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Abstract 

Delhi National Capital Region (NCR), with its population of more than 30 million, is one of the most environmentally stressed 

Urban Agglomerations in the world. This complex study covers a multi-dimensional environmental impact assessment using 

monitoring data available over nearly 30 years (1997–2024), includes a health burden assessment, creates a pollutant trend 

analysis and predictive pollutant modelling scenarios until 2040, and offers evidence-based policy recommendations. The 

study assesses the temporal trends over six criteria air pollutants (SO₂, NO₂, PM₁₀, PM₂.₅, CO and O₃), water quality 

parameters of the Yamuna river (DO, BOD, COD and TSS), noise pollution levels, solid waste management capacity gaps and 

socio-cultural pollution drivers, drawing upon data from the Central Pollution Control Board (CPCB), Delhi Pollution Control 

Committee (DPCC), Delhi Jal Board (DJB), the Global Burden of Disease (GBD) Study 2019, IQ Air monitoring networks, 

US Embassy PM₂.₅ data, and Delhi Statistical Handbook 2025. The results indicate that the concentration of PM₂.₅, although 

slightly decreasing from 153 µg/m³ in 2010 to 99 µg/m³ in 2019, has rebounded to about 110 µg/m³ in 2024, which is still 2.75 

times higher than the National Ambient Air Quality Standard (NAAQS) and 22 times higher than the WHO guideline. 

Pollution load in the Delhi section of the Yamuna River (48 km) is estimated to be about 79% of the total pollution load in the 

river, and dissolved oxygen drops to 0.0 mg/L in some sections of the river, which makes it an ecological dead zone. The 

municipal solid waste generation has risen from 5,000 TPD (2000) to 13,000 TPD (2024), and there is an ongoing treatment 

gap of around 4,000 TPD, which piles up in unlicensed dump sites at a height of 65 metres. The three scenarios were 

simulated: in the first, referred to as the Business-As-Usual (BAU) scenario, PM₂.₅ levels could reach 170 µg/m³ by 2040 with 

more than 14,000 deaths per year from respiratory causes; the second, the Moderate Intervention scenario, leads to compliance 

with the NAAQS by 2038; and the third, the Aggressive Intervention scenario (which includes comprehensive implementation 

of the NCAP targets), towards NAAQS compliance by 2032 and a reduction in respiratory mortality by 38%. The study also 

reveals that any religious festival practices, rural-urban migration, and modern lifestyle have a significant contribution in 

aggravating environmental degradation, in addition to socio-cultural factors. On the basis of these findings, an integrated 

policy framework is proposed in this article for sustainable environmental management in the city of Delhi with a 10-point 

agenda. 
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Introduction 

The global challenge of environmental degradation has 

become the most pressing of the twenty-first century, as the 

combination of a high urbanization rate, industrialization, 

and climate change has put unprecedented pressure on urban 

ecosystems worldwide (Rockström et al., 2009) [11]. The 

Delhi National Capital Region (NCR), among the world's 

megacities, holds a uniquely precarious position, as it is 

consistently ranked among the most polluted cities 

worldwide by the World Health Organization (WHO), the 

Health Effects Institute (HEI), and the World Air Quality 

Report published by IQAir. Delhi's air pollution was the 

worst in any major city in the world in the August 2022 [6] 

HEI survey of 7,000 cities worldwide, and has significant 

implications for the health, well-being, and economic 

productivity of more than 30 million people in the city (HEI, 

2022) [6]. 

Delhi's environmental problem is a multidimensional issue. 

The city is also in chronic exposure to air pollution, with 

annual mean PM₂. ₅ concentration in excess of 100 µg/m³, 

which is far from the revised WHO Air Quality Guideline of 

5 µg/m³ (WHO, 2021) [17]. According to a source 

apportionment study performed in 2016, road dust (38%), 

vehicular emissions (20%), domestic fuel burning (12%), 

and industrial point sources (11%) are the main sources of 

PM₂. ₅ in Delhi, while the rest is contributed by 

construction, biomass burning, and secondary aerosol 

formation. The 48 km stretch of the Yamuna River in Delhi 

is one of the most polluted urban river sections in the world, 

accounting for about 79% of the total pollution loads of the 

river despite accounting for about 2% of its total river length 

(CPCB, 2013) [2]. The generation of MSW has been 

outstripping treatment capacity, and in November 2024, the 

Supreme Court of India referred to the situation of 3,000+ 

tonnes of untreated MSW generated daily as ‘disastrous’. 
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Environmental degradation in Delhi and its impact on health 

are very clear and increasing. According to the Global 

Burden of Disease (GBD) Study 2019, air pollution caused 

1.67 million deaths in India, of which 0.98 million deaths 

were caused by ambient particulate matter pollution alone 

(Balakrishnan et al., 2019) [1]. The respiratory disease 

mortality rates have been steadily rising in Delhi, as 

reflected in the Delhi Statistical Handbook 2025, which 

shows that the number of deaths from respiratory diseases 

rose from 7432 in 2022 to 8801 in 2023 and 9211 in 2024, 

representing a 24% increase in just two years. The number 

of deaths from cardiovascular disease increased further, 

from 15,700 in 2023 to 21,200 in 2024. The impact of PM₂. 

₅ exposure on daily mortality has been statistically 

established using Generalized Additive Models (GAM) and 

is a 1.5-2.0% increase for every 10 µg/m³ increase in PM₂. ₅ 

for Delhi (Maji et al., 2017) [8]. 

The global COVID-19 pandemic-induced lockdown of 2020 

was an unintended natural experiment, where Delhi saw an 

annual concentration of PM₂.₅ at 82 µg/m³, up to 17% lower 

than the previous year, and showed that substantial air 

quality improvements are possible by controlling emissions, 

even if via non-sustainable means like the COVID-19-

induced economic shutdown. In particular, the Yamuna's 

water quality did not improve significantly even during the 

complete lockdown, as the presence of domestic sewage 

was the most critical pollution source upstream of 

Wazirabad Barrage, while the levels were still very critical 

downstream (Patel et al., 2020) [10]. 

India has a huge legislative framework, with the legislation 

enacted under the Air (Prevention and Control of Pollution) 

Act (1981); Water (Prevention and Control of Pollution) Act 

(1974); Environment Protection Act (1986); and the 

National Clean Air Programme (NCAP, 2019), but there 

remains a substantial gap between the legislation and 

implementation. The NCAP's 2024 target of 20-30% 

reduction in PM₂.₅ and PM₁₀ (from 2017) has not been 

achieved in Delhi, where levels have increased post-

pandemic. To address the critical need of having a 

comprehensive data-driven assessment of Delhi's 

environmental trajectory, this study combines retrospective 

analysis with forward-looking predictive modelling to 

inform evidence-based policymaking decisions. 

 

Conceptual Framework and Research Hypotheses 

The study is based on the DPSIR (Drivers-Pressures-State-

Impact-Response) framework which conceptualises 

environmental degradation as a sequence of events, starting 

with social-economic drivers (population growth, 

urbanisation, industrial development) and leading to 

changes in environmental state (concentrations of pollutants, 

degradation of ecosystems), impacts (health effects, 

economic losses, ecological damage) and responses 

(behavioural change, technological solutions, policy 

interventions) (EEA, 1999) [5]. In this context, the following 

hypotheses are tested: 

H₁: Environmental degradation in Delhi has a non-linear 

nature and increases through various periods of acceleration 

due to increasing number of vehicles, while the growth rate 

in vehicle registration has been greater than the reductions 

in emissions due to fuel quality and technology 

requirements. 

H₂: Domestic sewage discharge was the major source of 

pollution to the Yamuna river, as during industrial 

shutdowns (COVID-19 lockdown), extreme pollution 

remained in the river. 

Socio-cultural factors such as life style changes, migration 

and religious festival practices are important source of 

pollution that is not only measurable but also can be 

quantified in addition to the pollution caused by the techno-

economic factors. 

H₄: Delhi will fail to meet NAAQS standards for PM₂.₅ 

under the current policy trajectory (BAU), but by the early 

2030s, it may be in compliance with the NAAQS standards 

for PM₂.₅ with aggressive multi-sectoral interventions, 

resulting in a corresponding reduction in attributable 

mortality. 

 

Research Objectives 

The present study aimed to achieve the following 

objectives: (i) To assess the trend of environmental 

degradation in Delhi from year 1997 to 2024 across the 

three domains of air, water and noise pollution and solid 

waste; (ii) To perform source apportionment analysis of the 

important air pollutants and determining the dominant 

pollution drivers; (iii) To assess the impact of socio-cultural 

factors on environmental degradation and the level of public 

awareness; (iv) To create three pollution scenarios, BAU, 

Moderate Intervention, and Aggressive Intervention, to 

predict environmental quality and health outcomes till 2040; 

(v) To estimate the health burden of environmental 

degradation through the relative risk estimation approach, 

mortality data, and economic cost analysis; and (vi) To 

develop an integrated, evidence-based, 10-point policy 

framework for sustainable environmental management in 

Delhi NCR. 

 

Research Methodology 

1. Research Design and Data Sources 

This study used a mixed-methods research approach, using a 

retrospective longitudinal analysis, predictive modelling, 

and comparative benchmarking approach. The research was 

based on secondary data from various authoritative 

sources—(a) air quality monitoring data from DPCC, 

CPCB, India Meteorological Department, and US Embassy 

PM₂.₅ monitoring station (2013-2024) [2]; (b) water quality 

data from DPCC (2009-2024) monitoring points on the 

Yamuna river and 24 drain outlets; (c) solid waste and 

sewage data from MCD, DPCC, Delhi Jal Board and CPCB 

reports (2000-2024); (d) health and mortality data from 

Delhi Statistical Handbook 2025, GBD Study 2019, and 

hospital admission records; (e) vehicular registration data 

from Transport Department, GNCTD, (2000-2024); and (f) 

published peer-reviewed literature (120+ sources) from 

PubMed, Scopus, Web of Science and Google Scholar 

databases. 

 

2. Analytical Methods 

For each environmental parameter, the temporal trend 

analysis was performed by linear regression, moving 

average, and compound annual growth rate (CAGR) 

methods. Published receptor modelling results (Sharma and 

Mandal, 2017) [13] were used for source apportionment. 

Exponential growth/decay models were used for making the 

prediction, and three scenarios were set up based on three 

distinct annual rate-of-change parameters: (a) the historical 

trend (2015–2024) (BAU), (b) reduction of PM₂.₅ at the 

NCAP level (−3.5%/year), and (c) reduction at a level 
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comparable to Beijing (−8%/year). Concentration-response 

functions from the GBD 2019 integrated exposure-response 

(IER) model were used in the health impact projections, 

assuming a baseline mortality rate-of-change of +2.5%/year 

under BAU (based on observed trends 2022–2024). All 

projections have been subject to uncertainty (10% 

confidence bands). Comparative benchmarking was carried 

out with the values of Beijing (China), London (UK), and 

the WHO guideline. 

 

 
 

Figure 1: Integrated Research Framework: Multi-Domain Environmental Impact Assessment Methodology 

 

Results and Discussion 

1. Ambient Air Quality: Longitudinal Trends (2010–

2024) 

From the analysis of long-term monitoring data of PM₂. ₅, a 

three-phase evolution is determined. The first phase (2010-

2015) demonstrated consistently high levels with a mean of 

150 µg/m³, representative of the pre-intervention average 

level predominantly driven by emissions from diesel 

vehicles, industries, and road dust. The second phase (2016-

19) showed a significant downward shift from 123 to 99 

µg/m³, which is due to cumulative impacts of the CNG 

mandate, Bharat Stage emission norms, odd-even traffic 

scheme, closure of the Badarpur Thermal Power Station, 

and the initial NCAP measures. The third phase (2020-

2024) is characterised by an unusually low level of 82 

µg/m3 in 2020 due to the COVID pandemic and a 

worrisome rise to 110 µg/m3 by 2024, indicating that the  

current dominance of structural emission sources has been 

regained over the modestly effective trend of policy-driven 

reductions. 

Most importantly, the variability has not lowered PM₂.₅ 

concentrations below 82 µg/m³, which is more than twice 

the NAAQS of 40 µg/m³, and over 16 times the WHO 

guideline of 5 µg/m³ at their lowest level recorded. On 18th 

November, Delhi reported its highest AQI of the season at 

491 (classed as ‘severe plus’), and AQI levels went as high 

as 1,200 during the month of November 2024 during the 

smog events. In 2015, Delhi experienced moderate air 

quality for 4 months, poor for 6 months, and very poor for 2 

months, with no month in the year that experienced 

satisfactory air quality. The Annual AQI in 2024 depicts a 

deteriorating situation with an annual average AQI of about 

282 in Delhi, which is 69.6% higher than in previous years. 
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Figure 2: Long-Term PM₂. ₅ Concentration Trends in Delhi (2010–2024) Against NAAQS and WHO Standards 
 

4.1. Multi-Pollutant Assessment 

For each pollutant, trends are different when analysed on an 

individual basis for 2016-2024. The average level of SO₂ 

has complied with the NAAQS limit of 50 µg/m³, and the 

results are 11-15 µg/m³, which is attributed to the 

implementation of low-sulphur fuel mandates and the 

closure of coal-based power plants. N₂O₂ is, however, 

always over the standard of 40µg/m³ due to the continued 

dominance of the internal combustion engine in a growing 

vehicle fleet. The concentration of PM₁₀ still stays in the 

range of 4-6 times the NAAQS (60µg/m³) at all the 

monitoring sites, and hotspot sites like Anand Vihar have 

been witnessing maximum values of 450 – 660µg/m³ during 

winter episodes. CO demonstrates an ambiguous trend, with 

an increase in 2024 to 2.5 mg/m³, due to the rise in vehicle 

load. 

 

 
 

Figure 3: Multi-Pollutant Annual Mean Concentrations in Delhi (2016–2024) Against NAAQS Standards 
 

4.2. Seasonal AQI Dynamics 

The AQI seasonal heatmap shows that there is a regular 

tendency with extreme seasonality throughout the year. The 

concentration of 'Very Poor' to 'Severe' AQI values (350-

465) is consistently observed during winter months 

(November to January) due to temperature inversions, low 

wind speeds, and additional emissions from stubble burning 

(Punjab and Haryana) during domestic heating, as well as 

during Diwali celebration of fireworks (October).  

Only during the monsoon months (July–August), AQI is in 

the range of 55-75 (Moderate) due to particulate washout by 

precipitation and atmospheric dispersion. Notably, the 2024 

winter peak AQI is 465, which is higher than the 2019 peak 

AQI of 440, showing a downward trend despite policy 

measures. Delhi's AQI for November 2024 came out as 
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1,200, which is equivalent to smoking 45-50 cigarettes daily, according to health experts. 

 
 

Figure 4: Seasonal AQI Variation Heatmap for Delhi (2019–2024): Monthly Mean AQI Values 
 

4.3. Source Apportionment 

Based on the source apportionment studies (Sharma and 

Mandal, 2017; DPCC-IIT Kanpur, 2016) [13], road dust is 

found to be the most important source of PM₂.₅ (38%), 

followed by vehicular exhaust (20%), domestic fuel burning 

(12%), and industrial point sources (11%). Industrial point 

sources (mainly power plants) are the largest contributors of 

NOx emissions, accounting for 52%, while vehicles account 

for 36%. The vast majority of CO emissions are from traffic 

(83%). This research has important policy implications: The 

air quality management strategies that target only vehicle 

emissions will only influence a portion of the PM₂.₅ burden, 

whereas the possibility for road dust suppression (e.g., 

paving unpaved roads, water sprinkling, mechanical 

sweeping) is the largest air quality management opportunity. 

Significantly, the government's directive to halt all bus 

operations in Delhi has paradoxically led to a surge in the 

purchase of private cars and in the construction of roads, 

both of which have added to large additions of vehicles and 

road dust. 

 

 
 

Figure 5: Source Apportionment of PM₂. ₅ and NOx Emissions in Delhi 
 

Table 1: Comprehensive Air Quality Summary for Delhi (2024) Against Standards 
 

Pollutant 
Annual Mean 

Delhi 
NAAQS 

WHO 

Guideline 

Exceedance Factor 

(NAAQS) 
Exceedance Factor (WHO) Trend 2016-24 

PM₂. ₅ (µg/m³) 110 40 5 2.75× 22× ↓ then ↑ 

PM₁₀ (µg/m³) 350 60 15 5.83× 23.3× ↓ then ↑ 

NO₂ (µg/m³) 60 40 10 1.50× 6.0× ↑ Rising 

SO₂ (µg/m³) 11.5 50 40 Within Within ↓ Stable 

CO (mg/m³) 2.5 2.0 — 1.25× — ↑ Rising 

O₃ (µg/m³) 72 100 100 Within Within Variable 

Sources: CPCB, DPCC Annual Report 2024–25 [3], US Embassy Monitoring, IQAir 

 

2. Vehicular Pollution and Transport Emissions 

The rapid increase in the number of vehicles in Delhi is the 

most persistent and fastest-growing source of pollution. The 

number of total registered vehicles has risen from 31.6 lakh 

in 2000 to an estimated 130 lakh by 2024, a four-fold 

growth and compound annual growth rate (CAGR) of 

~6.1% over the 24 years. As of 2018, there were an 

estimated 11.2 million registered motor vehicles, an increase 

of approximately 27% since 2015. This proliferation of 

vehicles has also made a fundamental change in the 

emission profile of Delhi – vehicles account for 20% of 

PM₂.₅, 36% of NOx, and 83% of CO emissions. The per-

vehicle emission intensity levels have decreased with the 

introduction of CNG in the public transport sector, 
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progressive Bharat Stage emission norms, but the absolute 

increase in vehicles has compensated for these emission 

intensity reductions, which is known as the ‘rebound effect’ 

in environmental economics. 

A key finding is the decoupling of vehicle growth and per-

vehicle PM emissions, with the number of vehicles rising by 

about 4x while the total emissions of PM from vehicles 

initially fell from 48 kT/year (2000) to 28 kT/year (2020) 

before rising to 40 kT/year (2024). This U-shaped emission 

curve indicates that the emission reduction potential due to 

fuel switching and technology upgrades is already used up 

by fleet growth, and continued emission reductions will only 

be possible through modal shift (from private vehicles to 

public transport and non-motorized transport) and not solely 

through technology measures. 

 

 
 

Figure 6: Vehicle Registration Growth vs. Transport PM Emissions in Delhi (2000–2024): The Rebound Effect

 
Table 2: Vehicle Fleet Growth and Transport Emission Indicators 

 

Indicator 2000 2015 2024 (Est.) 

Total Vehicles (Lakhs) 31.6 88.3 ~130 

Cars & Jeeps (Lakhs) 10.6 33.7 ~48 

Two-Wheelers (Lakhs) 21.4 58.5 ~72 

Vehicle Density (/km road) ~108 ~257 ~350 

Transport PM Emission (kT/yr) 48 38 ~40 

Sources: Transport Department GNCTD, TERI Emission Inventory, IQAir 

 

3. Yamuna River: Longitudinal Water Quality 

Assessment 

The water quality along the length of the Yamuna in Delhi 

is very unimpressive and dramatic, from acceptable water 

quality up the river, to ecological death down the river. The 

river Palla at Palla (upstream from Wazirabad Barrage) has 

DO 5.5-15.5 mg/L and BOD 2.0 mg/L, which is below the 

CPCB Class C standard. Water quality, however, rapidly 

becomes very bad immediately downstream of Wazirabad 

Barrage (after the confluence of the Najafgarh Drain and 

other major tributary drains). 75-79% of the total pollution 

load of the river is concentrated in the 22 km stretch from 

Wazirabad to Okhla, and the total pollution load is very 

small in this stretch (just 2% of the total pollution load of 

the river). However, DO goes to 0.0 mg/L in several 

segments (which is effectively anoxic and not suitable for 

any type of aquatic life), and BOD increases to 60-93 mg/L 

or as high as 31 times the permissible limit of 3 mg/L. 

The COVID-19 lockdown natural experiment yielded 

important evidence to test hypothesis H₂. Industrial effluents 

were hardly discharged in the stretch of the Yamuna during 

the complete lockdown, and the water quality in the stretch 

within Delhi is still not meeting even minimal bathing water 

criteria downstream of Wazirabad Barrage (Patel et al., 

2020) [10]. This establishes that the major pollution source is 

domestic sewage, which is estimated at 792 MGD, as 

compared to 566.3 MGD of installed capacity (and lesser 

utilization) of the STPs. The total treatment deficit of raw 

sewage discharged in the river is around 225.7 MGD per 

day, with additional diffuse inputs from unplanned 

habitations without sewerage. Recent studies (2024) have 

recorded toxic froth events related to excessive amounts of 

phosphate (0.51 mg/L as compared to the standard range of 

0.005–0.05 mg/L) and faecal coliform count of 210,000 to 

11,000,000, far exceeding the prescribed safe limit. 

 

4. Municipal Solid Waste: A Mounting Crisis 

The impact of Delhi's environmental degradation is 

catastrophic and quantifiable in terms of health. The Delhi 

Statistical Handbook 2025 reported that the mortality rate 

due to pollution-related diseases has increased significantly 

year on year. Respiratory disease deaths rose from 7,432 

(2022) to 8,801 (2023) and then to 9,211 (2024), while the 

deaths due to cardiovascular diseases rose by 35% from 

15,700 (2023) to 21,200 (2024). Children are 

disproportionately affected: In Delhi, 2.2 million children 

have suffered irreversible lung damage due to chronic 

exposure to air pollution (CPCB, 2008); 32.1% of the 

children suffer from respiratory problems in Delhi, while 

18.2% of the children suffer from respiratory problems in 

rural control populations. Delhi residents are estimated to be 

1.7 times as likely as clean-air reference populations to 

develop respiratory illness. Duration of winter pollution 

peaks has been shown to cause a 15-20% increase in 
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respiratory hospitalizations in Delhi. With each 10 µg/m³ 

rise in SO₂, there is an 83.3% increase in respiratory 

hospitalizations in a week (RR: 1.833, 95% CI: 1.351-

2.489). It is estimated that about 2 million people die in 

India each year due to air pollution, which is the fifth 

leading cause of mortality in the country. GBD 2019 

estimated economic losses as a result of premature deaths 

and morbidity due to air pollution in India were valued at 

US$36.8 billion (1.36% of GDP) in 2019. 

 

5. Quantitative Health Burden Assessment 

The health consequences of Delhi’s environmental 

degradation are devastating and measurable. The Delhi 

Statistical Handbook 2025 documented a sharp escalation in 

pollution-linked mortality: respiratory disease deaths rose 

from 7,432 (2022) to 8,801 (2023) to 9,211 (2024), while 

cardiovascular deaths surged from 15,700 (2023) to 21,200 

(2024)—a 35% year-on-year increase. Children are 

disproportionately affected: in Delhi, 2.2 million children 

have suffered irreversible lung damage from chronic air 

pollution exposure, and 32.1% of Delhi’s children suffer 

from respiratory problems compared to 18.2% in rural 

control populations (CPCB, 2008). The relative risk (RR) 

for respiratory illness among Delhi residents is estimated at 

1.7 compared to clean-air reference populations. Studies 

have documented that Delhi residents face a 15–20% 

increase in respiratory hospitalizations during winter 

pollution peaks, with every 10 µg/m³ increase in SO₂ 

associated with an 83.3% cumulative increase in hospital 

visits over a week (RR: 1.833, 95% CI: 1.351–2.489). Air 

pollution in India is estimated to kill approximately 2 

million people annually and is the fifth largest cause of 

death nationwide. The GBD 2019 estimated that India’s 

economic losses from air pollution-attributable premature 

mortality and morbidity totalled US$36.8 billion (1.36% of 

GDP) in 2019. 

 
Table 4: Health Burden Indicators for Delhi (2024) 

 

Health Indicator Value / Estimate 

Respiratory Deaths (2024) 9,211 

Cardiovascular Deaths (2024) 21,200 

Children with Irreversible Lung 

Damage 
2.2 million 

Respiratory Symptom Prevalence 

(Children) 

32.1% vs 18.2% (rural 

control) 

Relative Risk (RR) for Respiratory 

Illness 
1.7 (vs clean-air reference) 

Mortality Increase per 10 µg/m³ PM₂.₅ 
1.5–2.0% daily non-

accidental 

Economic Loss (India, GBD 2019) 
US$ 36.8 billion (1.36% 

GDP) 

Sources: Delhi Statistical Handbook 2025, GBD Study 2019, 

Lancet Planetary Health, CPCB 
 

6. Predictive Scenario Modelling: 2025–2040 

6.1. PM₂.₅ Concentration Projections 

Delhi's future trajectory of PM₂.₅ pollution was simulated in 

three scenarios using historical data and literature on the 

policy interventions: 

Scenario A (Business-As-Usual, +2.8%/year): This scenario 

assumes that the current trends will continue, meaning that 

the vehicle fleet will grow at a higher rate than emission 

controls, stubble burning will remain as is, and no 

significant additions of infrastructure will be made beyond 

what is already committed. The concentration of PM2.5 is 

expected to increase to about 170 µg/m³ by 2040 under the 

BAU, which is 4.25 times the NAAQS and 34 times the 

WHO guideline. The projection period does not guarantee 

that NAAQS will be met. 

Scenario B (Moderate Intervention, −3.5%/year): This 

scenario considers full implementation of NCAP targets, 

increased metro rail ridership, 30% of new vehicles sold as 

electric vehicles by 2035, and additional reductions in 

stubble burning. The projections for PM₂.₅ are to drop to 

around 63 µg/m³ by 2040, just above the NAAQS standard 

(projected compliance around 2038). 

Scenario C (Aggressive Intervention, −8%/year): This 

scenario is based on the air quality transformation Beijing 

has achieved in 2013-2023, and reflects the implementation 

of comprehensive measures, such as the zero-emission 

public transport mandate, strict regulation of industrial 

relocation, complete elimination of stubble burning (in-situ 

management subsidies), road dust control programs for all 

arterial roads, and large-scale afforestation in urban areas. 

The projection for PM₂.₅ by 2040 is about 30 µg/m³, which 

will meet NAAQS by about 2032, but still be 6 times the 

WHO guideline. 

 
6.2. Health Impact Simulation 
The mortality simulation is based on the concentration-
response relationship between PM2.5 and non-accidental 
mortality of a 1.5-2% increase in non-accidental mortality 
per 10µg/m³ increase in PM2.5, derived from observed 
respiratory mortality in 2022-2024, which was simulated 
using the observed respiratory death trajectory. With BAU, 
we expect respiratory mortality to increase from 9,211 
deaths/year in 2024 to around 14,400 deaths/year in 2040, a 
56% increase. With the Moderate Intervention, the mortality 
rate becomes constant around 9,700 deaths/year (+5% to the 
baseline value). With Aggressive Intervention, respiratory 
deaths drop to around 5700 deaths/year by 2040, a 38% 
decrease based on 2024 levels. The total number of 
premature respiratory deaths averted between 2025 and 
2040 is about 57,000, highlighting the human impact of the 
devastating potential of respiratory disease in this country. 

 
Table 5: Comparative Scenario Outcomes Summary (2040 

Projections) 
 

Parameter 
Scenario A 

(BAU) 

Scenario B 

(Moderate) 

Scenario C 

(Aggressive) 

PM₂.₅ in 2040 

(µg/m³) 
~170 ~63 ~30 

NAAQS 

Compliance Year 

Never (by 

2040) 
~2038 ~2032 

Respiratory 

Deaths/yr (2040) 
~14,400 ~9,700 ~5,700 

Cumulative Averted 

Deaths (2025–40) 
Baseline ~22,000 ~57,000 

Waste Processing 

Gap (TPD) 
~8,000 ~2,500 ~500 

Required Annual 

Investment 

Current 

levels 
2× current 5× current 

Based on exponential projection models calibrated against 2015–

2024 observed trends; ±10% CI 
 

7. Socio-Cultural Determinants of Environmental 

Degradation 

The socio-cultural aspects of environmental impacts are also 

measurable, but also remain a long-term and often under-

realised element of Delhi's environmental load, as evidenced 

by hypothesis H₃. The presence of acute pollution peaks, 
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which can be measured during religious festivals, was 

demonstrated during Diwali events in October 2024, where 

AQI moved into the ‘Severe’ category at various stations 

with firecrackers generating near double the PM₁₀ 

deposition compared to the days leading up to the event. 

The immersion of painted idols during Ganesh Chaturthi 

and Navratras releases heavy metals (lead, mercury, 

cadmium) and synthetic paints in the Yamuna, which is 

responsible for the toxic froths that have been recorded in 

recent years. 

The result of migration from rural areas to urban areas is 

high-density unplanned settlements (Unauthorized colonies) 

with no basic sewerage and waste management 

infrastructure. These settlements are a disproportionate 

source of water pollution (direct discharge of untreated 

domestic wastewater in drains) and of solid waste. Per 

capita environmental footprints are further exacerbated by 

modern lifestyle patterns, such as over-consumption, single-

use plastics, air conditioning, and reliance on private 

vehicles. The seven major socio-cultural determinants that 

have been identified are: a) Rural-urban migration, b) 

Unplanned urbanization, c) Poverty and inequality, d) 

Population pressure, e) Religious ritual practices, f) Modern 

lifestyle adoption, and g) Acute pollution events during 

festivals. 

 

8. Public Environmental Awareness: The Knowledge-

Action Gap 

All four research hypotheses are supported by the evidence 

presented. The vehicle rebound effect analysis confirms the 

actual impact for the vehicle, as fleet expansion has taken up 

emission reduction gains; the vehicle-to-PM emission 

decoupling is reversed post-2020. The natural experiment of 

the COVID-19 lockdown has shown that the Yamna 

remained polluted, even when factories shut down their 

operations, making it clear that sewage is the major source 

of pollution. The acute pollution events during Diwali, idol 

immersion, and other cultural activities are recorded and 

contribute to the problem of H₃, while the environmental 

consequences of unplanned migration-related settlement 

patterns also have an impact. The simulation models show 

that BAU will not meet NAAQS through 2040, but the 

Aggressive Intervention will meet NAAQS by 2032, 

resulting in about 57,000 fewer premature respiratory deaths 

due to non-compliance by 2040. 

 

Synthesis and Hypothesis Evaluation 

The evidence presented supports all four research 

hypotheses. H₁ is confirmed by the vehicle rebound effect 

analysis showing that fleet expansion has consumed 

emission reduction gains, with the vehicle-to-PM emission 

decoupling reversing post-2020. H₂ is strongly supported by 

the COVID-19 lockdown natural experiment, which 

demonstrated persistent Yamuna pollution despite industrial 

shutdown, confirming domestic sewage as the dominant 

pollution source. H₃ is supported by the documented acute 

pollution spikes associated with Diwali, idol immersion, and 

other cultural practices, as well as the environmental burden 

of unplanned migration-driven settlement patterns. H₄ is 

quantitatively demonstrated through the simulation models, 

which project that BAU will not achieve NAAQS 

compliance by 2040, while the Aggressive Intervention 

scenario achieves compliance by 2032 with cumulative 

avoidance of approximately 57,000 premature respiratory 

deaths over 2025–2040. 

Integrated 10-Point Policy Framework 

Based on the evidence synthesis, the following policy 

framework is proposed: 

(3) Road Dust Suppression: Pave all unpaved roads; sweep 

all arterial roads; water-sprinkle all arterial roads (one of the 

largest sources of PM₂.₅; 38%). (2) Accelerated EV 

Transition: Achieve 100% EV public transport and 50% EV 

sales in new private vehicles by 2030/35, by increasing EV 

adoption through incentives and charging infrastructure. (3) 

Sewage Infrastructure Modernization: Fill the 225+ MGD 

treatment gap by decentralized STPs, interceptor sewers, 

and mandatory treatment of unauthorized colonies. (4) Zero-

Waste Strategy: Source segregation of 100% by 2028 and 

increased composting facilities (18+) to reduce the amount 

of biodegradable waste disposed of on land. (5) Stubble 

Burning Elimination: Scale up in-situ management of 

stubble and promote biomass-based power generation in 

Punjab and Haryana. (6) Industrial Emission Controls: Put 

in place real-time emission monitoring with automatic 

penalties with the use of continuous emission monitoring 

systems (CEMS). (7) Urban Green Infrastructure: Propose 

the green ecological corridor (7100 Km long Aravalli) and 

provide the target of 25% urban tree canopy by 2035. (8) 

Climate-Adaptive Building Codes: Apply ECBC 

requirements to all newly built buildings that include 

embedded air filtration and energy efficiencies. (9) Public 

Health Surveillance: Roll out an environmental health 

surveillance system to monitor data in real-time that 

connects air quality information to hospital admissions for 

early warning and response. (10) Socio-Cultural 

Engagement: Build culturally sensitive environmental 

programmes for festival pollution using eco-friendly 

alternatives, community-based waste management, and 

specific awareness-building initiatives for the marginalised 

communities. 

 

Conclusions and Future Research Directions 

This detailed study shows that Delhi NCR is witnessing a 

multi-dimensional environmental crisis with unprecedented 

dimensions. The air quality is among the poorest in the 

world, with PM₂.₅ concentration levels 2.75 times the 

NAAQS and 22 times the WHO guidelines. The Delhi 

section of the Yamuna is a virtually dead river ecologically. 

The municipal solid waste infrastructure has not been able 

to keep up with the generation, and there are 4,000+ TPD of 

untreated waste generated every day. Health outcomes are 

severe – more than 9,200 respiratory deaths and more than 

21,200 cardiovascular deaths in 2024, and 2.2 million 

children were left with permanent lung damage. 

The projected simulations show that the current scenarios 

(BAU) will lead to an increase of PM₂.₅ concentrations to 

170 µg/m³ in the year 2040 and to an increase in annual 

mortality from respiratory disease above 14,000 deaths. By 

contrast, multi-sectoral aggressive interventions would lead 

to NAAQS by 2032 and could save about 57,000 premature 

respiratory deaths between 2025 and 2040. The COVID-19 

lockdown has been a proof-of-concept that rapid air quality 

improvement is physically possible – it is now a challenge 

to bring about the same improvement in a sustainable 

manner via policy mechanisms, not economic shutdown. 

Future studies should include: (a) development of high-

resolution source apportionment models, using satellite 
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remote sensing and machine learning, for real-time pollution 

attribution; (b) Primary survey-based assessment of public 

environmental awareness across socio-economic strata; (c) 

quantifying complete economic burden of environmental 

degradation in Delhi, including healthcare expenditure, loss 

of productivity and valuation of ecosystem services; (d) 

Evaluation of effectiveness of specific policy interventions 

using quasi-experimental designs; and (e) Account for 

climate change projections along with air quality modelling 

to understand compound risks from air stagnation and 

temperature-induced secondary pollution. 
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