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ABSTRACT: On average, India has more than 3000 Cooling Degree Days (CDD). The multifamily public
housing being constructed under India’s Prime Minister Awas Yojana (PMAY) scheme is aimed at providing
formal housing to the society’s Economic Weaker Section (EWS). It is essential that this housing delivers
thermally comfortable indoors to the occupants. This study mapped the design and construction practices
followed under PMAY Urban (PMAY-U) against India’s Residential Energy Building Code, Eco Niwas Samhita
(ENS). The metric prescribed in ENS is Residential Envelope Transmittance Value (RETV). For 80 PMAY-U
projects, information related to spatial design, and walling assemblies were collated. 30 projects were short-listed
for detailed analysis. The RETV for selected projects was calculated. The analysis demonstrated that walling
assemblies and technologies having a lower thermal transmittance value (U-value) resulted in meeting the ENS
code-compliant RETV number. The study further extended to assess the energy performance of the housing unit
by exploring the change in walling assemblies. The dwelling unit’s thermally comfortable hours and Energy
Performance Index (EPI) were reported to vary between 4145 and 6034, and 64 kWh/m2year and 68
kWh/m?2year respectively.

Keywords: Adaptive Thermal Comfort; Affordable Housing; Eco Niwas Samhita, ECBC — R, PMAY - U;
Residential Building Code.
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NOMENCLATURE

Residential Envelope  Transmittance

RETV Value of the building envelope (W/m?).

SHGC  Solar Heat Gain Coefficient.

U-wall Thermal transmittance value of the wall
(W/m? K).

U-roof Thermal transmittance value of the roof
(W/m? K).

WFR Window to Floor ratio.
Orientation factor of opaque/non-opaque

@i building envelope components.

Top Operative temperature (°C).

1. INTRODUCTION

The building envelope’s thermal characteristics
play a significant role in achieving thermal comfort,
reducing the energy demand and consumption.
Reliance on mechanical systems to achieve thermal
comfort impacts the environment negatively. The
electricity consumption owing to the use of air
conditioning systems and fans accounts for
approximately 20% of the total electricity used in
buildings, across the globe (International Energy
Agency, 2018). The combined negative
environmental impact of the increasing built-up area
and  frivolously  energy-consuming  buildings
necessitates a building envelope that provides
comfortable indoors throughout harsh outdoor
conditions, without much use of electricity. India has
more than 3000 Cooling Degree Days (CDD).
Metropolitan cities, especially the ones having Hot-
Dry or Warm-Humid climate (Figure 1 [a]), are the
worst affected; e.g., Ahmedabad having Hot-Dry
climate has 3514 CDD, Mumbai and Kolkata having
Warm-Humid climate have 3386 and 3211 CDD,
respectively, and Delhi and Hyderabad having
Composite climate have 2881 and 3221 CDD,
respectively (Sivak, 2009). Such high prevalence of
CDD expands the growth potential of mechanical
cooling and ventilation primarily room Air
Conditioners (AC), to achieve a comfortable indoor
environment (Somvanshi, 2019). This would lead to a
rise in residential energy consumption, estimated to
multiply by more than eight times by 2030. However,
this estimated increase can be moderated with policy
and market strategies prioritizing energy efficiency
(Global Buildings Performance Network, 2014).

The Indian government launched its ambitious
‘Housing for AIlI’ mission in 2015. Under this
mission, the Prime Minister Awas Yojana Urban
(PMAY-U) scheme aimed to address the urban
housing shortage among Economically Weaker
Section (EWS), Low-Income group (LIG), and
Middle-Income Group (MIG). As part of the program,
approximately 11.30 million houses have been
approved, and 5.1 million have been constructed so
far. This has attracted an investment of USD 100.26
Billion, out of which USD 14.86 billion have already
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been released as government assistance (PMAY (U),
2021). India’s Bureau of Energy Efficiency (BEE)
launched the voluntary Energy Conservation Building
Code-Residential (ECBC-R), also called Eco Niwas
Samhita (ENS), in 2018. It adopts a variation of Over
All Thermal Transfer Value (OTTV) (Rawal, et al.,
2018; Saidur, et al., 2009) called, Residential
Envelope Transmittance Value (RETV). RETV
determines a building envelope’s performance based
on the thermal transmittance of the walling (U-value)
and roofing assembly (U-roof), Solar Heat Gain
Coefficient (SHGC), and Solar Reflectance Index.

This paper presents a study aimed at
understanding the feasibility of applying ENS to
PMAY-U projects, bridging the gap between the
‘what is’ — the prescribed measures for code
compliance, to the ‘how to’ — steps involved in
assessing code compliance. Moreover, the study was
specifically aimed at perceiving the implication of
various walling technologies in achieving ENS
compliance. The study focused on the Affordable
Housing Projects (AHP) component of the PMAY-U
scheme developed under a partnership between
government and private real estate developers. While
other studies did attempt to evaluate a residential
building’s thermal performance using RETV, but
these efforts were limited to either one building or a
maximum of two climate zones (Agarwal &
Samuelson, 2021; Kumar et al., 2021); walling
assemblies used in affordable housing construction
and their impact on the indoor environment has also
been studied separately (Bardhan & Debnath, 2018;
Sen et al, 2014). This study simultaneously
encompasses several building envelopes across all
climate zones, variations in walling assembly, and
energy simulations.

2. METHODOLOGY

National Building Code (NBC, 2016) and Energy
Conservation Building Code (BEE, 2018) have
divided India into five climate zones namely Hot-Dry,
Warm-Humid, Temperate, Composite, and Cold. As a
first step, information of various PMAY-U projects
was retrieved from secondary sources — i.e., public
domain government websites (Government of
Rajasthan, Local Self Government Department 2018;
Govt. of Himachal Pradesh, Directorate of Urban
Development 2014; Govt. of India, BMTPC n.d.;
Govt. of India, Ministry of Housing and Urban Affairs
2018; Govt. of India, Ministry of Housing and Urban
Affairs 2018; Govt. of Jharkhand, Urban Development
& Housing Department 2019; Govt. of Karnataka,
Karnataka Slum Development Board 2016; Govt. of
Maharashtra 2016; Govt. of Maharashtra 2017; Govt.
of Maharashtra 2018; Govt. of Maharashtra 2019a;
Govt. of Maharashtra 2019b; Govt. of Punjab, Punjab
Urban Development Authority n.d.; Govt. of Tamil
Nadu, Tamil Nadu Slum Clearance Board 2017;
MHADA n.d.; MHADA n.d.; MoHUA n.d.; Union
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Territory of Daman, Daman Municipal Council 2017;

UPAVP n.d.).

An initial list of 80 projects was compiled with
details related to [a] availability of the building’s
technical drawings, [b] construction material, [c]
climate zone, and [d] status of completion. Figure 1[a]
shows the distribution of those 80 projects based on
their climate zone.

The initial list was filtered based on the availability
of the building’s technical drawings. The filtered
projects, i.e., the ones for which technical drawings
were available, were sampled considering the
following parameters:

o Walling assembly: This type and magnitude of
residential construction needs to be economical,
time-bound, and have a long service life. The
Building Materials & Technology Promotion
Council (BMTPC) identified and elaborated
innovative walling assemblies and technologies
which would not only be resource-efficient but
also optimize construction time (MoHUA, 2020).
Separate model projects called the Light House
Projects (LHP) are aimed at understanding the
intricacies of  transferring such  walling
technologies to the field. Thus, an effort was made
to capture the variety of walling assemblies and
technologies.

e Climate zone: Figure 1[b] shows the distribution
of sampled projects (n=30) based on their climate
zone. This sampling criterion ensured that there
was at least one project from each climate zone.

1[a]

Warm-humid
Composite

Temperate 33 22
Cold

e Stage of construction: Projects were categorized
into either of the following - [a]
proposal/planning stage, [b] under construction, or
[c] completely constructed. This helped in
mapping out the change in building/construction
material over time.

The sampling resulted in a finalized sub-list of 30
projects (hereafter known as selected projects). Each
selected project consisted of one or more apartment
building blocks, having an average of 6 floors
(minimum 2, maximum 36). The dwelling units had a
1BHK (Bedroom Hall Kitchen) configuration, and
carpet area in the range of 22.8 m? to 55.1 m?. Figure
1[c] shows the distribution of buildings (n=92),
belonging to selected projects (n=30), based on their
climate zone. Figure 2 mentions various walling
assemblies and technologies used in the construction
of selected projects. The majority of projects (n=19)
used conventional walling assemblies like burnt-clay
and fly-ash bricks, AAC, or concrete blocks.
However, the remaining projects (n=11) employed
innovative technologies/assemblies like Reinforced
EPS core panel or Glass Fiber Reinforced Gypsum
system.

The technical drawings of all selected projects
were digitized to *.dwg format. The RETV of all
buildings (n=92) from the selected projects was
calculated using the ENS Compliance check tool. The
RETV formula (BEE, 2018) is as mentioned in
Equation. 1:

1[c]

Figure 1. Distribution of — [a] 80 projects for which information was gathered, [b] selected projects (n=30), [c] buildings

from selected projects (n=92) — as per climate zone.

126



Thermally Comfortable Affordable Housing: A Study on Residential Building Code in India

Structural Stay in Place Formwork System
Solid concrete block

Reinforced EPS Core Panel System
Precast wall and slab

Monolithic RCC

Glass Fiber Reinforced Gypsum (GFRG)
Fly ash bricks

EPS core with gypsum plaster

Burnt clay bricks

AAC blocks

Walling material
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Figure 2. Distribution of selected projects based on walling assembly.

RETV = —

Aenvelope

X {[a X Z?:l(AopaquEi X Uopaque; X wiwi)] + [b X%

n
i=1

(1)

(Anon—opaquei X

Unon—opaquei X wi)] + [C X Z?=1(Anon—opaquei X SHGCeqi X)]}

Aenverope. ENvelope area (excluding the roof) of
dwelling units (m?). It is the gross external wall
area including the area of the walls and the
openings such as windows and doors.

Aopaque; AN Anon_opaque; - Areas of different
opaque and non-opaque building envelope
components, respectively (m?)

Uspaque; and Unon—opaque;- Thermal
transmittance of different opaque and non-opaque
building envelope components (W/m2K)

SHGC,q; : Equivalent solar heat gain coefficient
values of different non-opaque building envelope
components

w;: orientation factor of respective opaque and
non-opaque building envelope components; it is a
measure of the amount of direct and diffused
solar radiation that is received on the vertical
surface in a specific orientation

For each of the buildings, the dimensions and U-
value of the walling and roofing assembly, and
dimensions of windows, doors, ventilators, and their
overhangs were input manually into the tool, which in
turn returned RETV, Window to Floor ratio (WFR),
and U-roof as output parameters. Table 1 give the
compliance values for output parameters. Note that
only the walling assembly’s U-value was taken into
account for RETV calculation, while the U-roof was
returned as an independent output parameter. Previous
studies mention that for low-rise buildings the roofing
assembly’s impact on heat transfer is more significant
than that of the walling assembly (Al-Tamimi, 2021).
However, this study chose to only study the influence
of the walling assembly’s heat gain on the building
envelope, owing to the following reasons:

A typical PMAY-U building was mid-rise, having
6 floors.

Innovation and variation in construction materials
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and assemblies across the nation.

The ENS code only takes the walling material’s
U-value into account for RETV calculation. The
U-roof has been prescribed to be limited to 1.2
W/m?K, to reduce heat gain from the roof.

This study assessed the change in a case-study
building’s energy performance corresponding to the
change in its walling assembly. Figures 3, 4, and 5
illustrate the unit, and floor plan, and section of the
building situated in Ahmedabad’s Hot-Dry climate;
the building had 14 floors, having 16 dwelling units
(carpet area: 27.2 m?) on each floor, and using fly-ash
bricks as walling material. Figures 6, and 7 establish
various conventionally (‘A’ to ‘F’) and non-
conventionally (‘G’ to ‘R’) used walling assemblies,
and their nomenclature, i.e., W_ID. The U-values of
these walling assemblies (except ‘A’ and ‘B’) were
referred from Rawal, et al.’s study (2020) and can be
seen in Fig. 11.
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—
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All dimensions are in mm
Figure 3. Case-study dwelling unit plan.
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Table 1. ENS Compliance limits.

Parameter\Climate Hot-Dry Warm-Humid Composite Temperate Cold
Min WFR (%) 10 16.6 125 125 8.3
Max U-roof (W/m? K) 12 1.2 1.2 1.2 1.2
Max RETV (W/m?) 15 15 15 15 1.8
Table 2. Electrical appliance inputs for simulation.
Location Equipment Nos. Wattage (W) Location  Equipment Nos. Wattage (W)
Bathroom LED light 1 9 Toilet Incandescent bulb 1 60
LED TV 1 37 Kitchen LED light 1 9
Drawing CFL bulb 1 20 LED light 2 9
room Tube light 1 28 Bedroom
Fan 1 75 Fan 1 75
l‘r
¢ u| m u| O O

N

i
!

il
2=l

i
=2

l
T

— =

> =

u

L

ul

Figure 4. Floor plan of the case study.
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Figure 5. Section A-A of the case study.
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The building’s walling assembly was sequentially
changed from ‘A’ to ‘B’, ‘C’, ‘D’, till ‘R’, keeping
other input parameters constant. The RETV
corresponding to each change was calculated.
Furthermore, the implication of changing the walling
assembly on the building’s energy efficiency was
explored by conducting energy simulations, using
EnergyPlus version 9.3. Here, only the walling
assembly was varied, keeping all other parameters,
such as roofing assembly, door, window details, etc.,
unchanged. The floor-to-floor height was taken to be 3
m; the roofing assembly comprised of 4 mm thick
ceramic glazed tiles, 50 mm thick cement screed, 150
mm thick RCC slab, and 15 mm thick internal plaster,
having a resultant U-value of 3.89 W/m2K. Windows
were taken to be 6 mm thick single glazed clear glass
having a U-value of 5.8 W/m?K, and SHGC 0.8. The
building was taken to be operated in mixed mode, with
the room split Air Conditioner (AC) being run at 28°C
between 10 pm and 6 am only in the bedroom, while
the rest of the house was in naturally ventilated mode.
The average household size was 4 — comprising 2
adults and 2 children. The electrical equipment load
input can be found in Table 2. The Energy
Performance Index (EPI) and thermally comfortable
hours were the output of simulations. Please note that
the simulation results could not be validated owing to
the lack of a baseline.

A B
Fly ash bricks
U-value =2.16 W/m? K

225 mm thick
Fly-ash brick

4-5 mm thick
cement mortar

12 mm thick
cement plaster

E

ENS-AAC blocks
U-value = 0.99 W/m? K

. A Study on Residential Building Code in India

3. RESULTS

Figure 8 shows the RETV variation across various
climate zones. Referring to Table 1, Fig. 2, and Fig. 8
simultaneously, it can be observed that the RETV of
most of the projects from Hot-Dry and Composite
climate was non-compliant, while that of the projects
from Warm-Humid, Temperate, and Cold climate was
compliant. This could be attributed to the use of
regionally preferred walling assemblies; assemblies
used in Hot-Dry and Composite climate were found to
have higher U-values, while those used in Warm-
Humid, Temperate, and Cold climate had relatively
lower U-values (refer Fig. 11 and Fig. 8). The
correlation between walling material’s U-value and
the envelope’s RETV is seen to be established in Fig.
10. The RETV variation across various spatial
orientations can be seen in Fig. 9. The mean RETV
was found to be the lowest for the East-West (E-W)
orientation, i.e. when the building’s longer side would
be parallel to the E-W axis.

The remaining output parameters of the ENS
compliance tool were WFR and U-roof. The WFR for
the majority of the buildings (63 out of 92) was found
to be compliant with ENS; no statistically significant
correlation between RETV and WFR was found. The
U-roof for the majority of the buildings (89 out of 92)
was found to be non-compliant with the ENS value.

C

Rat-trap bond wall

U-value = 1.67 W/m? K
%

Cavity

230 mm thick
burnt clay brick

150 mm thick
AAC block
| 4-5 mm thick
cement mortar

10 mm thick
cement mortar

12 mm thick
cement plaster

12 mm thick
cement plaster

F

Light gauge framed steel
structure with EPS

Light Gauge framed steel
structure with PPGI Sheet

U-value = 1.63 W/m* K

U-value = 1.19 Wim* K
15 mm thick gypsum board
1S 2019 (part-1): 2011
05 mm thick concrete

Wire mesh

25 mm thick EPS board

[ Nogging

Nogging

| C-section studs on 610
mm grid

. . PGPI (Pre-Painted
15 mm thick gunniting
conforming to IS H012:1978

Figure 6. Walling assemblies and corresponding 1D for ‘A’ to “F’.
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15 mm thick gypsum

board 15 2019 (part-13: 2011
95 mm thick cavity

5 mm thick Vapor barrier

Galvanized Iron) sheet

Reinforced EPS core Panel
system
U-value = 0.91 W/im? K

\W
]

5 mm thick shotcrete

3 mm dia galvanized connector wires

l_at 150mm c/c
'\_ 3 mm dia galvanized

transverse wires at 73mm c/c

3 mm dia galvanized
| longitude wires at 80mm c/c

50-160 mm thick expanded
sintered polystyrene

in accordance with UNI NE
13163:2013 /15 4671: 1984 having
density 12-15 kg/m*
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G

Glass fiber reinforced
gypsum panel —unfilled
U-value = 1.56 W/m? K

H

Glass fiber reinforced
gypsum panel -with RCC &
non-structural filling
U-value =1.72 Wim? K

|

Glass fiber reinforced gypsum panel
-with partial RCC filling

U-value = 1.53 W/im? K

o
o A -
A % AN 15 mm thick Class 1
\q’f._ . 15 mm thick Class 1 \1‘&0/:' -y . ‘/.,) g wa::rn: - ga::de
- water resistant grade \ '.-f\_l_ls mm lh_":k Class 1 - GERP Panel
GFRP Panel e g:l];rpr;slste;nt grade
ane|
mm thick cavity 94 mm thick cavity filled
with non-structural core
filling
94 mm thick cavity
(every 3% or 4™ ) filled 94 mm thick cavity (every
ith M20 concrete and 37 or 4% ) filled with M20
reinforced with 8mm dia conerete and reinforced
steel bar with 8mm dia steel bar
J K L
Brick wall Bamboo-crete Wattle and daub

U-value = 1.67 W/m? K

ny

M
Stabilized adobe
U-value = 1.50 W/im*K

5

P

Compressed Stabilized Earth

block wall
U-value = 1.59 W/m*K

230 mm thick burnt clay brick <2
R

10 mm thick cement mortar

12 mm thick
cement plaster

0 x 70 mm frog

230 mm thick stabilized
adobe block

13-15 mm thick mud

mortar

230 mm thick compressed

o stabilized earth block
3
]
7-9 mm thick mud mortar

U-value = 1.82 Wim 2K

4-6 mm thick hollow-split bamboo
distanced at 100mm ¢/c medially
and laterally

10-12 mm dia grid of steel
chicken wire-mesh

20 mm thick cement
. plaster on both sides

N
Laterite block wall
U-value = 1.61 W/im?K

o,
o

block

maortar

Q
Unstabilized compressed earth
block wall

U-value = 1.42 Wim*K

stabilized earth block

x 70 mm frog 0 x 70 mm frog

>

205 mm thick laterite

13-15 mm thick mud

230 mm thick compressed

U-value = 2.09 Wim*K

2-3 mm thick 20-25 mm wide
bamboo slats di d
medially and laterally

20 mm thick daub
(mud plaster) on
both the sides

[0}
Unstabilized adobe
U-value = 1.57 W/im*K

230 mm thick unstabilized
adobe block

13-15 mm
thick mud
mortar

R
AAC block wall assembly
U-value = 0.45 Wim?K

& 200 mm thick
'f’g}. AAC block
4-5 mm thick

cement mortar

20 mm thick
ICYPLAST
7-9 mm thick mud mortar insulation
13-15 mm thick mud mortar 1315 mm thick mud mortar layer (on
both sides)
Figure 7. Walling assemblies and corresponding ID for ‘J’ to ‘R’.
Figure 11 depicts the U-value and corresponding  the conventional walling assemblies. New and

RETYV range for various walling assemblies. It can be
gathered that Extruded Poly Styrene (EPS) based
walling assemblies had lower U-value, hence, the
RETV range was on the lower side. AAC blocks were
found to have the lowest U-value and RETV amongst
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innovative technologies like monolithic RCC or
precast wall and slab had a relatively higher U-value
and RETV.

Further on, the implication of varying the walling
assembly on the building’s energy performance was
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explored. The walling assembly of the case study was
changed to the W_IDs mentioned in Figs. 6, and 7;
the RETV corresponding to each change was
calculated. The Energy Performance Index (EPI) and
thermally comfortable hours (for 80% satisfaction as
per IMAC 2014 Natural Ventilation model) were also
derived, for each change.

Figure 12 shows the U-value and RETV for the
respective alternatives. Assemblies with a lower U-
value resulted in lower RETV. This correlation was
corroborated by Fig. 10. Hi-tech walling assemblies
’D’ to ‘H’ yielded RETV close to compliance value,
non-conventional assemblies ‘K’ to ‘R’ performed
similarly. Interestingly, both ‘B’ and ‘R’ had the same
component — AAC blocks, yet the difference between
their U-values was 0.54 W/m? K. The ENS specified
U-value of AAC blocks was used for ‘B’; it was the
U-value of just the block. The U-value of ‘R’ was
determined by a Guarded Hot Box experiment
(Rawal. et. al., 2020); it was the resultant U-Value of
the AAC blocks + heat-insulating, self-curing mortar
assembly. The lowest U-value and RETV were
achieved by ‘R’.

Figure 13 illustrates the EPI and thermally
comfortable hours across the walling assemblies. The
non-conventional assemblies ‘K’ to “‘Q’ had relatively
higher EPI than the conventional ones. The thermally
comfortable hours across the assemblies ranged
between 5000 and 5500 (out of 8760 hours in a year).

The innovative walling assemblies ‘D’ and ‘F’
yielded the lowest RETV and EPI while providing
relatively more thermally comfortable hours.
Amongst conventional assemblies, AAC blocks (‘B’)
were found to have relatively lower RETV and EPI,
and more thermally comfortable hours.

Figure 14 illustrates the range of indoor Operative
Temperatures (Top) of one dwelling unit on the 2™
floor during the day (6:00 AM to 6:00 PM) and night,
across all walling assemblies. Studying Figs. 12, 13,
and14 simultaneously, the Top range across ‘A’ to *J’
is similar, with the average day Top being lower than
that in the night. While ‘M’ to ‘R’ follow the opposite
trend — average night To, lower than that in the day;
likely due to relatively high U-values, thus, resulting
in lesser comfortable hours. Also, ‘K’ and ‘L’, having
comparatively higher RETV, have a wider gap
between the average day and night Top.

Figure 15 shows the difference in EPI and energy
consumption concerning that of the baseline (‘A%);
Figure 16 shows the difference in equivalent CO;
emitted and its savings (%) for all walling assemblies.
Non-conventional walling assemblies (‘K’ to ‘R’ in
Table 2) provided RETV close to ENS compliant
value, but, resulted in higher energy consumption and
CO; release relatively. Walling assemblies having
insulation (‘D’ to ‘I’) had the potential to reduce
operational energy consumption and CO- release by
2%.

: A Study on Residential Building Code in India

RETV (W/m?)

Hot- Dry
Warm-
Humid

Composite
Temperate

Climate Zone

- - - ENS compliant RETV [_]RETV

Figure 8. RETV variation across different climate zones.

e
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E-W

RETV (W/m?)

N-S NW-SE NE-SW

Orientation

- - -ENS compliant RETV  [_|RETV

Figure 9. RETV variation across different orientations.
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Figure 17 depicts the compounded impact of
operational energy consumption and equivalent CO,
emitted by respective assemblies, at the city

Graham, Priyanka Bhanushali, and Arjun Desai

required much less operational energy, thus, emitted
less equivalent CO,. Amongst the conventional
assemblies, AAC blocks (‘B” and ‘R”) were deemed
to be the best performer.
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4. DISCUSSION

The analysis showed a strong correlation between the
U-value of the walling assembly and the envelope’s
RETV. Moreover, the mean RETV was lowest for
buildings with an E-W orientation. This study brings
out the following design-level simplistic, changes
which could be easily implemented for significant
improvement in the building’s thermal performance:
Selection of appropriate walling material or
assembly: The walling material is often selected
by prioritizing the speed and cost of
construction, with a reduced cognizance of its
thermal characteristics. Selection of walling
assemblies with an insulating layer is advisable,
also suggested in Bardhan & Debnath’s study.
For example, constructing monolithic or precast
RCC walls in a Hot-Dry climate is likely to be
cost and time-efficient, but can prove to be
unadvisable from the perspective of thermal
performance. RCC has a higher U-value and will
facilitate the inflow of excess heat into the
building; however, walling assemblies with
insulation, such as EPS or glass fibre, with a
relatively lower U-value, would allow a
significantly lower amount of heat into the
building. It is also advisable to utilize thermally
insulating mortars/plasters when the usage of
insulation-based walling assemblies is not
feasible. For example, as mentioned in Fig. 12,
the walling assembly consisting of AAC blocks
and a heat-insulating mortar has a U-value of
0.45 W/m?K and the lowest RETV (9.35 W/m?),
but the assembly yielded relatively higher EPI
and fewer comfortable hours in comparison to
the other assemblies. Therefore, it is pertinent to
balance the tradeoffs between RETV, EPI, and
thermal comfort. Another study highlights how
optimizing the window material thickness could
reduce the SHGC, thus, improve the thermal and
energy performance of a building (Kumar et al.,
2021).

Optimizing building orientation: As a part of the
initial building design process, assessing various
building orientations and calculating their
corresponding RETVs can be helpful.

Maintaining WFR: A statistically significant
correlation between RETV and WFR was not
found; however, the building’s WFR must comply
with ENS due to its influence on the ventilation
rate.

Providing appropriate roofing insulation: As
mentioned in Section 3, the U-roof for most of the
projects was non-compliant with the ENS-
specified value. Even though the U-roof is not
considered for the RETV calculation, a higher U-
roof can lead to uncomfortable thermal conditions
on the top floor, also suggested in Indraganti's
study.
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Another study (Agarwal & Samuelson, 2021)
underlined how the ENS does not provide insights into
the building envelope performance based on regional
climatic context.

5. CONCLUSION

This study provides insight into the PMAY-U housing
in context to the residential energy building code
ENS. The data collection started with compiling
information on 80 PMAY-U projects from secondary
sources. Using filtering and sampling criteria, such as
availability of technical drawings, construction
material, climate zone, etc., a sub-list of 30 projects
was finalized. These selected projects had one or
more apartment building blocks. The RETV of all
buildings was calculated using the ENS compliance
tool. The analysis showed that the walling assembly’s
U-value and the building’s orientation had a
significant impact on the building’s thermal
performance. AAC blocks were found to have the
lowest U-value and RETV. New and innovative
construction technologies like precast wall and slab,
and monolithic RCC had relatively higher U-value
and RETV. Furthermore, the implication of a change
in walling assembly on a building’s thermal and
energy performance was assessed by calculating the
Energy Performance Index (EPI) and thermally
comfortable hours. For a case study, the RETV, EPI,
and thermally comfortable hours corresponding to
various walling assemblies, conventional and non-
conventional, were calculated. The new and
innovative walling assemblies with insulation had a
lower U-value, RETV, EPI, and provided relatively
more comfortable hours. These assemblies had the
potential to reduce the building’s operational energy
demand by up to 2%. This 2% reduction on a building
level can be amplified multifold on a city level.
Hence, this study reinforces the potential of ENS code
in making better-informed decisions for the design
and construction of efficient buildings. The authors
recommend that the thermal characteristics of the
walling, roofing, and window materials be paid more
consideration. Moreover, by evaluating the RETV for
various orientational permutations, the thermal
performance of the envelope could be optimized., in
addition to improving energy efficiency, resource
usage, and occupant comfort.
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