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Abstract
A strategy is proposed for the design of wa AN Pro nsteady thermal performance

parameters in non-air-conditioned buildings s in air-conditioned buildings. The

been employed ompute cost saving potential of air-conditioning for the various wall envelopes. The

use of C-Hs design at'@2 m/s wind speed increases the decrement lag of burnt brick, mud brick, laterite
stone, and cinder concrete composite wall envelopes by 48.1%, 49.0%, 59.5%, and 47.0%, respectively,
relative to the common wall design (C-H;) in non-air-conditioned buildings. The laterite with a C-Hjs

design offers the highest annual energy cost savings (1.71 $/m? at 2 m/s), highest life cycle cost savings

(18.32 $/m” at 2m/s), and the lowest payback period (4.03 yrs at 2 m/s) as compared to the other
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building materials in air-conditioned buildings. The overall results of this study are expected to open

new paths to simple design considerations for energy-efficient buildings.

Keywords: Energy-efficient wall design; Attenuation factor; Decrement lag; Annual energy; Life cycle

*Correspondence: kkim61 @hanyang.ac.kr

1. Introduction
kes place at the

e heat transfer at the air

The amplitude of the sinu ; ases as they penetrate through a building envelope.

This reduction is due t ding material used for the envelope. The shrinkage

heat sine wave to penetrate through the building envelope is known as

decrement d ffin, 1984)NBuilding enclosure materials should have low attenuation factors and
high phase shift Wa@lues to maintain comfortable indoor conditions (ASHRAE, 2001). Consequently,
much effort has been ‘made to evaluate the influence of building enclosure thickness and insulation
location (e.g., within the enclosure) on variables such as phase lag or thermal delay and attenuation
factor using the Crank—Nicolson (C-N) procedure (Antonopoulos and Koronaki, 2000; Lee Ok et al.,

2014). The admittance method has been used to find the surface factor of building enclosures (Evola and

Marletta, 2013), and can be used to assess the thermal characteristics of roofs and wall envelopes (Hall

2
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M R, 2010; Najim, 2014; Najim and Fadhil, 2015; Shaik and Talanki, 2016). The effect of the
thermophysical properties of wall enclosures on the decrement delay and attenuation factor has also
been explored (Asan, H., 1998; Kontoleon et al., 2013; Ulgen, 2002). Atmospheric moisture and
temperature can also affect the attenuation factor and decrement delay of laterite building wall

enclosures (Shaik and Talanki Puttaranga Setty, 2016). A study of south-facing walls in the

Mediterranean region indicated that a 0.2 increase in solar absorpti eases the decrement delay;

however, further increases in solar absorptivity decreased decre delay (Kontoleon and
Eumorfopoulou, 2008). The implicit finite diffel‘ ute attenuation
factors and attenuation delays in Turkey (Ozel andWPihti . dmittance method was

customized to incorporate moisture-dependent all and Allinson, 2008). The

attenuation factor and decrement delay of jed (Ng et al., 2011), showing an

enclog . . cr, a coconut fiber-filled, Ferro-cement prototype house was also
found to O i heat flow at peak times compared to concrete slab roofing in Mexico
(Alavez-Ramirg al., 2014). Thermal performance studies of ventilated roofs showed that the best
performance could be@btained by placing insulation close to the cold surface and below the air space
layer (Gagliano et al., 2012). Various building envelope configurations were investigated for thermal
performance using finite difference and admittance methods (Balaji et al., 2019). Expanded polystyrene

was reported to be the best insulating material with a maximum life cycle cost savings and minimum

payback period (Yu et al., 2009). A thermoeconomic method of optimizing the insulation thickness gave
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better results compared to the entransy-based environmental method (Giilten, 2020). The thickness of
phase change materials and the insulation layer were simulated and optimized with simulation tools and
generic algorithms (Baniassadi et al., 2016). It was concluded that the insulation layer is more effective
than the phase change materials in moderate climates. The mathematical model for evaluating the

economic and life cycle cost savings of insulation in the non-homogenous building walls was developed

and studied (Huang et al., 2020). The Lagrangian optimization was used to optimize the

insulation thickness with the maximum life cycle cost savings and mini payback period (Feng et

thickness in a

et al., 2010).

pes to reduce heat gain by

— especially considering low-cost

design of the envel@pe reduces the building cooling loads. Heat transfer from the outer to the inner layer

of the envelope depends mainly on the outside surface heat transfer coefficients. Therefore, in this
paper, we proposed optimum envelope designs for reduced cooling loads under various external heat

transfer coefficients. The reliability of the results has been validated against the Charted Institution of

Building Services Engineers guide (CIBSE, 2006).
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2. Materials and methodology

2.1 Materials

This study considered the most widely used building materials (i.e., burnt brick, mud brick,
laterite stone, and cinder concrete). Burnt bricks are composed of cl -30% by mass), silt (20-35%
by mass), and sand (35-50% by mass) (IS: 2117, 2002). The t silt, and water should

not be less than 50%. The molded bricks are fired ™ a kiln & nging from 900-1000°C to
obtain burnt bricks. The compressive strength of b
Indian standards. Mud bricks or adobe are made
(50-70% by mass) mixed with straw, and i before use. The compressive strength of mud
bricks should not be less than 2 N/m

(IS: 1725, 1982). Laterite st

available, eco-friendly

cement withiflyfash (IS: 6042,1969). Its compressive strength should not be less than 2 N/mm?.
Expanded polyst e was used as an insulation material between the wall layers. Cement plaster

(cement to sand mortar ratio of 1:6) was applied at either side of the wall envelope for all material types.
2.2 Experimental Methodology

Fig. 1 presents images of the building and insulating materials of the wall enclosures considered. In

this paper, these materials were used as building enclosure materials for analyzing thermal performance.

5
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Thermal properties such as specific heat capacity and thermal conductivity were measured
experimentally using the KD2 Pro thermal properties analyzer (hot wire probe method) (ASTM:D5334-
14, 2016). The above equipment can measure thermal conductivity in a range from 0.02 to 2.00 W/mK
and volumetric specific heat from 0.5 to 4.0 MJ/m’K with 10% accuracy. The probe consists of a dual

needle (30 mm length, 1.3 mm diameter, and 6 mm spacing). The transient heat source has supplied

from an electrical input. One needle acted as a heating source, a ther acted as a monitoring

source. The thermophysical properties were obtained from the temperatur e relationship. Two holes

sulation materials of wall enclosures.

able 1 Thermophysical properties of building wall enclosure materials.

2.3 Thermal analysis:

Seven different wall envelope configurations with four brick materials with either side cement
plastered (burnt brick, mud brick, laterite stone, and cinder concrete) and one insulation material
(expanded polystyrene) were considered for the investigation of dynamic thermal characteristics.

Thermal performance was analyzed under various atmospheric wind velocities. The configurations

6
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investigated include: (1) no insulation (C-H;), (2) with an insulation layer at the external side (C-H), (3)
with an insulation layer at the center (C-Hs3), (4) with an insulation layer on the internal side (C-Hy), (5)
with one insulation layer on the external side and another at the internal side (C-Hs), (6) with one
insulation layer at the external side and another at the center (C-Hg), and (7) with one insulation layer at

the center and another at the internal side of the envelope (C-Hy7). Fig. 2 shows the configurations of the

composite wall enclosures and the expanded polystyrene insulation considered.

Fig. 2. Configuration of composite wall enclosur considered in

this

dy.

Information related to the dynamic cha isti envelopes (as many as 28
combinations of composite walls) was : vestigated to identify the best wall envelope
configuration for reduced cooling 10 i ospheric wind velocities. The thermal
admittance method was empl
buildinggf ‘ subjected to sinusoidal temperature variations at the sun—
air nod “Jhe building walls do not generate any internal heat, and their thermal
properties are thé $ame i directions. The governing diffusion equation for the three dimensions
of the wall for te

tature 7(x,y,z,t) without internal heat generation and the same thermal properties in

three dimensions can be written as Eq. (1).

oT k (9°T 0%*T 0°T
= ey

at  pCp \ dx? * dy? * 0z
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The building wall has three dimensions (i.e., length, breadth (thickness), and height). Since the
temperature differences along the length (y) and height of the wall (z) are small, the diffusion equation is
reduced to one dimension (i.e., through the thickness (x) of the wall). The homogeneous and composite
walls are exposed to periodic cyclic variations in temperature with heat flow through the wall enclosure
in one direction through the thickness of the wall (i.e., horizontally).

The diffusion equation for heat transfer through the thickness of the resented in Eq. (2) (Davies,

2004).
0%T(x,t) pCpdT(x,t)
= 2
0X? k ot ’ ®
The periodic solution of the diffusion equation 1% 3) to'(/).
T(x,t) = Aexp(x/§)exp(t/{) 3)
Eq. (3) should satisfy t u ion, which iSessible only if &=a(;
Here,
‘ (3a)
a=— a
pCp
_ L 3b
¢= 2 (3b)
aP
- | 3c
= o (3)
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j= V71 (3d)

183
184  The periodic solution for a wall enclosure of finite thickness exposed to sinusoidal excitation with a
185  given period can be obtained by imposing boundary conditions. The equation can be obtained as

186  follows,

2\ 1/2
g - i(aP/J]C'Zn)l/z =11+ (npkc;x ) —EHIn ?
187  where
Y1 = (4a)
188
189  The temperature can be represented as fo
T(x,t) = [@sinh(y1x + jy1x) + R )]exp(j2nt/P) (5)
190
(sinh(u + ju))/a (5a)
191
Qext t(sinh(u +ju)) X a + qinccosh(u + ju) (5b)
192
193  The above equatio be rearranged, as shown in Eq. (6).
Text] _ cosh(u + ju) (sinh(u + ju))/ al [Tint] ©)
Qext (sinh(u +ju)) X a cosh(u + ju) Qint

194 T, and gq., are sinusoidally varying temperature and heat flux of complex values, respectively, at the
195  external side of the wall enclosure. The values g;,; and T}, are at the internal side of the wall enclosure.

196  Here,
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TpcyX?

Y TRP (o
197
_ [j2mkpcy (6b)
P
198
199 A homogeneous wall enclosure transmission matrix can be written as Eq.
Ay + jA, +J
(A4 +jA3).a A+ M
200  where
(7a)
201
(7b)
202
(7c)
203
cosh(w) sin(u) — sinh(u) cos(u)]/V2 (7d)
204
205  The convective hea sfer coefficient at the external surface as per CIBSE standards.
hgex= 5.8 + 4.1C (For all wind speeds) (7e)
206
heext = 16.7 CSO‘5 (For wind speeds up to 3.5 m/s) (71)
207

10
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hgn= 2.5 W/m?* K (For internal surface resistance) (7g)

The homogeneous wall enclosure transmission matrix can be written as Eq. (8)[39],

A +jA, (A3 +jAy)/a

(A4 +jAz).a A +jA, ®)

where,

A, = cosh(u) cos(u),

A, = sinh(u) sin(u),

A3 = [cosh(u) sin(u) + sinh(w) cos(u)]/\/z’

A, = [cosh(w) sin(u) — sinh(w) cos(u)]/V2.
The matrices for internal (Ry;,,) and external (R, ace film tances for the wall enclosure can be
written as Eq. (9).

Egne =[5 ~"ot] andE ©)

1

esistance, Rgine = A2Eh +h) (10)
N e''r C
1
External surface resistance, R = —_— (11)
Xt " h. + F,h,

11
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The homogeneous wall enclosure transmission matrix with internal and external surface film resistances

can be represented by Eq. (12).

e P A [ e [ el 12

The composite wall enclosure transmission matrix can be written as in Eq. (13),

Tint] 1 smt fl fZ] 91 92 sext [Text]
= . 13
[qint [0 1 fz f [93 gl] ] Qext (13)
The walled enclosure layers are represented by f and g.
The building enclosure transmission matrix can b‘)resent d (15).
Tint] Eyy Elz] [ ext]
= 14
Qint E31 Ezzl19ext (14
Ey, Ep smt Ay + A, Az +jAL)/a 1
Ep Ezz] ] [( —A, +jA3).a Ay + jA, ]g [0 (15)
where E;;, Ej», Ez; and E»; a Atrix 8, which are complex numbers.
2.3.2 Steady Ther

wall enclosure is the reciprocal of its thermal resistance. It is
the ratio h a building envelope to the difference in temperature across the
envelope. A the thermal transmittance value of the wall envelope results in higher thermal
insulation of the envel@pe as a steady-state quantity. It is represented in Eq. (17) as

1 (16)

where X; and X, are the wall layer thicknesses, and k; and k, are the thermal conductivity values of

layer-1 and layer-2, respectively.
12
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239  2.3.3 Thermal admittance (Y)
240 The envelope material’s capability to absorb heat from the atmosphere and release it back to the
241  same over some time is known as thermal admittance. This indicates the thermal mass of the enclosure.

242 They can be computed by Eq. (18).

Y = (;I,mt) = |—E11/E1,] (17
N Toxt=o
243
244 2.3.4 Attenuation factor (#) and its decrement d*y (@)
245 The attenuation factor is the difference between th i insi 11 enclosure temperature
246
247
248
249
250  values, the value of the att i ity;”and the value of decrement delay is zero. The
251  attenuation factor dec \ increases with increasing thermal capacity for
252  struct irez et@al’;"2014). These values can be determined according to Eq. (19)
253  and (20)
! (18)
UEi
1
¢ = Earctan M (19)
T Re(— UE12)

254
255

256 2.3.1 Unsteady transmittance (u.y.)
13
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The unsteady transmittance of the wall enclosure is the amount of fluctuating heat gain in the wall
envelope. The low value of unsteady transmittance implies the low fluctuating heat gain in the wall

envelope. It can be computed by the following Eq. (20):

1

N 20
i, (20)

Ueye = |

Thermal characteristics of the envelopes (i.e., walls and roofs) are . Above Eq. (16) to Eq. (20)

were used to find dynamic thermal characteristics of the wall envelop

A MATLAB program was developed to compute’e dyna tities of homogeneous and
composite wall enclosures exposed to various a i locities. Method validation was
carried out for both homogeneous and composit ainst published CIBSE results. The
deviation of the calculated results frong es was observed to be less than *1% for
homogeneous envelopes and less than

thermal quantities of wall e

the wall materials (the

presented in ¥ . The outside wall surface heat transfer coefficient (/) depends on the atmospheric

wind velocity, wh he inside wall surface coefficient (hy;,;) was considered at standstill wind velocities
as per CIBSE standards. The external wall envelopes were exposed to atmospheric wind velocities of
0.0,0.5,0.7,2,4, 6, 8, and 10 m/s. Table 2 shows the influence of wind velocity on external and internal

surface heat transfer coefficients. The above parameters were used as input for the admittance method to

obtain dynamic thermal quantities such as admittance, attenuation factor, and decrement delay.

14
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Table 2 Influence of wind velocity on external and internal surface heat transfer coefficients of

wall enclosures.

In this paper, we present the dynamic thermal performance of seven composite wall configurations

(multilayer walls) of burnt brick, mud brick, laterite stone, and cinder concrete with expanded

polystyrene insulation material exposed to eight atmos i ind speeds (n=28 (7
(configurations/designs) x4 (building materials) = total of 28 combi of composite walls)). The
1Is under severe

arrangement of the multilayers is given in Fig. 2. The optimu

wind velocity conditions is proposed for reduced cooli

2.4 Energy Economic Analysis:

building surface, is considered based on the outside temperature. Cooling degree-hours or days
are calculated by the summing the hours or days when the outside sol air temperature is above the base
temperature. Similarly, heating degree-hours or days are the sum of the difference between the outside
sol air temperature and the base temperature over a particular period of hours or days. ASHRAE

metrological data have been used for cooling and heating degree-hours in Chennai climatic conditions

(13.08270N, 80.27070E). Chennai is located in a hot and humid climatic zone of India. The annual
15
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degree days and hours of Chennai has been presented in Fig. 3. Chennai has only cooling degree
days/cooling degree hours, and this climate does not have heating degree days or heating degree hours.

Therefore, air-conditioning costs associated with building cooling are significant in this climatic zone.

Fig. 3. Monthly heating and cooling degree days and hours of Chennai (13.0827°N, 80.2707°E).

The total number of cooling degree-days or hours (CDD or d hea e-days or hours

(HDD or HDH) can be calculated using Egs. (21—2?

CDD =%,"’(Tso — Tpq) =Ncp.AT, for Ty, > T \

(21)
CDH =% (Tso — Tpa) (22)
HDD = : ba (23)
HDH =3 )'## =N AT, for Ty, > Tha (24)

Where, Ncp Ncon, Ny d Ny are the number of cooling days, number of cooling hours, number of

heating days, and number of heating hours, respectively. Ty, is the sol air temperature, and it depends on

the outside air temperature, surface absorption, and solar radiation on the surface.

2.4.2 Building material cost and annual energy cost savings

16
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Table 3 shows the building material costs of various building materials with their dimensions.
The mud brick is the cheapest building material among all four building materials studied. The thermo-
economic method was proposed by Duffie et al. (1985). Annual energy-cost savings is the yearly
cooling cost savings obtained when using insulation. It can be calculated using Eq. (25). Table 4 shows

the parameters used for the energy economic analysis to obtain annual energy cost savings, life cycle

saving costs, and payback periods.

1073E.CDH Aucy,
cop

ESC =

Where Augy. is the difference in unsteady thermal ’smitta

Table 3 Building material co

Table 4 Parameters used

2.4.3 Life cycle cost s

avings throughout the lifetime calculated by including the

insulatio [ buildi 1al cost. It can be calculated using Eq. (26).
(26)

Present worth factor (P;) depends upon the inflation rate (f), discount rate (D), and life cycle period of
building materials (N). It can be calculated using Eq. (27). Investment cost (Cj,y) is the sum of insulation

cost (Cips) and building material cost (Cpp).

17
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1 1+\N 27
P=5 |1~ (50) ]
2.4.4 Payback period

Payback period refers to the time (usually in years) that it takes to recover the initial investment of

insulation cost and building material cost. It can be calculated using Eq. (28)

PB = S (28)
ESC

3. Results and Discussion ’

3.1. Unsteady transmittance and admittance of v materials

rnal heat transfer coefficients. The configurations that save the most
energy from a hi@ admittance (lower unsteady transmittance) perspective across all seven studied
configurations at all external surface heat transfer coefficients and wind velocities are the burnt brick
composite wall envelope with an expanded polystyrene insulation layer positioned at the center of the
burnt brick envelope (C-H3) and the burnt brick composite wall envelope with one part of the expanded
polystyrene insulation layer positioned at the external side, and another positioned at the center (C-Hg).

At 10 m/s external wind velocity, the burnt brick composite wall envelope with an expanded

18


https://doi.org/10.1016/j.envres.2020.110577

353

354

355

356

357

358

359

360

361

362

363

364
365

366

367

368

369

370

371

372
373

374

375

376

Final version is available on: https://doi.org/10.1016/j.envres.2020.110577

polystyrene insulation layer positioned at the center of the burnt brick envelope (C-H3) has an
admittance value of 4.898 W/m’K and an unsteady transmittance value of 0.39W/m’K. At 10 m/s
external wind velocity, the burnt brick composite wall enclosure with one part of the expanded
polystyrene insulation layer positioned at the external side and another positioned at the center (C-Hg)

had an admittance value of 4.779 W/m’K and an unsteady transmittance value of 0.21W/m’K. The burnt

brick composite wall envelope without an insulation layer (C- admittance and unsteady

transmittance values of 4.5744 W/m’K and 1.21 W/m’K, respectively. any building wall, high

thermal admittance indicates high thermal mass ar‘ow uns

thermal storage. Among all seven studied configurati C referable at all external

surface heat transfer coefficients/wind velociti tot 1 ittance values at low unsteady

transmittance.

Fig. 4 (b) presents the unsteady tra dmittagee of composite mudbrick wall enclosures
exposed to various external . C-Hz and C-Hg are the most energy-saving

configurations at all coefficients and wind velocities from a higher

Fig. 4 (c) shows the unsteady transmittance and admittance of composite laterite wall enclosures at all
external surface heat transfer coefficients and wind velocities. C-Hz and C-Hg configurations provide the
most energy savings from a higher admittance (lower unsteady transmittance) perspective among the

seven studied configurations at all external wind velocities. At 10 m/s external wind velocity, C-Hs has

19
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an admittance value of 5.3902 W/m’K and a 0.41 W/m’*K unsteady transmittance value, while C-Hg has
a 5.2664 W/m’K admittance value and an unsteady transmittance value of 0.20 W/m?K. C-H, has

admittance and unsteady transmittance values of 5.0247 W/m’K and 1.64 W/m’K, respectively.

Fig. 4 (d) presents the unsteady transmittance and admittance of composite cinder concrete wall

enclosures. C-H3 and C-Hg configurations provide most energy savings from a higher admittance (lower

unsteady transmittance) perspective for all the external surface h nsfer coefficients and wind

velocities among the seven studied configurations. At 10 velocity, C-Hsz has an
admittance value of 4.4929 W/m’K and an unstea&ansml , while C-Hg has
’K, respectively. C-H;
alue of 1.15 W/m’K.

igher thermal mass, while lower

ion. Among the seven configurations, C-

ransfer coefficients and wind speeds due to the

and decrement delay of various wall designs and wall materials
Fig. 5(a) shows the attenuation factor of composite burnt brick wall enclosures at various external
surface heat transfer coefficients. C-Hs and C-Hg provide the most energy savings from a lower

attenuation factor point of view at all external wind velocities and across all seven studied
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configurations. At 10 m/s external wind velocity, C-Hs has the lowest attenuation factor of 0.1896, and
C-Hg has a low attenuation factor of 0.2041. C-H, has the highest attenuation factor value of 0.5172.

Fig. 5(b) shows the decrement delay of composite burnt brick wall enclosures at various external surface
heat transfer coefficients. C-Hs and C-H; provide the most energy savings with a higher decrement delay

at all external wind velocities across all seven studied configurations. At a 10 m/s external wind

velocity, C-Hs has the highest decrement delay of 9.9059 h, and C- s a high decrement delay of

8.9944 h. C-H; has the lowest decrement delay value of 6.4079 h.

attenuation factor point of view acrosgsa

external wind velocity, C-Hs ha on factor of 0.1965, and C-Hg also has a low

10 m/s externalf§and velocity, C-Hs has the highest decrement lag of 9.8365 h, and C-H7 also has a high

decrement lag of 8.953M. C-H; has the lowest decrement delay value of 6.4245 h.

Fig. 6. (a) Attenuation factor, and (b) decrement delay of composite mudbrick wall enclosures at various
external surface heat transfer coefficients.
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Fig. 7(a) shows the attenuation factor of composite laterite wall enclosures at various external surface
heat transfer coefficients. C-Hs and C-Hg provided the most energy savings from a lower attenuation
factor point of view across all seven studied configurations and at all external wind velocities. At 10 m/s
external wind velocity, C-Hs has the lowest attenuation factor of 0.1737 due to a higher thermal mass

offered by the insulation position. C-Hg also has a low attenuation factor of 0.1738. C-H; has the highest

attenuation factor value of 0.5364 because of the lower thermal mass all.

Fig. 7(b) shows the decrement delay of composite laterite wall enclosu t various external surface

external wind velocity, C-Hs has the highest

decrement lag of 8.7059 h. C-H; has the lo

Fig. 8 (a) shows the or of comp@gite cinder concrete walls at various external surface
heat trap effi ost energy savings with the lowest attenuation
factor ' configurations at all external wind velocities. At 10 m/s external wind
velocity, C- uation factor of 0.2544, and C-Hg also has a low attenuation factor of
0.2941. C-H; has highest attenuation factor value of 0.6044.

Fig. 8(b) shows the decrement delay of composite cinder concrete walls at various external surface
heat transfer coefficients. C-Hs and C-H; provide the most energy savings with a higher decrement lag
across all seven studied configurations at all external wind velocities. At 10 m/s external wind velocity,

C-Hs has the highest decrement lag of 8.857 h, and C-H7 also has a high decrement lag of 8.0459 h. C-

H; has the lowest decrement delay value of 5.6926 h.
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Fig. 8. (a) Attenuation factor, and (b) decrement delay of composite cinder concrete wall enclosures at
various external surface heat transfer coefficients.

3.3. Annual energy cost savings and life cycle cost savings of various wall designs and wall
materials

of insulation material. Because the quantity of insulation materialgi the designs of C-H; to

C-H5, the cost of insulation should be maintaine‘onsist i tions. The brunt

annual energy cost savings of 1.18, 1.03, 1.0 . . m?, respectively. Among all
configurations studied, C-Hs shows the 5 st savings for the four different

materials (i.e., burnt brick, mud bric

pact of configuration on insulation cost and life cycle cost savings.

Fig. 10 shows that the increase in the wind velocity or external heat transfer coefficient for the
configuration (C-Hs) leads to an increase in annual energy cost savings and life cycle cost savings. As
the wind velocity increased from 0 to 10m/s, there is increase in the annual energy cost savings of burnt

brick, mud brick, laterite stone and cinder concrete with expanded polystyrene in the order 103%
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(increase from 0.72 to 1.46 $/m2), 98% (increase from 0.70 to 1.38 $/m2), 133% (increase from 0.9 to
2.09 $/m?) and 84% (increase from 0.81 to 1.47 $/m?), respectively. At 2 m/s wind speed, the burnt
brick, mud brick, laterite stone, and cinder concrete recorded the annual energy cost savings of 1.25,
1.20, 1.71, and 1.29 $/m? respectively. As the wind velocity increased from 0 to 10 m/s, there is

increase in the life cycle cost savings of burnt brick, mud brick, laterite stone, and cinder concrete with

expanded polystyrene in the order of 345% (from 3.16 to 14.11 $/m (from 3.79 to 13.80 $/m?),

277% (from 6.35 to 23.97 $/m2) and 218% (from 4.49 to 14.28 $/m2), re ively. The increase in the

s and life cycle cost savings of various wall designs.

insulation, energy saving, and life cycle saving costs of CH-5 wall
enclosure at external wind velocity. The recommended order for the highest energy cost savings is
laterite, cinder conCtéte, burnt brick, and mud brick. The life cycle cost saving considers both energy
cost savings and investment costs of building materials. The recommended order for the highest life
cycle saving costs is laterite stone, cinder concrete, mud brick, and burnt brick. The mud brick shows
better life cycle costs than burnt brick due to its lowest investment cost.

Fig. 11. Building, insulation, energy saving, and life cycle saving costs of CH-5 wall enclosure at 2 m/s

external wind velocity.
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3.4 Payback periods of various wall designs and wall materials

Fig. 12 shows that the increase in wind velocity leads to a reduction in the payback period. As
the wind velocity increased from O to 10 m/s, the reductions in the payback period of burnt brick, mud
brick, laterite, and cinder concrete with expanded polystyrene are 50.63% (reduction from 10.37 to 5.12

years), 49.0% (reduction from 9.2 to 4.77 years), 57.1% (reduction from 7.67 to 3.3 year), and 45.11%

(reduction from 9.4 to 5.04 years), respectively. At 2 m/s wind spee t brick, mud brick, laterite

stone, and cinder concrete have payback periods of 6, 5.48, 4.03, and 5. ars, respectively. Among

lowest payback

all building materials studied, the laterite stone"th exp. po

period at all wind speeds.

building rials.

4. Conclusions

In this paper, we considered cost-effective external wall designs relevant to

C-Hs (with one insulation layer at the external side and another at the internal) is the best wall
envelope design configuration because it provides a lower attenuation factor, as well as highest
decrement lag values at all wind velocities among the seven, studied wall enclosure designs. Hence,

this wall enclosure design is the best to reduce heat gain by convection.
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523 e The variable with the greatest effect on outer building enclosure performance is the material used.

524 The laterite with C-Hs enclosure design offers the highest annual energy cost savings (1.71 $/m? at
525 2 m/s), highest life cycle cost savings (18.32 $/m? at 2m/s) and the lowest payback period (4.03 year
526 at 2 m/s) at all wind speeds as compared to the other studied building materials. The preference
527 order of building materials for high net annual cost savings and low payback periods is found as:
528 laterite stone > cinder concrete > mud brick >burnt brick.

529 A study of the thermal performance parameters is essential for nom#air-conditioned buildings,
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Nomenclature

Cobm Building material cost ($/m°)

Cins Insulation cost ($/m?)

Cinv Investment cost ($/m~)

Cp Specific heat [J/kgK]

Cs Wind speed [m/s]

D Discount rate [%]

E Electricity price ($/kWh) xternal surface resistance [m2K/W]

Eq4, Elements of composi ime [s]

Ei», transmission matri

Ei, Ex

f Base temperature [°C]

fi, f5, ternal temperature variation [°C]

f3, f4

Fe Internal temperature variation [°C]

g1, &, sol air temperature [°C]

g3, 84

hc Ucye Cyclic transmittance [W/m2K]

hr iati Thermal transmittance [W/m2?K]
[W/m® K]

hgext External surface heat transfer R Thermal resistance with insulation
coefficient [W/m2 K] [m2K/W]

hgine Internal surface heat transfer X Thickness of the wall [m]
coefficient [W/m2 K]

k Thermal Conductivity [W/mK] X Finite thickness [m]

K Geometry constant Y Admittance [W/m2K]

[ Insulation thickness (m)

Greek symbols
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Thermal diffusivity [m®/s] p density [kg/m’]

€ Emissivity of the wall [-] o Boltzmann constant [5.67 X 107
W/m’ K*|

0 Attenuation factor [-] [0} Decrement lag [h]
Abbreviations
BB Burnt brick HDD | Heating degree days
CNC Cinder concrete HDH | Heating degree-hours
COP Coefficient of performance LS Laterite stone
CDD Cooling degree days LSC | Life cycle saving cost
CDH cooling degree-hours MB Mud-brick
EP Expanded polystyrene p Cement plaste
ESC Annual energy saving cost PB Payback perio
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List of tables
Table 1 Thermophysical properties of building wall enclosure materials.

5. No. - . Thern‘la! Density Specific heat

Building material Code conductivity kg/m’] C, [I/keK]

k [W/mK] PlxE pLRE
1. Burnt brick BB 0.811+0.003 1820+7 880+0.02
2. Mudbrick MB 0.75+0.002 +6 880+0.01
3. Laterite stone LS 1.369+0.004 0+4 1926+0.04
4. Cinder concrete CNC 0.686+0.003 840+0.03
5. Expanded polystyrene EP 0.038+0.00 1340+0.05
6. Cement plaster P ‘72&0.00
transfer coefficients of
S. No.

) 1
coefficient hgey=——
Rsext

[W/m?K]
7.70
15.87
17.85
25.00
26.31
34.48
38.46
52.63

ding material cost of various building materials

Dimensions (m) No. of brick required $/m”
(LBH) /m?
1. Burnt brick 0.23x 0.101 x 0.076 108 7.5
2. Mud brick 0.23 x 0.101 x 0.076 108 6.6
3. Laterite stone  0.305x0.2x 0.2 15 6.89
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4,

Cinder concrete 0.41x0.2x0.2 11 7.4

Table 4 Parameters used for energy-econom

z
e

Parameter

e S R e e 1

e

Cooling degree-hours (CDH)
Heating degree-hours (HDH)
Unit cost of electricity (E)
Discount rate (D)

Inflation rate (f)

Insulation thickness (/)
Insulation cost (Cjys)
Coefficient of performance
Life cycle period of buildi
Present worth factor (P
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