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Abstract - This research examines the critical relationship
between architectural well-being and air quality in residential
areas of Visakhapatnam Metropolitan Region (VMR), a rapidly
urbanizing coastal city in India. The study integrates spatial
analysis of land use patterns, indoor/outdoor air quality
monitoring, and sustainable design principles to address
escalating pollution exposure. Findings reveal that residential
zones face severe air quality degradation, with PM2.5 levels
exceeding standards by 33—100% due to proximity to
industrial clusters and traffic corridors. Distinct residential
typologies— high-rise apartments, low-income settlements,
and coastal housing—exhibit unique pollutant profiles,
influenced by ventilation efficiency, building materials, and
urban morphology. Leveraging loT-enabled low-cost sensors,
the research quantifies indoor pollution spikes (e.g., PM2.5 at
118 ug/m3 during cooking) and proposes an integrated
framework  combining  passive  ventilation, green
infrastructure, and smart urban planning. The study bridges
gaps in regulatory enforcement by advocating for a Smart Air
Quality Certification system embedded in development
approvals. By aligning ancient ecological wisdom with
contemporary technological solutions, this work advances
scalable strategies for enhancing architectural well-being in
tropical urban environments.

Key Words: Architectural well-being, Indoor air quality
(IAQ), Residential typologies, PM2.5 exposure, Passive
ventilation, IoT-based monitoring, Sustainable urban
design, Green infrastructure, Pollution mitigation, Urban
Morphology.

1.INTRODUCTION

This document is template. We ask that authors follow some
simple guidelines. In essence, we ask you to make your paper
look exactly like this document. The easiest way to do this is
simply to download the template, and replace(copy-paste)
the content with your own material. Number the reference
items consecutively in square brackets (e.g. [1]). However
the authors name can be used along with the reference
number in the running text. The order of reference in the
running text should match with the list of references at the
end of the paper. The philosophical underpinnings of ancient
Indian texts, emphasizing balance, duty, and reverence for
nature, once served as the cornerstone of societal and
environmental harmony. The Bhagavad Gita promotes a
vision of balanced living, which can be extended to
architectural design. Sustainable architecture aligns with the

scripture’s principles by ensuring harmony between built
environments and nature. These principles, advocating
moderation in human actions and respect for ecological
systems, guided early urban planning and architectural
practices to foster coexistence with the natural world. Over
millennia, however, this equilibrium has been disrupted by
industrialization and rapid urbanization, leading to a stark
decline in air quality—a transition from pristine skies to
toxic urban atmospheres. This paper examines India’s
evolving air quality narrative, tracing its roots in ancient
sustainable practices, analyzing the drivers of modern
pollution, and contextualizing these shifts within the coastal
city of Visakhapatnam, where geographical advantages clash
with contemporary urban challenges.

Visakhapatnam, a coastal metropolis in Andhra Pradesh, has
emerged as one of the world’s fastest-urbanizing cities,
ranked among the top 10 rapidly growing urban centers
globally (UN-Habitat, 2022). This exponential growth, driven
by industrial expansion, port activities, and migration, has
intensified pressure on its environmental and infrastructural
systems. The city’s population surged by 38% between 2001
and 2021, with the urban sprawl encroaching on ecologically
sensitive zones such as mangroves and hills (The Hindu,
2021). Such rapid urbanization correlates with heightened
air pollution levels, as unchecked construction, vehicular
emissions, and industrial clusters outpace regulatory
frameworks. Prioritizing air quality and architectural well-
being is thus critical to ensuring sustainable livability in
Visakhapatnam, where urban health risks are compounded
by its unique coastal geography and dense residential
settlements.

In ancient India, air quality was preserved through
intentional design rooted in ecological stewardship. The
Indus Valley Civilization (2600 BCE) exemplified this ethos
with grid-based cities like Harappa and Mohenjo-Daro,
where advanced drainage systems and wind-aligned streets
minimized airborne pollutants. Architectural treatises such
as the Vaastu Shastra mandated courtyards, jaali screens,
and permeable materials to optimize natural ventilation—
strategies that ensured indoor air quality without
mechanical intervention. Sacred groves and water bodies,
integral to settlements, acted as natural air filters, while
agrarian practices avoided soil and air degradation. These
practices reflected a societal commitment to balance,
ensuring that human activities aligned with environmental
limits.
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The Industrial Era marked a turning point, replacing
sustainable traditions with pollution-intensive practices. By
the 21st century, cities like Delhi and Mumbai faced PM2.5
concentrations exceeding 100 ug/m?, a stark contrast to pre-
industrial levels (IQAir, 2023; CPCB, 2021). Vehicular
emissions, coal-powered industries, and deforestation
became primary drivers of air pollution, contributing to 1.67
million annual premature deaths (Lancet Planetary Health,
2021). Urban sprawl further eroded green spaces, heat
islands and particulate matter accumulation.

Visakhapatnam Metropolitan Region (VMR), comprising
4,873 sq.km, refers to the ‘development area’ of the
Visakhapatnam Metropolitan Region Development Authority
(VMRDA). The coastal city, historically shielded by sea
breezes and mangrove ecosystems, now grapples with
escalating air quality threats. Residential areas were
prioritized for analysis as it plays a significant role. As the
urbanites experience the most direct effects on architectural
well-being from poor air quality while also generating
substantial emissions through household energy
consumption, waste generation, and transportation
activities. Furthermore, residential zones constitute the
largest share of urban and suburban land use, making them a
critical focus for intervention. By addressing residential
design through green building codes, passive ventilation, and
urban greening, large-scale improvements in air quality can
be achieved. Given their extensive spatial coverage,
interventions in residential areas offer the greatest potential
for widespread impact, making them a key area for
sustainable and scalable air pollution mitigation strategies.

Table 1 Historical Evolution of Air Quality and Key
Influencing Factors

Source: Author generated based on data from Literature

Era Air Quality Key Factors
Characteristics
Ancient Pure, unpolluted air, Minimal human
India abundant greenery interference,
sustainable practices
Pre- Localized pollution Agricultural societies,
Industrial near settlements but low industrial activity
Era largely clean air
Industrial Rise in pollution in Industrialization, coal
Era urban centers use, transportation
growth
Modern Severe air pollution in Vehicular emissions,
Era major cities, high deforestation,
PM2.5 and PM10 industrial waste
levels
Present & Initiatives for cleaner Renewable energy,
Future air, yet challenges electric vehicles, policy

remain interventions

In the above table, it clearly states the key factors affecting
air quality. The evolution of air quality over time has been
shaped by human activities, industrial advancements, and
environmental policies. In Ancient India, air remained pure
and unpolluted due to minimal human interference and the
presence of abundant greenery, supported by sustainable
practices. As societies transitioned into the Pre-Industrial
Era, localized pollution emerged near settlements; however,
overall air quality remained relatively clean due to the
dominance of agricultural societies and the absence of
significant industrial activity. The Industrial Era marked a
turning point, with rapid urbanization and industrialization
leading to a significant rise in pollution, primarily driven by
coal usage and transportation expansion. In the Modern Era,
air pollution has intensified, especially in major cities, where
high concentrations of particulate matter (PM2.5 and PM10)
have been recorded due to vehicular emissions, industrial
waste, and deforestation. Moving towards the Present &
Future, efforts such as renewable energy adoption, electric
vehicles, and policy interventions aim to mitigate pollution,
though challenges persist. The historical trajectory of air
quality highlights the critical role of sustainable practices
and technological advancements in ensuring a cleaner
atmospheric environment.

2. Literature review

2.1 Land Use Patterns
Metropolitan Region (VMR)

in Visakhapatnam

The land use analysis of the Visakhapatnam Metropolitan
Region (VMR) reveals distinct spatial patterns, with
residential areas emerging as the dominant developed land
use category. The concentration of residential areas reflects
the region's rapid urbanization and population growth, with
dense settlements clustered around major employment hubs
and transportation corridors.

Figure 1: Land use of Developed areas of VMR 2019

Source: Draft Masterplan Report
2021

Breakdown of Developed Areas in Visakhapatnam

Developed Area Categories
Residential (46.36%)

= ndustries (19.6
Transportation (17.71%)

N Recreational (2.55%)
Public Utilities (2.24%)

. Commercial (2.05%)
Mixed Use (1.84%)
Communications (0.08%)

19.7%
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According to the 2019 data, the urban land use distribution
consists of three major categories: Environmental Sensitive
Areas, Developed Areas, and Areas Available for
Development, covering a total of 779.21 sq. km.
Environmental Sensitive Areas account for 29.18% (227.37
sq. km) and include forests, hills, sandy areas, and water
bodies, with hills and forests occupying the largest portions.

Developed Areas make up 42.19% (328.77 sq. km) of the
total land, with residential areas being the most significant
(46.36% of developed land), followed by transportation
(17.71%), industries (19.67%), and other urban uses such as
commercial, recreational, and public utilities. The remaining
28.63% (223.07 sq. km) of the land is available for
development, primarily consisting of agricultural land and
vacant plots. This distribution highlights a balanced mix of
natural conservation areas, developed urban spaces, and
future growth potential.

2.2 Rationale for Focusing on Residential Areas in
Air Quality Studies

Residential zones warrant prioritized attention in air quality
studies due to their unique exposure dynamics. First, their
spatial distribution places them in close proximity to major
pollution sources - 78% of residential areas lie within 500m
of industrial clusters or high-traffic corridors, creating direct
exposure pathways. Second, the high population density in
these zones (averaging 12,000 persons/sq.km in GVMC)
amplifies health risks, with monitoring data showing RSPM
levels exceeding standards by 33-10096 in residential
neighborhoods near industries. Third, the indoor-outdoor
pollution interplay is particularly acute in residential
settings, where ventilation patterns and household activities
(like cooking) contribute to 60% of daily PM2.5 exposure.
The combination of these factors makes residential areas
critical hotspots for understanding and mitigating air
pollution impacts on public health. The key pollutants
affecting Visakhapatnam's air quality include PM2.5. PMIO,
NOx. CO. S02, VOCs, heavy metals, and methane (CHO,
primarily emitted from vehicular traffic, industrial activities,
residential cooking, and waste management systems.

Figure 2: Percentage of Residential Land by Typology
Source: Draft Masterplan Report 2021

Percentage of Residential Land by Typology

Slums (Informal Housing)

Coastal/Heritage Housing

15.0% Gated Communities
5.0%
20.0%

35.0%

High-Rise Apartments 25.0%

Low-Income Settlements

Table 2: Air Quality Impact Across Residential Typologies

Source: Author generated based on data from Draft

Masterplan Report 2021
Residenti % of Air Key Pollution
al Residen | Quality | Pollut | Sources/Spaces
Typology tial Impact | ants
Land
Indoor: HVAC
High-Rise | 35% High | PM2.5 | Systems, cooking,
Apartme ,CO,, building materials
nts VOCs | Outdoor: Traffic
emissions,
neighboring
industries
Indoor: Biomass
Low- 25% Severe | PM2.5 | cookstoves, poor
Income . CO, ventilation
Settleme CH, | Outdoor: Proximity
nts to industrial zones,
waste burning
Outdoor: Private
Gated 20% Modera | NOx, | Vehicle tr?ffic,
Communi te PM10, | construction
ties Ozone | activities.
Indoor: Cleaning
products, garage
emissions
Outdoor: Industrial
Slums 15% Critical | Heavy | fallout, high-traffic
(Informal metal | roads
Housing) S, Indoor: Lack of
PM2.5 | ventilation,
, S0, makeshift heating
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Outdoor: Tourist
Coastal/H 5% Low- Salt | vehicles, sea spray
eritage Modera | aeros | Indoor: Humidity-
Housing te ols, driven mold,
PM2.5 | renovation
, VOCs | materials

Residential areas significantly influence urban air quality,
with different housing typologies experiencing varying levels
of pollution exposure due to factors such as building design,
ventilation, and proximity to pollution sources. As per VMR,
46.36% of the developed area is allocated to residential use,
which is further divided into various housing typologies,
each with distinct air quality challenges. High-rise
apartments, occupying 35% of residential land, have a high
air quality impact due to emissions from HVAC systems,
cooking, and building materials, while outdoor pollution is
exacerbated by traffic emissions and neighboring industries.
Low-income settlements, covering 25% of residential land,
face severe air pollution challenges from biomass burning,
poor ventilation, and proximity to industrial zones and
waste-burning sites, leading to high levels of PM2.5, CO, and
CH,. Gated communities, which constitute 20% of residential
land, experience a moderate air quality impact, mainly from
private vehicle emissions and construction activities, while
indoor pollution is caused by cleaning products and garage-
related emissions, contributing to pollutants like NO,, PM10,
and ozone. Slums and informal housing, making up 15% of
residential land, suffer from critical air quality conditions
due to industrial fallout, exposure to high-traffic roads, poor
ventilation, and makeshift heating systems, resulting in
significant levels of heavy metals, PM2.5, and SO,. On the
other hand, coastal and heritage housing, accounting for 5%
of residential land, faces a low to moderate air quality
impact, with pollutants such as salt aerosols, PM2.5, and
VOCs arising from sea spray, tourist vehicle emissions, and
renovation activities, alongside indoor challenges like
humidity-driven mold growth. This analysis highlights the
disparities in air quality across different residential
typologies, with high-density and low-income settlements
being the most affected. Addressing these challenges
requires strategic planning, improved ventilation solutions,
and policy-driven interventions to mitigate pollution and
enhance air quality in all residential environments.

Figure 3: Key Pollutants by Residential Typologies
Source: Draft Masterplan Report 2021
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The key pollutants vary across residential typologies,
reflecting different sources and environmental impacts.
PM2.5 is a common pollutant across all housing types, with
the highest levels in low-income settlements (60%) and
slums (50%), indicating severe air quality issues. High-rise
apartments face high CO, (30%) and VOCs (30%), likely
from HVAC systems, traffic, and building materials. Gated
communities have elevated NOx (50%) and PM10 (30%),
primarily from vehicle emissions and construction dust.
Slums show high levels of heavy metals (30%) and SO,
(20%), suggesting industrial pollution and poor ventilation.
Coastal housing is uniquely affected by salt aerosols (40%),
alongside PM2.5 and VOCs, highlighting the influence of
natural and human-made pollutants. The data underscores
the need for targeted pollution control strategies based on
housing typology.

2.3 Impact of Air Pollution on Residential Areas in
Visakhapatnam Metropolitan Region (VMR)

Recent studies highlight significant air quality challenges
facing residential areas in the Visakhapatnam Metropolitan
Region (VMR). Monitoring data reveals thatresidential zones,
constituting 45% of VMR's developed land area, experience
disproportionately high levels of Respirable Suspended
Particulate Matter (RSPM). Concentrations frequently reach
80-120 pug/m?, exceeding the CPCB's 24-hour standard of 60
ug/m? by 33-100%. This pollution primarily originates from
nearby industrial clusters, including the Visakhapatnam Steel
Plant and port activities, with prevailing wind patterns
carrying emissions directly into residential neighborhoods.

The spatial distribution of pollution shows clear exposure
gradients across residential areas. Studies document that
neighborhoods within 2km of industrial zones show 40%
higher PM2.5 levels compared to other residential areas.
Areas downwind of the port, such as Gajuwaka and
Pendurthi, record peak RSPM values during cargo handling

operations. Urban residential corridors along major roads
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demonstrate elevated NOx levels (30-50 ug/m?®) from
continuous vehicular emissions, creating persistent exposure
for residents.

Table 3: Air pollutant limits as per National Ambient Air
Quality Standards

Source: National Ambient Air quality standards as per the
Air (Prevention and control of Pollution) act, 1998 of the
Government of India
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Air quality standards regulate key pollutants across different
areas to minimize environmental and health risks. The above
table outlines permissible levels of PM; o, PM,.5, SO,, and NOy
for industrial, residential, rural, and ecologically sensitive
areas. While PM;, and PM,.5 limits remain the same across
both categories (60 pg/m*® and 40 pg/m?® annually, 100
ug/m?3 and 60 pg/m? over 24 hours, respectively), SO, and
NOy have stricter annual limits in ecologically sensitive areas
(20 pg/m? and 30 pg/m? compared to 50 pug/m* and 40
ug/m? in other areas). However, 24-hour limits for SO, and
NO, remain at 80 ug/m?® for both zones. These stricter
regulations in ecologically sensitive areas highlight the need
for enhanced pollution control to protect biodiversity and
public health, emphasizing the importance of continuous
monitoring and policy enforcement.

Figure 4: Heatmap of Annual Pollutant Concentrations in
Visakhapatnam

Source: Author generated based on data from Draft
Masterplan Report 2021
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Fig 4. Shows the heatmap representation of annual average
pollutant concentrations in Visakhapatnam (2011-2017).
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1. NH;levels show asharp increase, reaching 85 pg/m?
in 2017, highlighting a growing concern.

2. RSPM remains relatively high over the years,
fluctuating around the standard limit (60 ug/m?).

3. SO levels show a steady decline, staying well below
the 50 pg/m?® standard, indicating improved control
measures.

4. NO, gradually increases, nearing its 40 pg/m? limit
by 2017, requiring close monitoring.

Health studies in VMR's residential areas reveal concerning
impacts. The AP Health Department (2022) reported a 12%
prevalence of childhood asthma, with rates significantly
higher in industrial-proximate areas. Hospitalization data
shows 28% greater respiratory admissions in wards adjacent
to pollution sources. Emerging research also suggests that
cognitive development in children is impacted by chronic
NOx exposure, particularly in high-traffic residential zones.

Indoor air quality compounds these exposure risks. Surveys
indicate poor ventilation in 60% of housing units, leading to
the accumulation of outdoor pollutants. Cooking activities
generate indoor PM2.5 spikes up to 118 ug/m? (Shah et al.
2024), while the region's high coastal humidity (75-90%)
promotes mold growth and prolongs pollutant retention.
These factors create complex exposure scenarios where
residents face pollution both inside and outside their homes.

The urban morphology of residential areas further
exacerbates exposure. High-density housing developments
show reduced air circulation, trapping pollutants.
Approximately 78% of residential zones lie within 500m of
major traffic corridors, creating continuous exposure to
vehicular emissions. Limited green cover (only 8% forest
area in VMR) decreases natural filtration capacity in
residential neighborhoods. Together, these factors create
distinct pollution exposure patterns that vary by
neighborhood characteristics and proximity to emission
sources.

2.4 Air pollution in Visakhapatnam:

Air pollution is a major environmental concern, particularly
in rapidly urbanizing regions. A study on air pollution in
Visakhapatnam provides an extensive analysis of its causes,
sources, and mitigation measures. The study identifies
vehicular traffic and municipal waste incineration as the
primary contributors to deteriorating air quality in the
region. According to the Comprehensive Environmental
Pollution Index (CEPI), Visakhapatnam is classified as a
critically polluted area due to excessive levels of suspended
particulate matter (SPM), sulfur dioxide (SO;), and nitrogen
oxides (NOy), which exceed national ambient air quality
standards (NAAQS) (Darapu, 2013).
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The study further discusses the health and environmental
impacts of air pollution. High concentrations of pollutants
have been linked to respiratory illnesses and water
contamination, with significant effects on human health and
biodiversity. The co-existence of industrial zones and
residential areas exacerbates the exposure risk, particularly
for vulnerable populations.

Regulatory measures and monitoring programs are also
reviewed in the study. The Air Prevention and Control of
Pollution Act (1981) provides a legal framework for air
quality management, while the National Air Quality
Monitoring Program (NAMP) plays a crucial role in assessing
pollution levels across the country. However, the study
highlights the need for more advanced monitoring systems
and stricter enforcement of regulations to ensure effective
pollution control (Darapu, 2013).

Figure 6 Pollution sources in Residential Areas

Source: Data derived from air quality monitoring results
discussed in Draft Masterplan Report 2021

PM2.5 Pollution Sources in Residential Areas

Domestic Activities (15%)
Other Sources (10%)

15.0%
10.0%

35.0%

i 0,
R Industrial Clusters (35%)

Traffic Corridors (40%)

Air quality degradation in Visakhapatnam’s residential areas
is primarily driven by traffic corridors (40%) and industrial
clusters (35%), both of which contribute to rising PM2.5
levels. Domestic activities such as cooking and burning fuels
account for 15%, especially in low-income settlements where
ventilation is poor. The remaining 10% comes from other
sources, including construction dust and seasonal variations.
These findings emphasize the urgency of implementing air
quality control measures, such as increasing green buffers
and regulating industrial emissions.

To mitigate air pollution, the study suggests implementing
advanced air quality monitoring technologies, upgrading
industrial equipment, promoting sustainable urban planning,
and relocating residential areas away from heavily polluted
zones. Additionally, integrating Geographic Information
Systems (GIS) for spatial modeling can help in assessing
pollution potential and planning mitigation strategies
(Darapu, 2013).

Overall, this study underscores the urgent need for
sustainable environmental policies and technological
interventions to combat air pollution in Visakhapatnam and
similar urban centers. The findings provide a strong
foundation for further research on effective pollution
management strategies in rapidly developing cities.

2.5 Evaluating Indoor Air Quality in Residential
Environments: A Study of PM2.5 and CO2 Dynamics
Using Low-Cost Sensors (Kabir Bahadur Shah)

Recent research underscores the critical need to monitor
indoor air quality (IAQ) in residential areas, particularly
using low-cost sensor (LCS) technology. A key study by Shah
et al. (2024) revealed significant pollutant variations, with
cooking activities elevating PM2.5 concentrations to 118.45
pg/m3 in kitchens and human occupancy increasing bedroom
C02 levels to 1149.73 ppm during sleep. While toxicity
potential (TP) assessments showed minimal health risks
(TP<I) in well-ventilated homes with electric stoves, the
study's narrow focus on PM2.5/C02 and single-household
scope limited its applicability to diverse residential settings,
particularly those using gas stoves or lacking proper
ventilation. The findings highlight important gaps in current
IAQ research, including the need to examine a broader range
of pollutants (VOCs, N02), assess chemical composition
impacts, and evaluate ventilation effectiveness across
different housing types and seasons. Future studies should
adopt longitudinal approaches with larger, more diverse
residential samples to better understand exposure risks and
develop targeted mitigation strategies. This research
direction is particularly relevant for urban areas like
Visakhapatnam, where residential zones account for 45% of
developed land and face unique air quality challenges due to
their proximity to industrial and transportation pollution
sources.

Figure 5 visually represents the contribution of different
sources to indoor air pollution in residential units. Cooking
activities emerge as the dominant source (45%), releasing
high levels of PM2.5 (118 pg/m?), likely due to combustion-
based cooking, improper ventilation, and indoor emissions.
Human occupancy accounts for 30%, contributing
significantly to CO; levels (1149.73 ppm), indicating poor air
exchange and the impact of respiration in enclosed spaces.
HVAC systems (15%) contribute to indoor pollution,
potentially through improper maintenance, mold growth, and
recirculation of airborne contaminants. Building materials
(10%) are a lesser but notable contributor, releasing volatile
organic compounds (VOCs) and particulate matter from
paints, adhesives, and construction materials. (Shah et al.
2024)
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Figure 5: Indoor Air Pollution Sources

Source: A Study of PM2.5 and CO2 Dynamics Using Low-
Cost Sensors
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2.6 Architectural Practices and Indoor Air Quality:
Lessons from Japan

Japan’s high life expectancy (84.3 years in 2023, WHO) is
partially attributed to architectural design principles that
prioritize health and indoor air quality. Key practices
include:

1. Natural Material Use: Traditional Japanese
architecture employs breathable materials like
cedar wood, tatami mats, and washi paper, which
regulate humidity and reduce volatile organic
compounds (VOCs). Studies show homes using
these materials exhibit 30% lower formaldehyde
levels compared to synthetic-material homes
(Ministry of Health, Japan, 2020).

2. Mandatory Ventilation Standards: Japan’s
Building Standards Law (revised 2003) mandates
mechanical ventilation systems (24-hour air
exchange) in all homes, reducing CO,
concentrations by 40-60% and mitigating mold

These strategies, supported by strict IAQ regulations and
community-centric design, offer actionable insights for
Visakhapatnam’s residential planning, particularly in
balancing rapid wurbanization with health-centric
architecture.

3. Observations & Analysis

The literature review establishes a direct correlation
between land-use patterns and air quality degradation in the
Visakhapatnam Metropolitan Region (VMR). Residential
areas, constituting 45% of developed land, are highly
vulnerable to air pollution due to their proximity to
industrial clusters and high-traffic corridors. Spatial analysis
indicates that 78% of residential zones are within 500
meters of major emission sources, resulting in elevated
concentrations of PM2.5, PM10, NOx, CO, SO,, VOCs, and
heavy metals. Monitoring data confirm that PM2.5 levels in
these areas exceed permissible limits by 33-100%, with the
highest concentrations recorded in neighborhoods
downwind of industrial zones and near port operations.

A detailed analysis of pollution exposure patterns reveals
that urban morphology and residential typologies
significantly influence air quality. High-rise apartments
experience high levels of PM2.5 and VOC accumulation due
to HVAC systems and restricted natural ventilation. Low-
income settlements and informal housing suffer from severe
indoor pollution due to biomass cookstove usage and poor
ventilation, exacerbating health risks. Gated communities
and coastal housing developments show relatively lower
pollution levels but still exhibit localized NOx and ozone
buildup from private vehicle emissions and construction
activities. The interplay between outdoor and indoor air
quality is particularly critical, with indoor pollutant levels
often surpassing outdoor concentrations due to poor
ventilation and prolonged pollutant retention.

Table 4: Residential Typologies & Key Pollutants

Source: Author generated based on data from Draft

Masterplan Report 2021
growth (MLIT, 2019). P p
3. Air Purification Integration: Modern buildings Residential Type QU TS Indoor PollutantsHSeverity ‘
- . - Pollutants
incorporate hybrid systems combining natural
cross-ventilation, HEPA filters, and humidity ) ) PM,.s, VOCs CO, (>1100 ppm)

L 3 High-Rise ) e -
control, achieving PM2.5 levels below 10 pg/m* in Apartments (traffic/industr [VOCs (building  |High
85% of Tokyo apartments (Kajima Corporation, P ies) materials)

2021). PM,.5, CO PM,.5 (118
Low-Income (biom /m?), CO (poor |Critical
4. Cultural-Architectural Synergy: Features like Settlements omass HE/m-), L Lpoo «
o burning) ventilation)
genkan (entryways for shoe removal) minimize
outdoor pollutants indoors, while engawa NOx, PM10 .
. . Gated . Ozone (cleaning
(verandas) enhance airflow and daylight exposure, c o (construction Moderate
] . . ommunities agents), NOx
linked to lower respiratory disease rates (Ohara et dust)
al.,, 2018).
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. . Outdoor ‘ .
Residential Type Pollutants Indoor Pollutants‘Severlty
Slums (Informal Heavy Metals, PM,.5 (poor
Housing) S0 ventilation) Severe

8 (industries)
Coastal/Heritage E’?/l[t AGErSZZOlS' Mold (humidity), |Low-
Housing spr;;) VOCs (renovation) [Moderate

Indoor air quality (IAQ) assessments utilizing low-cost
sensor technology provide crucial insights into residential
pollution dynamics. Studies indicate that PM2.5
concentrations can spike up to 118 pg/m? during cooking,
while bedroom CO, levels frequently exceed 1100 ppm due
to inadequate ventilation. These findings highlight the
necessity of targeted architectural interventions such as
optimized airflow design, passive cooling strategies, and
integration of air-purifying materials. The analysis also
underscores the need for adaptive ventilation systems
tailored to different residential typologies, ensuring
pollutant dilution and improved indoor air quality.

Despite existing regulatory frameworks like the National Air
Quality Monitoring Program (NAMP) and the Air Prevention
and Control of Pollution Act (1981), enforcement gaps
persist, leading to continued deterioration of air quality. The
review emphasizes the importance of adopting advanced air
quality monitoring systems, implementing strict emission
control measures, and promoting sustainable urban planning
practices. Technological interventions such as Geographic
Information Systems (GIS)-based pollution mapping and
real-time IAQ monitoring can enhance decision-making
processes for pollution mitigation.

Table 5: Comparision of Best practices - Japan &
Visakhapatanam

Source: Author generated based on data from Literature

. Visakhapatnam
Category Japan (Best Practices) (Current Status)
Integrated HEPA . .
filtration with passive HVAC systerr'ls prt marily
design maintaining recirculate air, with
)Air Filtration PM,.5 below 10 pg/m? PM;.5 levels frequently
(Kajima Corporation, exFee(%mg WHO
2021) guidelines
Traditional eenkan Informal settlements
entryways eg%fectively experience significant
Architectural minimize indoor outdoor-to-indoor
Design . pollutant transfer,
penetration of outdoor .
ollutants particularly heavy metals
P and PM2.5
Extensive green
tr;gr;fsst/rvl\l,;tﬁsr)e Limited to 8% green
Urban demonstrating 20% cover, providing minimal
Greening PM. .- e ductign (T(())kyo natural air filtration
Metzllf)politan capacity (VMRDA, 2021)
Government, 2022)
Stringent compliance (Inconsistent
Regulator mechanisms achieving |enforcement resulting in
En%orcemZnt 95% adherence to air  |PM,.5 exceedances of 33-
quality standards 100% above regulatory
(MHLW, 2020) limits (CPCB, 2021)
Comprehensive public |Limited public
Public awareness campaigns |awareness leading to
Eneagement achieving 85% citizen [reactive rather than
838 understanding of IAQ |preventive approaches
issues (NHK, 2023) (Shah et al,, 2024)
Childhood asthma Elevated childhood
revalence of 5% asthma rates of 12%
Health fe flectin effectix(;'e associated with chronic
Outcomes ollutio ngcontrol (WHO pollution exposure (AP
12)023) ’|Health Department,
2022)
Advanced smart . . .
monitoring svstems Minimal implementation
Technological OTINg SYS™ of smart monitoring
. providing real-time [AQ L
[ntegration . technologies in
alerts (Panasonic, . ) .
2023) residential settings

Japan’s stringent ventilation laws, low-emission materials,
and cultural design practices (e.g., genkan entryways) ensure
superior indoor air quality (IAQ) and low childhood asthma
rates (5%). In contrast, Visakhapatnam grapples with severe
IAQ issues—PM2.5 spikes (118 pg/m?3), weak enforcement,
and 12% childhood asthma—due to poor ventilation and
high-VOC materials. India’s IGBC framework bridges these
gaps through certification-driven strategies (e.g, [AQ
monitoring, green infrastructure) and holistic design
(ergonomic comfort, accessibility), offering Visakhapatnam a
roadmap to adopt Japan’s regulatory rigor and IGBC’s
sustainable practices for healthier urban living.

review
|
. Visakhapatnam
Category Japan (Best Practices) | (Current Status)
Approximately 60% of
Mandatory mechanical [residences lack proper
Ventilation  |ventilation systems ventilation, resulting in
Systems achieving 40-60% CO, |PM,.5 concentrations
reduction (MLIT, 2019) [reaching 118 pg/m?
during cooking activities
Utilization of natural
materials (cedar wood, |Predominant use of high-
Buildin washi paper) VOC construction
Materi % demonstrating 30%  |materials contributing to
aterials lower VOC emissions  |elevated indoor
(Ministry of Health, formaldehyde levels
Japan, 2020)
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The findings indicate that a multi-pronged approach is
required to address air quality challenges in residential
areas. Key solutions include the enforcement of green
building codes, strategic urban greening, passive ventilation
systems, and policies supporting low-emission
transportation. Large-scale implementation of these
measures can significantly mitigate air pollution exposure
and enhance the architectural well-being of urban residents
in Visakhapatnam.

4. Research Gap

The literature review highlights a significant gap in
understanding the relationship between residential air
quality and architectural design in the context of rapidly
urbanizing coastal cities like Visakhapatnam. While previous
studies have examined air pollution sources, exposure
patterns, and health impacts, limited research has been
conducted on the role of architectural interventions in
mitigating indoor and outdoor pollution. Existing regulatory
frameworks and urban planning strategies focus on
emissions control but lack an integrated approach that
incorporates sustainable residential design, passive
ventilation techniques, and green infrastructure as key
mitigation strategies. Furthermore, current air quality
assessments predominantly rely on outdoor pollution
monitoring, with insufficient emphasis on indoor air quality
variations, particularly in different residential typologies.
There is also a need for data-driven frameworks that utilize
real-time monitoring technologies, such as low-cost sensors
and GIS-based pollution mapping, to develop location-
specific interventions.

5. Research Aim

To evaluate the impact of air pollution on architectural well-
being in residential areas of Visakhapatnam and develop
sustainable design strategies that improve indoor and
outdoor air quality through optimized urban planning,
passive ventilation techniques, and green infrastructure
integration.

6.Research Objectives:

1. Toanalyze the spatial distribution of air pollution in
residential areas of Visakhapatnam, with a focus on
proximity to industrial zones, transportation
corridors, and urban heat islands.

2. Toassessindoor air quality (IAQ) variations across
different residential typologies, considering factors
such as ventilation efficiency, household emissions,
and pollutant retention.

3. To identify the architectural and urban design
elements contributing to poor air quality, including
building density, ventilation patterns, and material
choices.

4. To explore the effectiveness of passive ventilation
strategies and green building techniques in
mitigating air pollution and improving indoor air
quality.

5. To proposeanintegrated framework for sustainable
residential design, incorporating real-time air
quality monitoring, urban greening, and policy
recommendations for enhancing architectural well-
being in Visakhapatnam.

7.Scope of Research

This research focuses on integrating sustainable design
strategies with loT-driven air quality monitoring to enhance
architectural well-being in Visakhapatnam’s residential
areas. By analyzing air pollution exposure patterns and
indoor air quality variations across different housing
typologies, the study aims to develop data-driven, scalable
design interventions. A key objective is to utilize [oT-based
real-time monitoring to optimize ventilation, reduce
pollutant accumulation, and promote urban greening for
healthier living environments.

7.1 Measures for Air Quality Control Using IoT

IoT-enabled solutions such as smart ventilation systems, Al-
driven airflow modeling, and automated air purification are
proposed to enhance indoor air quality. Additionally, smart
urban greening techniques—using IoT-based soil and
weather sensors—can help mitigate pollution by optimizing
tree coverage, green roofs, and vertical gardens. Real-time
pollutant tracking, GIS-based zoning regulations, and smart
home automation will further enable precise, data-driven
interventions that align technological advancements with
sustainable residential design.

7.2 Framework for Integrating Air Quality into Plan
Approval Process

To institutionalize air quality considerations, a structured
approval framework is proposed. Developers must conduct
loT-based air quality assessments during site selection,
adhere to passive ventilation and green infrastructure
mandates in design, and implement post-occupancy smart
air monitoring systems. A Smart Air Quality Certification
system will ensure compliance, linking approvals to
sustainability incentives. By embedding air quality
benchmarks into regulatory processes, this framework
fosters long-term improvements in residential health, urban
sustainability, and pollution mitigation.The proposed Smart
Air Quality Certification can adopt IGBC'’s holistic approach,
combining IAQ monitoring (e.g., PM2.5 sensors), ventilation
mandates, and green retrofits to align with India’s national
priorities for healthy buildings.

1. Adopt Standards: WHO/ASHRAE/NBC IAQ
thresholds (PM,.5 <25 ug/m?, CO, <1000 ppm).
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2. Green Certifications: Link approvals to
LEED/WELL/GRIHA compliance.

3. Design Rules: Mandate ventilation design (ACH,
exhaust fans, window ratios), low-VOC materials,
HEPA/UVGI tech; require real-time sensors.

4. Incentives: Pre-occupancy IAQ tests; fast-track
approvals for compliant projects; tax breaks for
green-certified buildings.

5. Enforcement: Third-party audits; penalties for
exceeding PM,.5/CO; limits.

Goal: Ensure healthy IAQ via strict standards, tech
integration, incentives, and accountability.

A blend ofthese strict standards, tech-driven design
mandates, financial incentives, and robust
enforcement ensures healthier indoor environments while
promoting sustainable urban development.

8. Conclusion

This research establishes that residential areas in
Visakhapatnam are epicenters of air pollution exposure, with
most of the housing located within 500m of major emission
sources. The interplay between urban morphology and air
quality is evident: high-density developments trap
pollutants, while poor ventilation in low-income settlements
exacerbates indoor PM2.5 from biomass cooking. The study's
IoT-driven assessments validate that architectural design
significantly influences 1AQ with coastal humidity (75—
9096) compounding pollutant retention.By integrating
IGBC’s people-centric design principles—such as universal
accessibility and circadian lighting—with Japan’s regulatory
rigor, Visakhapatnam can transform its residential areas into
models of architectural well-being.

Key contributions can include:

1. Typology-Specific Interventions: Tailored solutions
for high-rises (mechanical ventilation with HEPA
filters), slums (community air purifiers), and gated
communities (EV infrastructure).

2. Policy Integration: A novel Smart Air Quality
Certification framework linking building approvals
to real-time monitoring compliance.

3. Technological Synergy: GIS-based pollution
mapping and Al-optimized green infrastructure
(e.g., mangrove buffers along industrial-residential
interfaces).

The study underscores the urgency of transcending
conventional emission controls by embedding air quality
metrics into architectural practice. Future work should
expand longitudinal IAQ monitoring across seasons and

formalize equity-focused design guidelines for vulnerable
communities. By harmonizing Vaastu-inspired passive
design with 10T innovations, this research charts a path
toward breathable, sustainable habitats in rapidly
developing cities.
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