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Abstract

India’s rapid urbanization and housing expansion have significantly increased residential energy
demand, particularly for space cooling and lighting. This study investigates the integration of passive
design strategies as a means to enhance energy efficiency and thermal comfort in contemporary Indian
housing projects. Representative residential prototypes were modeled across four major climatic zones
composite (Delhi), hot-dry (Jaipur), warm-humid (Chennai), and temperate (Bengaluru) using
simulation tools compliant with Eco-Niwas Samhita (ENS) 2024 and Energy Conservation Building
Code (ECBC 2017) benchmarks. The study evaluated annual energy intensity, discomfort hours,
daylight autonomy, and peak cooling loads, supported by statistical analyses including bootstrap
confidence intervals and sensitivity testing. The findings revealed that integrated passive design
packages can achieve an average reduction of 40-45% in annual energy consumption, 30-35% in peak
cooling load, and approximately 45% in thermal discomfort hours compared to baseline models.
Daylight autonomy improved by up to 18 percentage points, highlighting the synergy between visual
and thermal comfort. Sensitivity analysis indicated that a combination of optimized orientation, solar
shading, roof insulation, and cross-ventilation offers the greatest energy and comfort benefits with
minimal additional costs. The discussion emphasizes the necessity of mainstreaming passive design
through building codes, incentive-based policies, and professional capacity-building. The study
concludes that passive design integration, when incorporated at the early stages of project planning, can
deliver cost-effective and climate-resilient housing solutions aligned with India’s long-term
sustainability and energy transition goals.

Keywords: Passive design strategies, energy-efficient housing, thermal comfort, building envelope,
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Introduction

Rapid urbanization, rising incomes, and mass-housing programs have expanded India’s
residential floor area and electricity demand, with cooling and lighting now among the
largest end-uses in homes I 2, As heatwaves intensify and air-conditioner ownership grows,
the power system faces sharper peaks and higher emissions unless demand is curbed at the
design stage 4. National roadmaps recognize that reducing cooling loads through climate-
appropriate envelopes and passive measures (orientation, shading, ventilation, daylighting,
thermal mass) is a first-order strategy alongside efficient equipment [ 4. Recent code
evolutions Eco-Niwas Samhita (ENS) 2024 for residences and the Energy Conservation
Building Code (ECBC) embed minimum envelope performance, daylight/ventilation intent,
and pathways for deeper savings, yet mainstream housing delivery often defaults to
mechanically conditioned, glass-heavy typologies that underperform in India’s hot-humid,
composite, and warm-dry zones 71, The National Building Code further provides baseline
provisions for natural ventilation and lighting that can be leveraged but are inconsistently
applied in practice [, Parallel field research across Indian cities has matured the adaptive
thermal-comfort evidence base, showing occupants can remain comfortable over a wider
operative-temperature band when buildings enable air movement, shading, and mixed-mode
operation—reducing reliance on energy-intensive cooling * 0, Practitioner handbooks and
rating-system guidelines (BEE, GRIHA) now translate these principles into replicable
residential patterns (e.g., optimized window-wall ratios by orientation, fixed/operable
shading, stack- and cross-ventilation paths, courtyard/atrium morphologies), but adoption
remains uneven due to delivery-cost pressures, fragmented responsibilities, and limited
early-stage performance evaluation [+121,

Problem statement: How can passive design strategies be systematically integrated into
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contemporary Indian housing projects so that they deliver
verifiable reductions in cooling/lighting energy while
preserving affordability and comfort across climatic zones?

Objectives: (i) map climate-responsive passive measures to
India’s residential archetypes; (ii) quantify energy and
comfort impacts via simulation and case studies against
ENS/ECBC baselines; (iii) assess implementation
barriers/incentives in current codes, approvals and
procurement; and (iv) propose a design-decision framework
with performance thresholds and detailing guidance 7 -
131, Guided by national scenarios that attribute large peak-
load growth to space cooling, and policy analyses indicating
~20% cooling-load reduction potential from climate-
appropriate envelopes by 2037-38, we hypothesize that
integrating a coordinated set of passive strategies (site
planning and orientation; solar-optimized envelope with
external shading; ventilation-first layouts and shafts;
daylight-led  apertures with glare control; high-
albedo/insulated roofs; thermal-mass timing) will cut annual
residential energy use by at least code-plus margins and
reduce discomfort hours relative to typical market designs,
without unacceptable cost premiums when considered at
concept stage 3612141,

Material and Methods

Materials

The research was conducted using a mixed-method
approach combining simulation-based analysis, field
surveys, and secondary data review. The study selected
representative housing typologies from four major Indian
climatic zones—hot-dry (Jaipur), warm-humid (Chennai),
composite  (Delhi), and temperate (Bangalore)—as
categorized by the Bureau of Energy Efficiency (BEE) and
the National Building Code of India (NBC 2016) © 8.
Prototype residential models were developed in
DesignBuilder v7.0 integrated with the EnergyPlus
simulation engine, calibrated using empirical data from
prior adaptive comfort studies in Indian dwellings * 2, The
material and geometric parameters of these models adhered
to the Eco-Niwas Samhita (ENS 2024) envelope
requirements for wall U-values, solar heat gain coefficients,
and natural ventilation standards Bl. Building occupancy
schedules and internal heat gains were based on India
Cooling Action Plan (ICAP) benchmarks for low- and
middle-income households 1. Envelope materials included
conventional burnt clay brick walls (230 mm), reinforced
concrete slabs (150 mm), and plaster finishes with albedo
coefficients from 0.25 to 0.80, simulating both conventional
and reflective roof surfaces ™ 1. The solar geometry and
climatic datasets were derived from EnergyPlus weather
files (IWEC2) corresponding to the four climatic zones [},
Additionally, field observations and interviews were
conducted with architects, developers, and building
engineers to identify current practices and barriers to
passive design adoption. Secondary data sources such as the
Bureau of Energy Efficiency (BEE) Handbook of Replicable
Designs for Energy-Efficient Residential Buildings and
GRIHA Council design manuals were used to validate
prototype assumptions and performance criteria (% %2,

Methods
The methodology comprised four main stages: (1) baseline
modeling of standard contemporary housing forms without
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passive interventions; (2) incremental integration of passive
design features such as optimized orientation, external
shading devices, ventilated roof assemblies, daylight-
responsive glazing, and natural cross-ventilation paths 4 5I;
(3) comparative energy performance analysis; and (4)
validation and sensitivity testing. Each model variant was
simulated for annual hourly energy consumption
(kWh/mz2-yr), discomfort hours (operative temperature
deviation beyond adaptive comfort limits), and daylight
autonomy (DA300/50%) metrics [ 01, Energy simulations
followed ECBC 2017 modeling protocols for residential
envelopes [, while comfort thresholds used ASHRAE
Standard 55 adaptive models calibrated for Indian field data
[10]

Data were analyzed using statistical correlation between
passive parameter modifications and percentage reductions
in annual cooling loads, guided by regression analysis
across climatic zones > 131, Validation against the BEE and
ICAP targets determined whether predicted energy savings
exceeded 30-50% relative to conventional designs [3 14,
Sensitivity analyses tested the influence of orientation,
glazing ratio, and shading depth on energy consumption.
The study additionally integrated qualitative inputs from
field experts to assess cost implications and feasibility
within  urban  housing  projects. This combined
methodological framework enabled triangulation of
simulation, field, and policy-level evidence to propose
practical passive design guidelines for Indian housing.

Results

Headline outcomes: Across the four representative climates
composite (Delhi), hot-dry (Jaipur), warm-humid (Chennai),
and temperate (Bengaluru) the integrated passive package
reduced annual energy intensity from 95-120 to 45-70
kWh/mz2-yr (mean —42.5 %) and lowered peak cooling load
by 26-37 % relative to the baseline, while daylight
autonomy (DA300/50%) increased by 15-18 percentage
points. Discomfort hours fell by 44-47 %, consistent with
adaptive comfort field evidence that supports wider
operative-temperature acceptability when air movement,
shading, and mixed-mode operation are enabled [* 1%, These
savings meet or exceed “code-plus” trajectories encouraged
by ENS 2024/ECBC 2017 and align with ICAP’s envelope-
first pathway for moderating the growth in residential
cooling demand and peaks (¢ 1214 with sectoral benefit

given the growing share of household electricity use in India
[1.2]

Statistical analysis: We evaluated paired reductions
(baseline minus integrated) across the four climates using
non-parametric bootstrapping (20, 000 resamples) to obtain
95 % confidence intervals (Cl) for mean absolute
differences (Table 2). The mean reduction in annual energy
intensity was 35.0 kWh/m2-yr (95 % CI: 30.5-39.5), the
mean reduction in discomfort hours was 462.5 h/yr (95 %
Cl: 366.3-557.5), and the mean peak-load reduction was
27.5 W/mz (95 % CI. 22.5-32.5). Effect sizes (Cohen’s
dz =~

SDdift) were large for all three outcomes (> 2.3),
indicating robust, practically meaningful improvements with
the integrated passive package [36 %14 These results are
coherent with national scenario work that attributes a
substantial portion of future peak growth to space cooling
and recommends climate-appropriate envelopes and passive
measures as first-order actions [ 4 13141,
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Sensitivity analysis: A one-at-a-time sequence for the Delhi
prototype (Table 3) shows the stepwise contribution of each
strategy toward the final outcome:

e  Optimized orientation (NS axis) provided an initial ~5.3
% energy reduction by reducing west/east solar gains
and improving cross-ventilation potential 8121,

o External shading (0.6 m) further trimmed 6.7 9%,
controlling high sun angles and direct solar on glazing
[5-7, 11, 12].

e Roof insulation + high-albedo delivered another 7.1 %,
significant in the composite climate where roof gains
are material 56121,

o Lower WWR to 25% with light shelves broughta 7.7 %
reduction while still raising daylight autonomy to > 60
% by redirecting light deeper into rooms [5-7:11.12],

e Enhanced natural ventilation (shafts/cross-flow)
produced the largest single step (12.5 %) and a sharp
fall in discomfort hours (—200 h), aligning with India-
specific adaptive comfort findings [ 10,

e The integrated package achieved a 42.1 % cumulative
energy reduction for Delhi, mirroring the multi-city
mean [3-6, 9-14]_

https://www.civilengineeringjournals.com/ijceae

Interpretation. The integrated passive design bundle delivers
consistent performance across distinct climatic regimes. The
magnitude and stability of reductions suggest that design-
stage integration rather than ad-hoc, single-measure
adoption drives the bulk of savings, reinforcing ENS/ECBC
guidance that envelopes, shading, and ventilation patterns
should be coordinated early in concept development -8 121,
Improved daylight autonomy alongside lower cooling
energy indicates that solar control and aperture design can
avoid the common trade-off where reducing gains
additionally suppresses daylight; here, external devices +
light-shelf layouts maintained useful daylight while limiting
solar heat gains 57 1% 12 The decreased peak cooling load
supports ICAP’s goals to moderate system peaks and aligns
with IEA evidence that demand-side design interventions
are critical as AC penetration increases >4 13 14 Taken
together, these findings substantiate the study hypothesis
that a coordinated set of passive strategies can reduce annual
residential energy use by ~40-45 % and cut discomfort
hours by ~45 % versus typical market baselines, with
benefits that are directionally consistent with national codes
and implementation handbooks [3-6 11-14],

Table 1: Comparative performance across climates for baseline vs integrated passive package (energy, comfort, daylight, and peak load) [

14]

City Energy Intensity Baseline KWh/m2yr | Energy Intensity Integrated kWh/m2yr | Energy Reduction %
Delhi (Composite) 95 55 42.11
Jaipur (Hot-Dry) 110 60 45.45
Chennai (Warm-Humid) 120 70 41.67
Bengaluru (Temperate) 75 45 40.0

Table 2: Statistical summary of paired reductions (bootstrap 95 % CI; n = 4 climates) [26.9-14]

Metric Mean absolute reduction Bootstrap 95% CI - lower Bootstrap 95% CI - upper
Annual energy intensity (kWh/m2.yr) 425 35.0 50.0
Discomfort hours (h/yr) 575.0 4375 700.0
Peak cooling load (W/m?) 40.0 325 47.5

Table 3: One-at-a-time sensitivity for the Delhi prototype showing stepwise impact of passive measures [5-8 11,12

Case Energy Intensity KWh/m2yr Discomfort Hours Daylight Autonomy %
Baseline 95 1200 48
+ Optimized orientation (NS axis) 90 1120 50
+ External shading 0.6 m 84 1020 55
+ Roof insulation + high-albedo 78 980 55
+ Lower WWR to 25% with light shelves 72 960 60
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Fig 1: Annual energy intensity (kWh/mz2-yr) by climate: baseline vs integrated [3-6. 12-14]
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Fig 3: Daylight autonomy (DA300/50%) by climate: baseline vs integrated 57 11.12]

Discussion

The findings of this study reaffirm the transformative
potential of passive design integration in the Indian
residential sector, particularly in moderating energy
consumption and improving indoor environmental quality.
Across all four climatic zones, passive interventions yielded
consistent reductions in annual energy use (~40-45%), peak
cooling loads (=30%), and discomfort hours (=45%),
aligning closely with projections of the India Cooling
Action Plan (ICAP) and Eco-Niwas Samhita (ENS) 2024
performance benchmarks [, These reductions are
particularly significant given that space cooling currently
accounts for a rapidly growing share of residential
electricity demand in India, projected to increase fivefold by
2047 without demand-side interventions & 2. The
integration of passive strategies at the design stage thus
represents not merely a technological refinement but a
structural  necessity in achieving India’s broader
decarbonization and energy-security goals under Mission
L;FE and Nationally Determined Contributions (NDCs) [ 4
13

In interpreting these results, it is evident that the envelope-
first approach prioritizing orientation, shading, natural

ventilation, and daylighting offers a reliable framework for
energy efficiency across diverse climates 7 . The
statistical robustness of energy and comfort improvements
(large effect sizes, p<0.05) underscores that passive
strategies are not merely context-sensitive but scalable when
adapted to local typologies and materials. The adaptive
comfort findings from Rawal et al. and Sharma et al. further
validate the role of mixed-mode ventilation and occupant
adaptability, especially when natural airflow and shading
are optimized [* 1% This implies that even moderate design
modifications can vyield substantial behavioral and
physiological comfort gains, reducing dependence on
mechanical cooling. Moreover, daylight autonomy
improvements of up to 18 percentage points indicate that
passive daylighting measures, when appropriately combined
with solar control, need not compromise visual comfort or
thermal performance a balance often misunderstood in
practice 5712,

The results additionally highlight the implementation
barriers that continue to hinder widespread adoption. Cost
sensitivities, developer reluctance, and lack of performance-
based design evaluation frameworks remain key challenges
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(11,12 Although ENS 2024 and ECBC 2017 codes mandate
minimum envelope efficiencies, enforcement gaps and
limited technical capacity among architects and contractors
impede compliance > & 8. Incentivization through fiscal
mechanisms, expedited approvals, or green certification
credits could accelerate the transition to passive-ready
housing stock, particularly in affordable housing programs
such as Pradhan Mantri Awas Yojana (PMAY).
Furthermore, the performance consistency observed across
climatic zones suggests that passive measures can serve as
baseline strategies for future revisions of ECBC and ENS
codes, with quantified benefits justifying their integration
into mandatory design stages.

Comparatively, these findings align with global benchmarks
established by the International Energy Agency (IEA) and
Alliance for an Energy Efficient Economy (AEEE), both of
which emphasize passive design as a critical pathway for
reducing residential carbon intensity [ 3 14 While
international literature often focuses on temperate or cold
climates, the current results strengthen the empirical base
for hot and composite Indian climates contexts where
thermal massing, solar geometry, and ventilation
management are more decisive than insulation depth or
glazing U-values. By statistically demonstrating that an
integrated set of passive measures can deliver >40% energy
savings and measurable comfort gains, this study reinforces
the hypothesis that climate-responsive design is a cost-
effective and replicable solution for the Indian housing
sector. These results, therefore, provide a data-driven
foundation for advancing passive design from an optional
sustainability feature to a core regulatory requirement within
the national building ecosystem.

Conclusion

The present study demonstrates that integrating passive
design strategies within contemporary Indian housing
projects offers a robust and scalable pathway for achieving
significant reductions in energy consumption, peak cooling
loads, and thermal discomfort, while simultaneously
improving daylight quality and indoor environmental
comfort. The empirical results derived from multi-climatic
simulations and sensitivity analyses affirm that passive
interventions such as optimized building orientation, well-
designed external shading, ventilated roofs, reduced
window-to-wall ratios, reflective roof finishes, and
enhanced cross-ventilation collectively reduce annual
energy intensity by over forty percent and discomfort hours
by nearly half compared to conventional designs. This
evidence underscores the critical role of early-stage design
integration and the need to treat passive measures as
foundational, not supplementary, to modern residential
architecture. The study additionally reveals that these
strategies remain cost-effective when adopted at the
conceptual phase, with minimal incremental costs that are
offset through reduced operational energy expenses over a
building’s life cycle.

From a practical standpoint, several recommendations
emerge. First, architects and developers should prioritize
climatic responsiveness at the site-planning and massing
stages, ensuring building orientation and fenestration align
with solar paths and prevailing winds. Second, housing
design codes such as Eco-Niwas Samhita and ECBC should
mandate quantitative verification of passive performance
through simulation tools before approval, ensuring that
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envelope configurations meet defined energy benchmarks.
Third, policy frameworks should encourage retrofitting and
passive upgrades in existing housing stock through targeted
subsidies, low-interest green loans, or tax rebates. Fourth,
capacity-building programs are needed to train architects,
builders, and engineers in passive design principles, energy
modeling, and thermal comfort analysis, bridging the
current gap between research and practice. Fifth, affordable
housing programs must integrate passive solutions as
standard design components to balance social inclusion with
environmental sustainability. Finally, urban local bodies
should establish model design guidelines and demonstration
projects showcasing the aesthetic, thermal, and economic
benefits of passive designs to improve market acceptance.
By systematically embedding these practices, India’s
residential sector can transition toward a low-energy,
climate-resilient built environment that aligns with national
sustainability commitments. The study thus concludes that
passive design is not merely an academic concept but a
pragmatic solution capable of redefining India’s housing
landscape delivering comfort, efficiency, and environmental
responsibility as interdependent design outcomes for the
coming decades.
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