. Recently, a
broad group of researchers focused their attention on studying energy-efficient envelope
solutions to reduce energy consumption, greenhouse gas emissions, and climate change

mitigation [1].

The building envelope energy efficiency through the glazing is associated with proper
selection of glazing system, orientation, optimal glazing area (WWR), and solar-optical
properties. The glazing systems contribute significantly to provide thermal and visual comfort
to inhabitants within buildings. Compared to other opaque building components, the majority
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of solar radiation penetrates through the glazing surfaces. The properties of single-pane clear
glazing, such as the thermal transmittance and solar heat gain coefficient (SHGC), affect heat
flow processes through building configurations [2]. Jorge et al. proposed a method to select
window glazing based on transmittance, g-values, and visible light transmittance values to
reduce the building energy consumption and CO; emissions with adequate daylighting [3].
Transparent and Low-E double and triple-paned glazing windows were studied to reduce
cooling and heating loads in building compared to conventional glazing [4]. Double and triple
glazed units interspace filled with air and inert gases were studied experimentally and
numerically to evaluate their solar characteristics more accurately and model the heat
transfer. [5,6]. Phase change materials (PCM) are incorporated in the interspace of multi-
layer glazing to mitigate and delay the heat gain through the ing systems [7]. PCM
thickness and melting temperatures were studied for their effect o ermal performance
of multi-layer glazing [8]. Window systems substituted with effec ble or triple-paned
glazing systems of lower or higher heat gain coefficients h ignificant energy
savings in existing residential buildings [9]. Experimental i glazing
system with numerical model reported a 32% ﬁ i
enhanced indoor illuminance [10]. Glazing with di

studied for optimum orientation and marginal he ent Indian climates [11].
In another study, school buildings with varyi udied for occupants’
visual comfort and energy demands in Turkey [ of the present endeavor, a

mathematical model to validate the
global solar radiation on glazing surf

with experimental findings of the
e model predicts the heat transfer

were analyzed for optimum
tool (e-QUEST) [14]

dings with the Quick energy simulation
mal performance of glazing in Coimbra

D, PDLCs, and Electrochromic glazing systems were
d for dynamic solar control and variable transparency [17-20]. Smart
window glazing s ed the reductions in energy requirements for heating and cooling needs
along with visual and” thermal comfort. Solar glazing factors described different window
glazing configurations, glass structures, and electrochromic windows for computation and
comparison of glazing for heat flows in buildings [21]. Further, the power required to switch
the smart glazing between opaque and transparent states can be obtained with building-
integrated PVs and SPDs optimized for power loss [22]. Smart glazing with a multi-layer
coating of WO3/Cu-TiO, was evaluated with building energy modeling, concluded the energy
savings without affecting daylighting in building interiors [23]. The effect of atmospheric
clearness and sky conditions on daylight, solar energy transmission, and the performance of
smart glazing was experimentally investigated [24-26]. The experimental results of
insulating glazing units with double glazed windows of inter-pane blinds were also reported
to determine U-value [27]. Double-glazing units with Venetian blinds at different slant

3
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positions were studied with CFD simulations to regulate heat transfer coefficients, which was
an improvement of 28% compared to the base case [28]. Experimental and simulation studies
of double-glazing units with inert gases (krypton, xenon) in interspace reported a reduction in
building cooling loads along with adequate daylight levels [29,30]. The effect of facade
orientation, glazing proportion, aspect ratio, and glazing properties over solar heat flux was
assessed for the northern Greek region [31].

Furthermore, optimum designed triple-glazed windows have reported the highest energy
savings in three different European latitudes than single and double-glazed window units for
summer and winter [32]. DOE-2 simulations of Low-E double and triple glazed units of a
residential building in Inchon and Ulsan (South Korea) found that multi-pane glazing led to
improved energy and carbon footprint performance compared togclear glass double-glazing
unit [33]. Various double-glazing units were studied analytically a erimentally for solar
heat gain coefficients at different WWR for three different clim ditions in Portugal

[34]. The multi-pane glazing units of different tinted and re ere studied for
the minimal heat gains and net annual cost sag r Indian
climatic conditions [35-38]. Sunlit pattern an i re adopted

through computer simulations to maximize heat gain i i inter season for
Mediterranean climatic conditions [39].

The above-discussed literature revea igni h work on the air-
conditioning cost-saving studies of buildin lazed window units. This
study aims to investigate and underling sign of triple glazing units to lower
air-conditioning costs. Thus, five refi elected in an arrangement of 60

for their solar optical properi flectance). Solar heat gain through the
mer and peak winter days in the eight

cardinal orientations one in India. A numerical model was

developed to calcu

2. MATERIALS AND METHODOLOGY
2.1. Analyzed types of glazing panels

Five illustrative types of reflective glasses, available in the Indian market in different
colors, such as Bronze (BZRGW), Green (GRGW), Grey (GrRGW), Sapphire blue
(SPBRGW), and Gold (GLDRGW), were considered for this thermal analysis. As well
known, the multiple glazing configurations attenuate heat flux through it compared to the

single-pane glazing. In the present study, 5 mm thick reflective glasses of 30 mm x 30 mm

dimensions were used to obtain triple glazing window units (Fig. 1). A 10 mm gap was


https://doi.org/10.1016/j.jobe.2021.103089

151
152
153

154

155
156
157
158
159
160
161
162
163

164

165
166
167
168
169
170
171
172
173
174
175
176
177
178

179
180
181
182

Final version is available on: https://doi.org/10.1016/j.jobe.2021.103089

maintained among the triple glazing glass panes with the aid of a spacer, and the overall

thickness of the glass unit was shown to be 35 mm.
INSERT FIGURE
Fig. 1. Outline of a triple glazed unit consisting of reflective glasses.

For each reflective glass exposed to the outdoor environment, 12 triple glazing

configurations can be formed. Therefore, a total of sixty triple w ass units (TWGI to

TWG60) were developed through the variation of the outside, mid d inside glass panes
of the triple glazing, as shown in Fig. 2a to 2e. The arrangedsi ective window
units were studied to determine the solar optical ‘pertie

(SHGC:).

INSERT

transmission of Samples was detected with the Photomultiplier (R-687) and Pbs detectors.

The reflection from sample beam was collected with the help of the integrating sphere.
The wavelength accuracy of the spectrophotometer is + 0.08 nm in the Ultraviolet (UV) and
Visible (VIS) region and + 0.30 nm in the Near-Infrared (NIR) region. Spectral transmission
(%T) and reflection (%R) were measured for five reflective glasses in the 300 - 2500 nm
wavelength range at an interval of 2 nm at a normal angle of incidence [40].

A MATLAB code was developed for Eq. (1) to calculate solar properties from measured
spectral data as per British standards [41,42] and presented in Table 1. Solar absorptance was
calculated using the relation between the solar properties i.e., summation of properties as
unity (TsoLar + RsoLar + AsoLar = 1).
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T _ ZAZE00°Sap()Ar
SOLAR — z&:2500 Sy AA
=300

RsoLar =
B A=2500
XA=300 SAdA

)

INSERT TABLE

Table 1

Solar, color rendering properties and thermal indices of reflective glasses

Figs. 3a & 3b present the spectral characteristics (%T and %6R), of dive reflective glasses

in the wavelength range of 300-2500 nm. Gold reflective glass sses a high spectral

transmission and reflection in the entire wavelength range. T ey re ive glass showed

the lowest spectral reflection in the whole wavel‘th ran
Fig. 3. Spectral chazaeteristic eflective'glasses.

2.3 Color rendering of daylight throt ective glasses

4" correlated color temperature (CCT) of

the color quality of transmitted daylight

pdard [42].

following British

Tristimulus values of transmitted light (X, Y, Z) through reflective glasses and reflected light

by each of eight test colors (X.;, Y.;, Z¢;) are given by Eqgs. (2)-(4).

Xe = YAZ280 M Des (M) TDX (VAN Xei = XaTie0 it Dgs (M) TA) Bi(D) X (A) AL 2)

Yo = 2iZi50nm DesMT) T AR, Yei = XAZ330 i Des ) T) Bi() 7 (1) A2 A3)
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Zy = PAZIEOMM Des TN Z(W) AN, Zy; = TAZIE M Do (A) T(A) Bi(A) Z (A) AA (4)

Where Dgs (1) is the relative spectral power distribution of CIE standard illuminant Dgs
T(A) is measured spectral transmittance of reflective glasses
X (A),y (A), and Z (1) are the spectral tristimulus values for CIE-1931

A is the wavelength interval (10 nm)

and [3;(A) is the spectral reflectance of each test color, i (i=1 to 8)

Trichromatic co-ordinates for the transmitted %ht (ug, v t co efléeted light

(ug;, ve,;) were calculated using Eqgs. (5) & (6).

_ 4X¢
Ut = Xer15 Yer3z0) ©)
e = 4X¢ i 6
tl (Xt,i+15 Yt,i+3Zt,i) ’ ( )
Corrected trichromatic co- stortion by the chromatic adaptation for
eight test colors were
B02 4 — 82544 34
- o ™
Cti dei
6.518 + 3.2267 —= — 2.0636—
Ct d¢
, 5.520
Ve ®)

16518 +3.2267 4 — 20636 %
Ct d¢

Where ¢y, d; are for transmitted light and c;, d¢; for each test color i, calculated using Egs.

(9) & (10) respectively.

_ 4-u—10v¢ 1708 v¢+0.404—1.481 ug
CG=—"7""—", d¢

Vt Vt

9

1.708 vy ;+0.404—1.481 uy
Coi=——— > dt,i =
Vi Vii

(10)
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Trichromatic co-ordinates were converted into uniform color space systems (U;;, V;;, W;); the

following Egs. (11)-(13) were used for each test color conversion.

100 Y, \Y/3
Wy, = 25 ( “) —17 (1)
y Yt
Ufi = 13 W, (W'y; — 0.1978) (12)
Vt*:i = 13 WtTi (Vlt’i —_ 03122) (13)

The total distortion (AE;) of each test color 1, was determined as follows

(14)

7,1l

AE; = \/(U:,i - Uﬁ,i)z + (V- Vr*,i)z + (W - W*')z

lated for

5)

The general color rendering inde in building interiors through the

reflective glasses was calculate

(16)

(17)

X Y
‘—andy = :
Xe+Ye+Ze Xe+Ye+Ze

which x =

The color rendering index (R,) and correlated color temperature (CCT) of five
reflective glasses were evaluated and presented in Table 1. For indoor illumination, rendering
metric R; > 80 and a CCT with the range of 3000-5500 K will be perceived as good
rendering, and R, > 90 will be a very good rendering [43,44]. The R, metric of all glass
samples was well above the minimum recommended level as per the CIE standards for good
color rendering. It is observed that Grey reflective glass had reported the highest R, of 93.42

and bronze reflective glass a lowest R, of 80.18. The CCT of all reflective glasses was in the

8
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range of 5100-5375 K, representing strong cool daylight. The high R, metric and CCT of
studied reflective glasses assures the vibrant and natural daylight inflow through triple
glazing units in building interiors and avoid the need for artificial daylighting. Spectral
transmittance of the glass samples significantly affects the color rendering properties of the
daylight. A constant transmittance in the visible region was required for good rendering

properties of daylight.

The Five reflective glasses were arranged in 60 possible triple glazing combinations
and the solar optical properties of triple glazing units were obtained as per the methodology

presented in CIBSE Guide [45]. Solar heat gain coefficients (SHG

e as a basis for solar
heat gain/loss calculations through glazing. SHGC of the triple gl HGCrwg) can be

computed with the following correlation in Eq. (18) and tab

Ay + AL + A}

SHGCywg = | TsoLTwe + Us h. + h
o i

(18)

Where;
TsoL Twg 1s the solar transmit
(20).

AL, AL, and A} solar
Egs. (2
In add e th
19):

e thermal transmittance of triple glazing unit:

 unit, and it can be computed using Eq.

d inside glass panes and obtained from

| resistance of the air gap in the interspace of multiple glazing,

as presente

Usis unsteady-

tag” tag \‘
Cag =1 1.25+1| 2.32 - 1+ I
Wag Wag / (19)

(Te X Tm X Ti)
(1= (Re XRim)) X (1= (R X R)) = (T& X Re X Ry))

Tsor,twe = ( (20)
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A
=Ae + [(Te X Ae X Rpy) /(1 — (Re X Ryy))] (21)
+ (TeTm*AeRi/((1 = (Re X Rip)) X (1 = (R X R))) = (T X Re X Ry)))

Al
= [(Te X Am)(l - (ReRi) + Tm X Ri] (22)
+ ((TeTm*AeR) /(1 — (Re X Ryp)) X (1 — (Ryy X Ry)) — (T X Re X Ry)))

A
= [(Te X Tiy X Aj]

+ ((TeTmZAeRi)/((l - (Re X Rm)) X (1 - (R‘X Ri)) -

(23)

Us in Eq. (18) is the unsteady thermal transmi le glazing unit,

evaluated by solving 1-D heat diffusion equati ansmission matrix of

multiple glazing layers and air-gaps as shown in

Cag] [01 Oz] [1 —he_l] (24)
1 1103 01l g 1
The external (h.) a jents were taken as 25.00 W/m* K and

Here, the er can be computed using Eq. (25).

cosh(c+ic) (sinh(c+ic))/a (25)
sinh(c + ic) cosh(c + ic)

In Eq. (25), 1 1s the imaginary number (i*=-1). cis the cyclic thickness of glazing, and a is the

characteristic admittance of the glazing, defined in Eq. (26).

¢ = (npCy/(k.P) . 1), a= /Zﬁkpcp/P (26)

Where t is the glazing thickness

10
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Eq. (26) incorporates all thermo-physical properties of glazing. p, Cp,, and k are density
(kg/m’), heat capacity (J/kg-K), and thermal conductivity (W/m'K) of glazing. P is the period
of cyclic energy transfer. Unsteady transmittance (Us3) of the triple glazing unit can be

calculated using Eq. (27).

1

M,

U, - @)

Solar reflectance of triple glazed unit (Rgor,twg) can be evaluated using the following Eq.

(28).

RsoLtwe = 1 — Tsortwe — At — A — Af (28)

Table 2
Solar heat gain coefficients (SHGCs) of all reflecti glaz its (T 1 to TWG60)
3. Mathematical Model

An Indian composite climatic zo ; °N 79.09°E) was considered and
analyzed for heating, cooling, and ne buildings in the current work. A
hypothetical building was mg area (4 m x 4 m), 3.5 m height, and 40
% WWR. As per 40% WW s modeled with 2.8 x 2 m dimensions. The
analysis was carrie -6: 00 pm (LAT) during summer and
from 7
3.1. Solar

The total r on falling on the surface of a building is the sum of direct, diffuse, and

ground-reflected r ion. Heat gain in the buildings depends on several solar geometric
angles such as Earth-Sun angles (Latitude, declination, and hour angle) and Sun-Surface
angles (Incidence angle and surface azimuth). The following procedure is adopted to define
the total heat gain and the net annual cost savings in buildings through triple-glazed window
systems [50,51]. The anisotropic clear-sky model was considered at atmospheric conditions.

The fundamental and derived solar angles can be calculated from the following equations.

The declination angle (d;,) is given by the following Eq. (29).

11
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. 360(284 + ny)
d;, = 23.45sin 365 (29)
Solar altitude angle () can be obtained from Eq. (30).
sinf = cosl - cosd;, - cosh + sinl - sind;, (30)

To compute the solar azimuth angle (¢) and surface azimuth angle, the below Eq. (31) is

used, while surface azimuths for various glass orientations are presented in Table 3.

sinf-sinl-sind;, Y= d -y

cos¢ = cosf-cosl ’ G
Table 3
Surface azimuths (0° to + 1800) for different orientations taken the south [52].
- sink (32)
ay and direct sun’s energy (Ipsg)
ed with Eq. (33).
IDSR = IDN - cos 0 (33)

The diffused energ¥lysr) incident on the glazing and solar heat reflected onto the glazing

from the ground (Igrp) can be computed by Eq. (34).
1 —sink ) 1 —sink
lasr = C1 - Ipn S Igrp = (Cy +sinP) - Ipy - pg (T) (34)

Thus, the total solar energy (It) incident on a window glazing is the sum of all three

components of solar radiation (Direct + diffuse + ground reflected), as given in Eq. (35):

It = (Ipsr + lasr + Igrp) (35)

12
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The total solar energy passing through triple glazed window units can be calculated using Eq.
(36).
ItrTwe = It X SHGCrwe X Ag (36)

3.2. Cost analysis procedure
Annual cost savings is a useful parameter to justify the energy-saving potential of the

glazing. Glazing that reduces heat gain in the summer is also responsible for lower heat gain

in winter, which is an undesirable phenomenon. Annual cost i reveal the net cost
savings of triple glazing per year, including reducing the cooli sts in summer and
increasing the heating costs in winter. Cost analysis was carri triple reflective
window glass units (TWG1 to TWG60) for an@ian c i i gpur) in

eight orientations. Summer conditions prevail from i eas winter from

savings [53]. Solar radiation incident on glazi i iod (Q sol, sum) Can be

calculated using Eq. (37), while for the

(37)
Qsolwin = (qaw - 3

(38)
Where qgs ily solar energy incident on the glazing during the summer

months.

To assess the decreased heat gain through triple glazing that contributes to reducing the
cooling load in the summer period and the rise in heating load during the winter period, Egs.

(39) and (40) are adopted:

Reduction in cooling load (Qred) = QsoLsum * Ag * (SHGCrcow — SHGCrwi) (39)
Increase in heating load (Qin¢) = Qsorwin * Ag - (SHGCrcgw — SHGCrwg) — (40)

13
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Where, SHGCpcqw and SHGCryg are SHGCs of clear glass triple glazing and the reflective

glass triple glazed units.

The solar transmittance, reflectance, and absorbance of clear glass triple-glazed systems
were calculated as 56 %, 17 %, and 17 %, respectively, while SHGC of the triple clear glass
window unit was calculated as 0.672. Unit electricity and natural gas cost costs were
respectively considered $ 0.07 and $ 0.015 per kWh, as per the Indian scenario, and
converted to US Dollars ($) at the current market exchange rate [54]. The CoP of the air-
conditioning system and efficiency of the heating system (furnace) were taken as 2.5 and

80%, respectively. Cooling cost savings and the rise in heating co

given in Eqns. (41)

& (42) respectively, while net annual cost savings are calculated fro 3):

( QRreg - Electricity price)
CoP of cooling system A1)

Cooling costs savings ($) =

(anc - Fuel P, i

Rise in heating costs ($) =

Heating system e (42)
Net annual cost savings ($) = Coo e in heating costs (43)
The cost payback period is ired to“acquire the glazing implementation cost,
which is derived from
Cost of implementation ($) 44)
Net annual cost savings ($/year)
At last, Eq. *fers to the glazing implementation cost of this suggested procedure:
$

pst ($) = <Triple glaz. price <F>X Glaz.area (AG,mZ)) (45)

4. RESULTS AND DISCUSSIONS

4.1. Total heat gain through triple bronze reflective glass window units of buildings during
peak summer and winter days
The total heat gain through bronze reflective triple glazed units was computed for peak

summer and peak winter days for the Indian composite climatic zone (Nagpur) in all

14
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orientations, and the results are shown in Fig. 4. In bronze reflective window glass units
(TWGI1 to TWGI12), the bronze reflective glass pane was exposed to the outside
environment, while middle and inside glass panes were varied with other reflective glasses to
get the various configurations of the triple glazing (Fig. 2a). Heat gain through all triple
bronze reflective glass window combinations is minimum in the south direction during peak
summer (Fig. 4a) due to the sun movement from North-East to North-West direction. On the
other hand, solar heat gain is maximum in the southern direction during peak winter (Fig. 4b)
due to the sun path from South-East to South-West. The TWG3 combination in the south

orientation is responsible for the lowest heat gain of 1.97 kW ummer. Among all

other studied bronze reflective glass combinations, the TWG9 responsible for the

highest heat gain of 7.23 kW in the south orientation during

ze reflective window glass units

/m?) in comparison with the triple clear

savings were obtained. Among all other studied triple glass units (TWGI to TWGI12)

compared to the triple glazing, the TWG3 window glass unit, in the South-East
direction, is the most energy-efficient glazing configuration that leads to the highest annual

cost savings (14.88 $/m?).

INSERT FIGURE

Fig. 5. Annual air-conditioning cost savings of triple bronze reflective glass window units in

all orientations.

15


https://doi.org/10.1016/j.jobe.2021.103089

407
408
409
410
411
412
413
414
415
416
417
418
419
420
421

422

423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

Final version is available on: https://doi.org/10.1016/j.jobe.2021.103089

4.3. Total heat gain through triple green reflective window glass units of buildings during

peak summer and winter days

The total heat gain (kW) through triple green reflective glass window units (TWGI13 to
TWG24) of buildings in eight directions during peak summer and winter days was calculated
for Nagpur city and presented (Fig. 6). Green reflective triple glazed window units (Fig. 2b)
are formed such that the green reflective glass pane is exposed to the outside environment,
while middle and inside glass panes varied with other reflective glasses. This graph also

ave the lowest heat

shows that all the green reflective triple glazed window units ap
gain during summer and the highest heat gain in winter in the so ction. The TWGI14
window glass unit is responsible for the lowest heat gain of, summer when
placed in the south orientation. In winter, glaz‘shoul i ough the

glazing to reduce the heating load. Thus, the TWG18 gkindo i s to be the best,

Fig. 6. Total heat gain (kW) through tr cflective glass window units in buildings in

mer (b) Peak winter.

4.4. Annug ) ive gl@ss window units
cost savings ($/ m?), in all eight orientations, for
the stud i iple green reflective glass window units (TWG13 to TWG24).

It is concludéddthat all green

flective window glass units have shown the highest cost
savings ($/m?) e South-East direction. Compared to other studied orientations, the west-
oriented window uni€has shown the lowest annual cost savings ($/m2). The TWG14 window
glass unit seems to be the most energy-efficient configuration in the South-East direction,
with the highest annual cost saving (16.05 $/m”). Also, this configuration, in comparison to
the other triple-glazed ones, has shown the highest yearly cost savings in all the studied
orientations. All the green reflective triple glazed units have shown higher annual cost
savings in SE, S, SW orientations than other orientations, and the difference in annual cost
savings in these directions was negligible. There are no significant yearly cost savings ($/m”)

for glazing placed in the East and West directions for all triple glazed units.
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INSERT FIGURE

Fig. 7. Annual air-conditioning cost savings of triple green-reflective glass window units in

all orientations.

4.5. Total heat gain through triple grey reflective glass window units of buildings during
peak summer and winter days
The total heat gain through grey triple reflective glass window units of buildings in eight

summer and winter

orientations for an Indian composite climatic zone (Nagpur) duri
days is depicted in Fig. 8. Grey reflective window glass units wer
reflective glass pane was exposed to the outside environme
panes varied with other reflective glasses. Al‘)uth-o i i ve glass

window units have shown the lowest heat gain in

these glazing units contributes to a decrease i

all south-oriented window glass units h

In Fig. 9, the net"€0st savings ($/m?) of triple grey reflective glass window units (TWG25
to TWG36) in all orientations compared to the clear glass triple glazing are presented. It was
observed that among other reflective glass combinations, all the grey reflective window units
had shown the highest annual cost savings, with the one in the South-East orientation having
the highest annual cost savings ($/m?). However, the TWG35 window unit in this orientation
seemed to be the most energy-efficient, with the highest annual cost savings (16.72 $/m?).
There are no appreciable annual cost savings for all glazing placed in East and West

directions. It can be noticed that all the grey reflective triple glazed window units have high

annual cost savings in the SE, S, and SW directions, though the difference in the cost savings
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in these directions is negligible. The preference order of the orientation to place the glazing

from the most energy-efficient to the least is SE < SW < S<N<NE=NW <E<W.

INSERT FIGURE

Fig. 9. Annual air-conditioning cost savings ($/m>) of triple grey reflective glass window

units in all orientations.

4.7. Total heat gain through triple sapphire blue reflective glas units of buildings

during peak summer and winter days

Fig. 10 shows the total heat gain (kW) through sapp reflective glass
window units (TWG37 to TWG48) of buildin‘n eig mer and
winter days for an Indian composite climatic zone. ive glass window

surroundings. As for the middle and intern re varied with other
reflective glasses. All triple sapphire b,
exposed marginal heat gains in su
the lowest heat gain of 2.23 kW. i e south-oriented triple sapphire blue
reflective window glass uni ) hi he ains than other orientations (Fig. 10b).

Among the other studi 3 VG89 one has shown the highest heat gain of

RT FIGURE

eat gain thréugh triple sapphire blue reflective window glass units in

buildings.

4.8. Annual cost savings of triple sapphire blue reflective window glass units

In Fig. 11, the graphs for the annual cost savings ($/m?), in eight cardinal directions, are
given for the triple sapphire-blue reflective glass window units (TWG37 to TWG48), as
compared to the triple clear ones. All sapphire-blue reflective glass window units highlight
the highest annual cost savings in the South-East orientation. The South-East oriented
TWG44 window unit was the most energy-efficient glazing having the highest annual cost
savings (14.10 $/m?) in all orientations. Glazing placed in the SE, S, and SW orientations

leads to higher annual cost savings ($/m”) than other orientations. The difference in the cost

18


https://doi.org/10.1016/j.jobe.2021.103089

504
505
506
507

508

509

510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525

526

527
528
529
530
531
532
533
534

Final version is available on: https://doi.org/10.1016/j.jobe.2021.103089

savings in these orientations was negligible. There are no considerable annual cost savings
for all the sapphire blue reflective glazed units in the East and West directions. The
preference order of orientation to place the glazing from the highest annual cost savings to

the lowestis SE<KSW <KS<KN<KNE=NW<KE<KW.

INSERT FIGURE

Fig. 11. Annual air-conditioning cost savings of triple sapphire blue-reflective window units

in all orientations.

inside glass panes varied with othe
triple gold reflective glass win
d to the other directions. TWG54 and
owest (3.16 kW) and highest heat gains

INSERT FIGURE

Fig. 12. Solar heat gain through the triple gold reflective glass window in buildings.
4.10. Annual cost savings of triple gold reflective glass window units

Fig. 13 depicts the graph of the annual cost savings ($/m?), in all orientations, for the triple
gold reflective window glass units (TWG49 to TWG60) as compared to the triple clear glass
window unit. It is observed that all South-East oriented triple gold reflective window glass
units have shown the highest annual cost savings ($/m2). South-East oriented TWG54

window glass unit seemed to be the most energy-efficient underlining the highest annual cost
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savings (11.18 $/m?), compared to all the other studied glazing has shown the highest yearly
cost savings in all orientations. All gold reflective glass window units have shown higher
annual cost savings in SE, S, and, SW directions and the difference in the cost savings in

these directions is negligible.

INSERT FIGURE

Fig. 13. Annual air-conditioning cost savings of triple gold reflective glass window units in

all orientations.

4.11. Operational energy, net annual cost savings, and op, al e to initial cost

ratio
The operational energy (kWh) of air-co the entire year and net
annual cost savings ($) of triple glazing u i i0n” were calculated and

presented in Fig. 14. The glazing with lomaeperati ventually project high net
annual cost savings. It is observed i
operational energy and the highest ne avings. The highest reduced solar heat
gains/loss through the TW ere attributed to the low operational

energy of the corresponding

cost savings of triple glazing units in S-E

The ratid operational energy (kWh) to initial cost (Ci,) were presented in Fig. 15,

with various triple glazing units in S-E orientation. The initial cost of the glazing will vary in
the context of the location and supply, so the ratios are presented for various initial costs. The
glazing cost was considered in the range of 0.8 to 1.4 times of initial cost (Cj,) of glazing to
represent ratios. It is seen that a decrease in ratio with an increase in the initial cost of gazing.
The TWG 34 glazing unit reported the lowest operational energy to initial cost ratio due to a
high initial cost and low operational energy.

Fig. 15. Operational energy and initial cost ratios of triple glazing units in S-E orientation
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4.12. Cost Payback Period of various reflective triple glazed window units

The cost payback period is calculated to know the length of time required to recover the
implementation cost of triple reflective window glass units in the place of conventional
glazing units. All the reflective triple glazed window units had shown the highest annual cost
savings when the glazing was placed in the South-East (SE) orientation. The cost payback
period was calculated for all the triple glazed window units (TWGI to TWG60) in the South-
East orientation and presented in Fig. 16. The implementation and saving costs have been

presented in Table 4. TWG24, TWG28, and TWG33 window gla ere responsible for

the lowest payback period of 2.1 years, while the TWG60 unit wa to have the highest
payback period of 4.5 years with the lowest annual cost say . . The Payback
period was directly proportional to the annualvt savi i ing. The
TWG3S5 window glass unit shows the highest annu i 7, $/m”) among all
that despite its highest annual cost savings, th tly higher because of
its high initial implementation cost as 28, and TWG33 window
glass units. The implementation co
with annual cost savings and a i f14.90 ($/m?) and 2.3 years, respectively.
The preferred orientation o

SE<SW <S<N<NE=N

Table 4

Implementatio cost savings of various triple-glazed reflective glass window units in the

SE orientation

INSERT FIGURE

Fig. 16. The payback period for triple glazed reflective window units (TWG1 to TWG60) in
the S-E orientation.
4.13. Average Daylight factor of Triple glazing window units in Southeast orientation of

Composite Climatic Zone

21


https://doi.org/10.1016/j.jobe.2021.103089

598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618

619

620
621

622
623
624
625
626
627
628
629
630

Final version is available on: https://doi.org/10.1016/j.jobe.2021.103089

The daylight factor for all triple glazing windows for the best air-conditioning cost-saving
orientation is shown in Fig. 17. Daylighting is a natural source of light, and it is required in
sufficient quantity to provide healthy day internal illuminance for the occupants. Natural
daylight is essential for buildings to have visual comfort and reduce artificial daylighting
power consumption. Glazing allows daylight from outside to inside, but it also allows heat to
enter the buildings. Therefore, a suitable glass window must be selected to reduce heat gain
by providing adequate illuminance levels inside the buildings recommended by CIE
standards. Design-Builder with Energy Plus 8.9 version simulation tool was used to compute

the building's average daylight factor. Average daylight factor si was carried out for

the building of the composite climatic zone (Nagpur city). For th ation of the average
daylight factor on peak summer and winter days, the diurnal to 5 PM were
considered. The average daylight factor values v‘ Irecor:
of 0.75 m from the floor from southeast-oriented wi mended average
rom the results, it is

for most of the rooms is more than 0.625 as

clear that the average daylight factor of indows in the south-east

for reading rooms, hospital calplabetatory buildings. In contrast, low daylight
triple glazed units arggrec i ooms, stack rooms, and general office

buildings.

SERT FIGURE

Fig. 17. Aver aylight factor of triple window glazing units in the south-east orientation.
S. CONCLUSIONS

The simple triple glazing design strategies result in significant air-conditioning cost
savings in energy-conscious buildings. In this paper, thermal analysis of air-filled reflective
triple glazed window systems (TWG1 to TWG60) was carried out for an Indian composite
climatic zone in the eight cardinal directions to reduce the air-conditioning costs in the
buildings. In addition, a cost analysis was performed to compute the net annual cooling and
heating cost savings associated with each reflective triple glazed window unit (TWGI1 to

TWG60) compared to the clear triple glazing one. Results revealed the best reflective triple
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631 glazed unit to reduce cooling and heating load in both the summer and winter periods,

632  respectively, for net air-conditioning cost savings.

633 e The South-East oriented TWG35 window unit (Grey reflective glass-Air Gap-Green
634 reflective glass-Air Gap-Gold reflective glass) was the most energy-efficient among
635 all other studied glazings with the highest net annual cost savings 16.72 $/m>.

636 e It was observed that all grey reflective glass window units (TWG25 to TWG36)
637 were shown to have the highest annual cost savings, whereas all gold reflective glass

638 window units (TWG49 to TWG60) the lowest yearly cost savings. These results

639 indicate that the net annual cost savings depend on the reflective exposed to the
640 outside environment than the reflective glass in the middle and t
641 triple glazing unit.

642 e The most critical parameter for the highest ai&)nditio
643 glazing unit is the solar transmittance of t i “'The outer
644 reflective glass of triple glazed unit with a

645 to the highest air-conditioning cost savings

646 glass with a high solar transmittz

647 savings.

648 e The color rendering (Ra) g e prature (CCT) metrics of daylight
649 i e above the CIE recommended level,
650

651 e i r gap-Bronze reflective glass-Air gap-Gold
652

653 5 1 and TWG33 (Grey reflective glass-Air gap-Bronze
654 reflective g Air gap-Gold reflective glass) window units have shown the lowest
655 payback period .1 years with annual cost savings (in $/m?) of 16, 16.26 and
656 16.55, respectively. TWG24, TWG28, and TWG33 units have led to the lowest
657 payback periods despite their smaller annual cost savings than the TWG3S5 units
658 (16.72 $/m?) because of their low initial implementation costs.

659 e The preferred order of orientation to place the triple glazing units for high net annual

660 cost savings and the short payback period was SE < SW <S <N <NE=NW <E <
661 W. It is not recommended to place the glazing in the east and west directions
662 because of its insignificant annual cost savings.
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e Yearly net cost savings ($/m?) of all triple glazed units were inversely proportional
to their respective solar heat gain coefficients (SHGCs). The TWG35 window unit
with the lowest SHGC (SHGCj35=0.14) has the highest net annual cost savings
(16.72 $/m”).

e The glazings with low operational energy have projected high net annual cost
savings. It is observed that TWG 35 glazing unit had reported the lowest operational
energy and the highest net annual cost savings. The TWG 34 glazing unit had

reported the lowest operational energy to initial cost ratio due to low operational

energy and a high initial cost.
e The sixty triple glazing window units studied reduce air-condi cost and give
adequate average daylight factors inside the buildings.
The above-discussed results obtained from‘s stu
building renovation and design. Furthermore, results
designers, policy-makers, and researchers to

requirements for the well-being of the buildin

feasibility and the impact on climatic ¢
Nomenclature

BZRGW-A-GR(

TWGI ea of the glazing (m?)

ar radiation in the absence of atmosphere

TWG2 5
(W/m”)

TWG3

Solar absorbance (%)

TWG4 Absorptance of the outside glass

BZRGW-A-GrRGW-A-

TWGS Ac Absorptance of the centre glass
GLDRGW
BZRGW-A-GrRGW-A-

TWG6 Ai Absorptance of the inside glass
GRGW
BZRGW-A-SPBRGW-

TWG7 B, Atmospheric extinction coefficient [-]
A-GLDRGW
BZRGW-A-SPBRGW-

TWGS C Sky radiation coefficient [-]
A-GRGW

TWGY BZRGW-A-SPBRGW- Cae The thermal resistance of the air gap (m?)
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TWG10
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CCT

ia

ty

t

t3

K,

K,

K3

25

Correlated color temperature (K)

Declination angle (Deg)

The thickness of the outer glass (m)

The thickness of the centre glass (m)

ergy at normal incidence (W/m?)

ect solar energy from the sun (W/m?)

iffuse solar energy from the sky (W/m?)

Ground reflected solar radiation (W/m?)

Total incident solar radiation (W/m?)

Total heat gain through a triple glass
window(W/m?)

Angle of window glass from vertical (Deg)

Thermal conductivity of the outside glass
(W/m K)

Thermal conductivity of the centre glass
(W/m K)

Thermal conductivity of the inside glass
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GLDRGW

SPBRGW-A-GRGW-A— Thickness of the air space between glasses
TWG45 tag

BZRGW (m)

SPBRGW-A-GrRGW-
TWG46 TsoLar Solar transmittance (%)

A-GLDRGW

SPBRGW-A-GrRGW—- Solar transmittance of the reflective triple
TWG47 TsoL. twe

A-BZRGW glazing (%)

SPBRGW-A-GrRGW- Unsteady transmittance of the triple glazing
TWG48 Us; 5

A-GRGW (Wm'K)

GLDRGW-A-BZRGW-
TWG49

A-GRGW

GLDRGW-A-BZRGW-
TWGS0

A-GrRGW ‘

GLDRGW-A-BZRGW-
TWGS1 Greek letters

A-SPBRGW

GLDRGW-A-GRGW-A—-
TWGS2 Wavelen m)

GrRGW

GLDRGW-A-GRGW-A—-
TWGS3 Wa gth interval (nm)

SPBRGW

GLDRGW-A-GR
ar altitude angle (Deg)

pectral reflectance of each test color, 1

Relative spectral distribution of the solar

radiation(W/m?)

Solar incidence angle (Deg)

Solar azimuth angle (Deg)

A-BZRGW
GLDRGW-A-SPBRGW-
TWG59 4 Surface azimuth angle (Deg)
A-GRGW
GLDRGW-A-SPBRGW- Surface solar azimuth angle (Deg)
TWG60 Y
A-GrRGW
Bronze reflective glass 3
BZRGW ) p Glass density [kg/m’]
window
GRGW Green reflective glass Pg Ground reflectance factor [-]
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window
Sapphire blue reflective

SPBRGW . ™) Spectral transmission (%)
glass window
Gold reflective glass

GLDRGW p(A) Spectral reflection (%)
window
Grey reflective glass

GrRGW _ a(d) Spectral absorption (%)
window
Width of the air space

Wae (0¥ Solar absorbance of the outside glass (%)
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861 Fig. 2. Reflective triple glazing configurations with: (a) Bronze color; (b) Green color; (c)
862 Grey color; (d) Sapphire blue color; (e) Gold color
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Fig. 13. Annual air-conditioning cost savings of triple gold reflective glass window units in

all orientations
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LIST OF TABLES:

Table 1

Solar, color rendering properties and thermal indices of reflective glasses

Glass Code Transmittance ~ Reflectance =~ Absorbance SHGC R.(-) CCT
TsoLar (%) Rsovar (%) Asorar (%) (%) (K)

Bronze BZRGW 37 14 49 48 80.18 5375

reflective glass

Green GRGW 29 14 57 5149

reflective glass

Grey reflective GrRGW 26 08 5114

glass

Sapphire blue SPBRGW 42 1 ]‘ 5104

reflective glass

Gold reflective =~ GLDRGW 55 84.55 5226

glass

Table 2

Solar heat gain coefficients (S

iple glazed window units (TWGI to

TWG 60).
Glass unit Glass unit SHGC

TWGI1 TWG41 0.25
TWG42 0.23

TWG43 0.24

TWG44 0.22

TWG45 0.23

TWG46 0.23

TWG47 0.24

TWGS 0.23 TWG28 0.15 TWG48 0.24
TWG9 0.24 TWG29 0.15 TWG49 0.33
TWG10 0.22 TWG30 0.16 TWGS0 0.34
TWGI11 0.23 TWG31 0.16 TWGS1 0.34
TWG12 0.23 TWG32 0.16 TWGS52 0.32
TWGI13 0.17 TWG33 0.14 TWG53 0.32
TWG14 0.16 TWG34 0.15 TWGS54 0.32
TWGIS5 0.17 TWG35 0.14 TWGS5 0.32
TWG16 0.17 TWG36 0.15 TWGS6 0.32
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TWG17 0.18 TWG37 0.25 TWG57 0.32
TWG18 0.19 TWG38 0.25 TWG58 0.35
TWG19 0.17 TWG39 0.26 TWG59 0.35
TWG20 0.18 TWG40 0.25 TWG60 0.36
Table 3
Surface azimuths (0° to + 1800) for different orientations taken from the south [52]
Direction N NE E SE S SW W NW
Surface azimuth (W) -180° -135° -90° -45° 45" 490" +135°

Table 4

Implementation and cost savings of various tripl

S-E orientation

‘lazed I

s in the

Glazing Glazing Annual cost
unit price($/m?) savings ($/m’

TWGI1 39

TWG2 46 14.

TWG3 34

TWG4 47

TWGS5 35

3

p

Glazi
$/m?)

Annual cost

savings ($/m?)

39
47
35
48
37
39
42
44
45
46
47
42
48
44
46
45
47
48
34

16.21
16.16
16.55
16.43
16.71
16.48
13.32
13.32
13.05
13.29
13.11
13.82
13.59
14.09
13.70
13.88
13.54
13.54
10.61
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TWG20
TWG21
TWG22
TWG23
TWG24
TWG25
TWG26
TWG27
TWG28
TWG29
TWG30

37
44
39
46
34
45
47
48
35
37
45

15.45
15.52
15.52
15.57
16.00
16.36
15.95
15.96
16.27
16.27
16.18

TWGS0
TWGS1
TWGS2
TWGS3
TWGS54
TWGSS
TWGS6
TWGS7
TWGSS
TWGS9
TWG60

35
42
37
44

34
45
35

10.39
10.48
11.02
11.09
11.18
11.00
11.09
11.09
10.07
10.09
9.84
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