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Introduction

The dual burden: Economic loss and respiratory disease

Air pollution is now the leading environmental risk factor for global mortality. The Global Burden of Disease (GBD) 2021 analysis 
attributed 4.7 million deaths and 4.2% of all disability-adjusted life years (DALYs) to particulate matter pollution, ranking it the foremost 
level-3 risk factor worldwide [1]. Chronic respiratory diseases, of which COPD and asthma are the dominant contributors, caused 4.4 
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Abstract

Ambient air pollution is the textbook negative externality: those who emit do not bear the full social cost of their emissions, and 
the resulting overproduction of pollutants imposes a quantifiable pulmonary burden on populations who had no part in creating it. 
This review synthesizes peer-reviewed evidence published primarily between 2015 and 2025 on three intersecting questions. First, 
how does economic theory frame air pollution as a market failure, and what does that failure cost in healthcare expenditure, lost 
productivity, and life expectancy? Second, what biological mechanisms translate unpriced fine particulate matter (PM2.5), nitrogen 
dioxide (NO2), and ozone (O3) exposures into chronic obstructive pulmonary disease (COPD), asthma, lung cancer, and accelerated 
lung function decline? Third, which policy instruments-Pigouvian taxes, cap-and-trade systems, command-and-control regulation, 
and engineered green infrastructure-have actually delivered measurable respiratory health improvements? Comparative case 
studies of Delhi, Beijing, and London anchor the analysis. Delhi exemplifies the unmitigated externality, with the institutional-death 
share attributable to respiratory disease approximately doubling over 18 years and never-smoker youth exhibiting 12 - 17% lower 
spirometry values than peers in clean-air regions. Beijing anchors China’s national clean-air programme, which cut nationwide PM2.5 
by 48% and prevented 308,000 premature deaths in seven years. London’s six-decade arc-from the 12,000-death Great Smog of 1952 
to the diminishing returns of the modern Ultra Low Emission Zone-shows both the persistence of intergenerational pulmonary 
damage and the inadequacy of single-instrument policy. The review concludes that pulmonologists treating COPD, asthma, and lung 
cancer in polluted megacities are managing the downstream clinical consequences of an unresolved upstream economic failure, and 
that durable respiratory health protection requires integrated economic-epidemiological policy frameworks rather than isolated 
regulatory interventions.
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million deaths in the same year, with an age-standardized DALY rate of 1,294.6 per 100,000 population [2]. The Lancet Commission on 
Pollution and Health reaffirmed in its 2022 progress update that pollution remains responsible for approximately 9 million premature 
deaths annually, a figure unchanged since 2017, and that 92% of this burden falls on low- and middle-income countries [3]. Air pollution 
is also a major cardiovascular killer: 2.46 million cardiovascular deaths and 58.3 million DALYs were attributed to ambient air pollutants 
in 2021, with the steepest projected increases concentrated in low-sociodemographic-index regions [4].

These statistics describe more than a public health crisis. They describe an economic failure. In standard welfare economics, air 
pollution is the canonical negative externality: a polluter-whether a coal-fired power plant, a diesel truck, or a stubble-burning farmer-
captures the private benefit of an activity while imposing the cost of degraded lung function, asthma exacerbations, and premature 
mortality on people who had no transaction with the polluter and no opportunity to refuse exposure. Because the polluter does not pay 
for the harm, the market produces more pollution than is socially optimal. The price of breathing, in other words, is paid by the lungs of 
strangers.

Scope and objectives

This review examines the economic mechanisms through which air pollution operates as a market failure, the resulting pulmonary 
health burden, and the comparative effectiveness of market-based and regulatory interventions. The geographic focus is Delhi as the 
primary case study, with Beijing and London as comparators selected for their contrasting policy trajectories: rapid recent improvement 
and a six-decade arc from catastrophe to modern innovation, respectively. The intended audience is pulmonologists and respiratory 
health researchers who increasingly find themselves treating the clinical sequelae of unresolved economic policy failures and who benefit 
from understanding the upstream landscape that drives-or fails to drive-air quality improvements. The literature reviewed spans 2015-
2025, with foundational works from earlier periods retained where they remain definitive.

Figure 1

Air pollution as a market failure: Economic foundations

Externality theory and the economics of pollution

The conceptual foundation for treating pollution as a market failure was established by Arthur Cecil Pigou, whose 1920 Economics 
of Welfare argued that corrective taxation calibrated to the marginal external damage of an activity is the appropriate policy response 
to negative externalities. On the centenary of Pigou’s framework, Funke and Mattauch [10] revisited the principle and argued that the 
long-standing claim that Pigouvian pricing is “theoretically desirable but politically infeasible” is overstated: Germany’s 2019 climate 

The Rising Price of Breathing: Air Pollution as a Market Failure and its Pulmonary Consequences

02



Citation: Karam Luthra Singh and Alok S Shah. “The Rising Price of Breathing: Air Pollution as a Market Failure and its Pulmonary Conse-
quences”. EC Pulmonology and Respiratory Medicine 15.7 (2026): 01-14.

policy reform and the EU Green Deal demonstrate that pollution pricing has achieved more practical political traction than commonly 
acknowledged, although fuel and energy taxes in most jurisdictions remain below their Pigouvian optimum once local air pollution 
externalities are added to climate damages. Direct bargaining between polluters and victims, the Coasean alternative to taxation, is 
impractical for ambient airshed pollution because transaction costs across millions of exposed individuals are prohibitive, and the airshed 
itself constitutes a tragedy of the commons in which no single actor has an incentive to limit emissions.

A persistent debate concerns whether air pollution is primarily a market failure or, conversely, a government failure exacerbated 
by misregulation. Huynh, Le, and Lam [8] examined this empirically using panel data and cointegration regression techniques (FMOLS 
and DOLS, which estimate long-run relationships between non-stationary economic time series), finding that market freedom and 
governance quality each independently affect pollution outcomes, but that their interaction is statistically significant: in countries with 
weak governance, free markets alone do not efficiently internalize the pollution externality, whereas in well-governed nations, market 
mechanisms can complement regulatory approaches. This conditional relationship is particularly salient to Delhi, where neither price 
signals nor regulatory enforcement have proven sufficient on their own.

Quantifying the economic burden

The economic literature has developed four principal methodologies for valuing pollution-related health damages: cost-of-illness 
(direct medical expenditure and productivity losses), willingness-to-pay (revealed preferences for cleaner air), value of statistical 
life (VSL) applied to premature mortality, and DALY-based monetization. Kochi, Hubbell, and Kramer [9] provided the foundational 
methodological synthesis, reviewing 17 OECD and non-OECD studies and demonstrating consistent associations between ambient 
pollution and respiratory symptoms, reduced lung function, and premature mortality across diverse national contexts.

Recent applications have produced striking valuations. Bherwani., et al. [5] used VSL, cost-of-illness, and DALY approaches to compare 
the health-damage costs of reduced pollution during 2020 COVID-19 lockdowns across Delhi, London, Paris, and Wuhan, finding that 
Delhi accrued the largest preventive health benefit owing to the magnitude of its baseline PM2.5 burden. At the country scale, the India 
State-Level Disease Burden Initiative [18] estimated that air pollution caused 1.67 million deaths in India in 2019 and US$36.8 billion 
in lost economic output, equivalent to 1.36% of national GDP, with Delhi suffering the highest per-capita loss. The systematic review by 
Nkemelu., et al. [6] of 84 cost-benefit analyses of air pollution control found that the majority of interventions produced positive monetary 
returns, with productivity gains from reduced restricted-working-days documented in 18 studies.

Hospital-level evidence reinforces these macroeconomic estimates. Zhang, Bian, and Bai [7] linked daily air quality monitoring data 
with admissions records at a Beijing tertiary hospital and found that PM2.5 concentrations above 75 μg/m3 produced significant lagged 
increases in clinic visits, hospitalization duration, and respiratory care expenditure, with the elderly and patients with pre-existing 
respiratory conditions bearing a disproportionate share of the cost.

Why standard economic tools underestimate respiratory costs

Three structural limitations cause conventional economic valuations to systematically underestimate the true pulmonary burden. 
First, most VSL estimates derive from labour-market wage-risk trade-offs in high-income countries, which analysts then transfer to low- 
and middle-income contexts with a downward income adjustment. Critics argue this transfer understates the welfare weight that affected 
populations themselves place on premature mortality, particularly where local incomes constrain stated willingness-to-pay but not 
underlying preferences [9]. Second, standard analyses focus on diagnosed disease and observable mortality, yet a substantial fraction of 
the population in heavily polluted cities lives with subclinical lung function decline that never reaches clinical attention but nevertheless 
reduces exercise tolerance, labor productivity, and resilience to acute infection [13,16]. Third, the intergenerational dimension is rarely 
monetized: prenatal and early-childhood exposure produces lifelong reductions in lung capacity that mature into elevated adult COPD risk 
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and reduced human capital decades after exposure [13,17,35]. The economic burden visible in healthcare expenditure data is therefore a 
lower bound on the true social cost of the air pollution externality.

Pulmonary health burden: The biological price of market failure

Mechanisms of pollution-induced lung damage

The pathophysiological pathway from ambient PM2.5 inhalation to chronic respiratory disease is well characterized. Particles 
smaller than 2.5 μm bypass the upper-airway clearance mechanisms, deposit in the distal bronchioles and alveoli, and impair pulmonary 
surfactant function [11,16]. Ultrafine particles (PM0.1) penetrate further still, with measurable systemic translocation. The cellular 
response involves induction of reactive oxygen species, NF-κB-mediated upregulation of pro-inflammatory cytokines, and recruitment 
of macrophages and neutrophils to the airway. Li, Yang, and Song [12] demonstrated this pathway experimentally in two complementary 
models. In vitro, human bronchial epithelial cells incubated with PM2.5 for 24 hours showed significantly elevated interleukin-6 (IL-
6) and IL-8 expression. In vivo, mice exposed to PM2.5 for 48 weeks developed reduced lung function, emphysematous lesions, and 
airway inflammation, with the effect amplified when PM2.5 was co-administered with cigarette smoke. Wallbanks., et al. [16] provided a 
comprehensive mechanistic review documenting how PM2.5, O3, and NO2 each impair specific lung function parameters including airway 
caliber, resistance, conductance, and gas exchange.

Dose-response relationships between PM2.5 and lung function are now quantitatively defined. Li., et al. [11] used GBD 2021 data to 
project that 124 of 134 countries assessed (92.5%) exceed the WHO annual PM2.5 guideline of 5 μg/m3, with smaller particles producing 
disproportionately greater total lung deposition. The exposure-response curve for PM2.5 mortality is supralinear at low concentrations-
that is, it steepens as ambient PM2.5 falls-so each microgram-per-cubic-metre reduction near a clean baseline averts more deaths than 
the same reduction at heavily polluted concentrations [32].

Respiratory disease epidemiology linked to air pollution

Ambient particulate matter pollution is now recognized as a primary driver of the global COPD burden. The GOLD 2023 committee 
report [14] documented that approximately 25% of COPD patients are non-smokers, with air pollution emerging as the dominant non-
tobacco etiology, and that longitudinal evidence links sustained PM2.5 exposure to accelerated five-year lung function decline in patients 
with severe COPD. GBD 2015-derived estimates attribute 481,000 global COPD deaths to ambient particulate matter, ranking it the 
fifth leading risk factor for total mortality at that time [14]. The Li., et al. [11] analysis of 1990-2021 trends found that PM-attributable 
COPD deaths reached 841,466 in 2021, with continued declines in age-standardized mortality offset by absolute case growth driven by 
population aging.

The strongest recent evidence comes from Mendelian randomization. Li., et al. [15] used genetic instrumental variables in a sample 
of 400,102 individuals to establish causal-rather than merely correlational-effects of air pollutants on lung function. PM10 was found 
to negatively affect FEV1 (OR 0.934), FVC (OR 0.941), and the FEV1/FVC ratio (OR 0.965), while PM2.5 and NO2 each increased COPD 
incidence (OR 1.273 and 1.357, respectively). The same analysis identified interleukin-17A as a mediating cytokine in the PM10-lung 
function relationship, suggesting a candidate therapeutic target for pollution-related respiratory impairment. Outdoor air pollution has 
been classified as a group 1 human carcinogen by the International Agency for Research on Cancer since 2013, with quantified excess lung 
cancer risk in heavily exposed cohorts [4,14].

Life expectancy and quality-of-life impacts

Differential vulnerability across the life course is now well documented. Kurmi, Pham, and Arku [13] synthesized evidence showing that 
short-term exposure to O3, PM10, and PM2.5 reduces children’s lung function indices (FEV1, FVC, FEV1/FVC), while long-term exposure 
produces deficits that persist into adolescence; a large birth cohort demonstrated that elevated early-life exposure predicted reduced 
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Figure 2

lung function at age 15. Dey [17] reported that approximately 8.8% of all deaths in Indian children under five in 2017 were attributable 
to air pollution, with documented effects on birthweight, stillbirth, preterm birth, developmental delay, and pediatric respiratory disease. 
Jain., et al. [22] provided perhaps the most striking direct comparison: a cross-sectional study of 354 never-smoker subjects aged 15 - 29 
found that mean FVC, FEV1, FEF25-75%, FEV1/FVC ratio, and PEFR were lower in Delhi NCR youth than in age-matched peers from Pauri 
Garhwal by 12.9%, 17%, 5%, 7.8%, and 7.3%, respectively, with 22.6% of NCR subjects exhibiting restrictive and 5.1% obstructive lung 
patterns versus zero in the clean-air comparator.

At the population scale, the Air Quality Life Index and related life-table analyses indicate that residents of the Indo-Gangetic plain, 
including Delhi, lose approximately a decade of life expectancy relative to a WHO-compliant counterfactual-the largest absolute life-
expectancy cost of any environmental risk factor globally [3,18]. These biological deficits translate into compounding quality-of-life and 
socioeconomic costs measurable in both DALY and quality-adjusted life year (QALY) terms. Chronic respiratory morbidity reduces labour 
productivity and raises out-of-pocket healthcare expenditure, and emerging cohort evidence links chronic pollution exposure to mental-
health and cognitive sequelae, including the in utero smog-attributable reductions in adult fluid intelligence documented in the UK 
Biobank [35]. The burden clusters geographically with poverty, creating an “environmental injustice” gradient in which the populations 
least able to relocate, install air filtration, or absorb medical costs are also the most heavily exposed [3,5,18].

Delhi, Beijing, and London: Comparative case studies

Delhi: The epicenter of the crisis

Delhi is the contemporary archetype of an unmitigated air pollution externality. Annual PM2.5 averages routinely exceed WHO 
guidelines by 5-10 folds, with severe seasonal spikes during the post-monsoon crop residue burning season. The most-cited single-year 
economic estimate, drawn from environmental cost accounting of Delhi-NCR health and productivity losses, places annual damage at 
approximately USD 4.4 billion, with healthcare costs and lost workdays as the dominant components. Mandal, Kumar, and Kumar [19] 
evaluated respiratory deposition of particulate matter in Delhi from 2019 through 2023, recording peak PM10 and PM2.5 values of 
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Figure 3

826.7 and 750.5 μg/m3 respectively, and observed that maximum daily deposition exceeded WHO guidelines by 40-fold and that evening-
commuter PM2.5 deposition doses were up to 39% higher than morning values. Applying value-of-statistical-life methodology, the same 
authors estimated that high PM2.5 concentrations in Delhi cumulatively contributed to 56,876 premature deaths between 2015 and 
2019, corresponding to an aggregate five-year monetised loss of approximately USD 157 billion. Tripathi, Kumar, and Gangwar [20] 
documented Delhi’s November 2024 AQI peak of 491 and reported that the share of all institutional deaths attributable to respiratory 
disease rose from 4.91% to 9.93% between 2005 and 2023-nearly doubling in proportional terms-with approximately 8,800 respiratory 
deaths recorded in 2023 alone and vehicular emissions accounting for 51.5% of late-2024 pollution. The decadal analysis by Gupta and 
Kumar [21] confirmed that AQI showed no overall improvement between 2014 and 2024 despite declining stubble burning incidents and 
expanding electric-vehicle and metro infrastructure-evidence that fragmented interventions cannot overcome a structurally unpriced 
externality.

Crop residue burning in Punjab and Haryana is the most economically destructive transboundary source. Eastham., et al. [23] used 
adjoint atmospheric modelling-a sensitivity-based inverse modelling technique that traces ambient concentrations back to specific 
upwind emission events-to attribute 44,000-98,000 PM2.5-related premature deaths annually to crop residue burning in India between 
2003 and 2019, with six districts in Punjab alone responsible for 40% of nationwide air quality impacts; the annual monetised cost 
averaged USD 23 billion. Scott., et al. [24] estimated the combined Punjab-Haryana-Delhi cost at USD 30 billion annually and a cumulative 
USD 190 billion over the five-year study period (approximately 1.7% of national GDP), with the risk of acute respiratory infection in 
children under five increasing three-fold in districts with intense burning. The behavioral economics of the externality is illuminated by 
Agarwal, Singh, and Ranjan [25], whose survey of 2,202 Punjab households found that 46% considered Delhi’s pollution “severe” while 
only 25% perceived their own districts as equally polluted-a perception gap that obstructs collective action.

Delhi’s signature policy intervention, the odd-even vehicle rationing scheme, has produced modest and inconsistent effects. Greenstone., 
et al. [26] applied a triple-difference design-comparing PM2.5 trajectories across treated/control areas, scheme-active/scheme-inactive 
days, and daytime/night-time hours-to high-frequency monitoring data and found that the January 2016 pilot reduced daytime PM2.5 
by 14 - 16%, whereas the April 2016 round produced no significant change-reflecting both compliance fatigue and the smaller relative 
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contribution of vehicular emissions during warmer months. Mishra, Goyal, and Sharma [27] measured reductions of 5.73% for PM2.5 
and 4.70% for PM1.0 at three traffic corridors, with gross non-conformance with national ambient standards persisting throughout. 
Agarwal’s [28] more recent causal analysis confirmed that winter implementations consistently outperformed spring rounds but that 
driving restrictions alone cannot substitute for comprehensive market-based pricing of pollution across all emission sources.

Beijing: Rapid policy-driven improvement

Beijing’s trajectory between 2013 and 2020 is the most successful large-scale air quality intervention documented in the peer-reviewed 
literature. Xiao., et al. [32] used the Tracking Air Pollution in China (TAP) platform to document a 48% reduction in national PM2.5 from 
63 to 33 μg/m3 over this period, preventing an estimated 308,000 deaths from long-term exposure and 16,000 from short-term exposure. 
Critically, although the PM2.5 reductions of 2017-2020 represented only 40% of the cumulative seven-year decline, they prevented 56% 
of the avoided deaths owing to the nonlinear, supralinear exposure-response curve-an insight with direct implications for the cost-benefit 
analysis of marginal reductions in already-cleaner cities.

The Beijing-Tianjin-Hebei (BTH) region experienced the largest absolute reductions. Zhao., et al. [30] reported that 152 billion CNY 
invested in the BTH “2+26” cluster reduced PM2.5 from 77 to 60 μg/m3 between 2015 and 2018, averting 27,021 premature deaths (95% 
CI 12,548-39,738) comprising 45% cardiopulmonary, 17% lung cancer, and 15% respiratory mortality, with a reduction in working-time 
loss of approximately 38 million hours. Xue., et al. [29] further documented that the spatial distribution of health benefits was unequal: 
regions with the most severe baseline pollution and greater governance capacity captured disproportionate gains. Sun, Zhang, and Chen 
[31] used a difference-in-differences design on Beijing hospital data to show that cleaner heating policies decreased daily clinic visits by 
3,280, hospitalization days by 220, and expenses by 340,000 CNY, with statistically significant reductions in visits for respiratory disease, 
asthma, stroke, diabetes, and COPD.

London: Historical catastrophe to modern innovation

London anchors the temporal extreme of this comparison. The Great Smog of December 1952 is the canonical pollution-mortality 
event of the twentieth century. Bell and Davis [33] reassessed mortality from December 1952 through February 1953 and estimated 
approximately 12,000 excess deaths-three times the original official figure of 4,000-with mortality rates 50 - 300% higher than the prior 
year and roughly half of excess deaths attributable to bronchitis or pneumonia. The Clean Air Act of 1956 was the legislative response and 
remains a foundational example of air quality regulation triggered by acute mortality crisis.

The long shadow of the 1952 event is documented in two recent natural-experiment studies. Neidell, Uchida, and Veronesi [34] used 
English Longitudinal Study of Ageing data to show that first-year-of-life exposure to the 1952 smog was associated with a 20% increase in 
childhood asthma incidence. Von Hinke and Sørensen [35] exploited the UK Biobank (~500,000 individuals) in a difference-in-difference 
design and found that in utero smog exposure reduced fluid intelligence by 0.11 standard deviations and increased respiratory disease 
diagnosis by 2 percentage points (a 22% relative increase), with childhood exposure reducing intelligence by 0.16 standard deviations. 
Effects were larger for first- and second-trimester exposure, for lower social classes, and for individuals with higher polygenic risk for 
respiratory disease-a demonstration that pollution-induced respiratory and cognitive damage remains detectable six decades after 
exposure.

Modern London innovations illustrate both the promise and the limits of vehicle-focused regulation. Mudway., et al. [36] documented 
annual NO2 reductions of 1.35 μg/m3 at roadside and 0.97 μg/m3 at background sites following implementation of the Low Emission 
Zone, with FVC inversely correlated to annual NO2 and PM10 exposure in a sequential cross-sectional study of 2,164 children aged 8-9; 
the proportion of children living at addresses exceeding the EU NO2 limit fell from 99% in 2009 to 34% in 2014. Tong., et al. [37] applied 
causal-inference methods to data from 124 London monitoring sites and found that the 2019 central Ultra Low Emission Zone (ULEZ) 
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reduced NO2 by 19.6% and NOx by 28.8% at traffic sites, but that the 2023 city-wide expansion produced no statistically significant 
additional impact. Independent economic appraisals by Transport for London and academic groups have estimated cumulative monetised 
health benefits of London’s ULEZ and Low Emission Zone in the low single-digit billions of pounds against compliance and infrastructure 
costs in the high hundreds of millions, yielding favourable benefit-cost ratios while documenting clear diminishing returns from each 
successive expansion-evidence that single instruments cannot indefinitely substitute for layered, multi-instrument approaches.

Cross-city synthesis

Three lessons emerge from the comparison. First, the supralinear PM2.5 exposure-response curve means that Delhi-still operating 
at the steepest part of the curve-has the largest available health gain per unit of pollution reduction; the marginal cost-effectiveness 
of intervention is therefore highest where the burden is greatest [11,32]. Second, Beijing’s success depended on coordinated multi-
sector action (coal plant closures, vehicle standards, industrial relocation, regional coordination) backed by sustained political and fiscal 
commitment, not on any single instrument [29,30,32]. Third, London demonstrates that even with strong institutions, single instruments 
exhibit diminishing marginal returns and that the pulmonary consequences of severe historical exposure persist across generations 
[33,35,37]. Direct comparison of intervention costs across these cities requires purchasing power parity adjustment, because nominal-
dollar compliance costs in Delhi command substantially more domestic labour and capital than the same figure in London. Equally 
consequential is that Delhi’s large informal economy-including the unorganised transport, construction, and small-industrial sectors that 
dominate local emissions-is harder to regulate and monitor than the formal industrial fleet that drove most of Beijing’s and London’s 
improvements, raising enforcement costs and lowering the political feasibility of command-and-control instruments. The implication 
for Delhi is that effective intervention requires both the breadth of Beijing’s portfolio and the patience of London’s six-decade regulatory 
evolution, applied with urgency and tailored to the local enforcement landscape.

Policy instruments and engineering solutions

Market-based instruments

Market-based instruments operate by correcting the price signal that the externality has distorted. Pigouvian taxation-levying a charge 
per unit of emission equal to its marginal external damage, so that the polluter internally faces the full social cost-remains the theoretical 
reference standard; Funke and Mattauch [10] document its recent political progress in Europe while noting that real-world fuel and 
energy taxes remain below their optimal Pigouvian level once both climate and local air pollution externalities are valued.

Cap-and-trade approaches have an empirically documented success record at scale. Schmalensee and Stavins [42] reviewed two 
decades of the U.S. SO2 Allowance Trading System established under the 1990 Clean Air Act Amendments and concluded that the program 
achieved substantial SO2 reductions at a small fraction of originally projected compliance costs, with subsequent peer-reviewed analyses 
estimating annual health and welfare benefits of approximately USD 122 billion against compliance costs of approximately USD 3 billion 
per year-a benefit-cost ratio that the authors describe as among the most favorable in the history of environmental regulation. The most 
relevant Indian analogue is the Perform-Achieve-Trade (PAT) energy efficiency trading scheme. Bhandari and Shrimali [44] analyzed 
PAT’s first cycle and concluded that initial targets were insufficiently stringent to drive beyond-business-as-usual energy efficiency 
investment, although subsequent cycles in the cement and fertilizer sectors have delivered measurable energy-intensity reductions and 
associated CO2 co-benefits.

Subsidies that substitute clean for polluting energy services are a complementary mechanism. India’s Pradhan Mantri Ujjwala Yojana 
(PMUY) provided LPG connections to rural women whose traditional biomass cooking is associated with chronic household PM2.5 
exposure several-fold above ambient guideline levels. Sahu., et al. [43] surveyed 2,366 PMUY-beneficiary households across six Indian 
states and found that more than 40% of LPG users reported significant improvement in the general health of the primary cooker, while 
approximately 55% reported fewer episodes of respiratory illness post-LPG. The respiratory benefits of PMUY illustrate that pollution-
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correcting subsidies can produce measurable lung-health gains where households face binding affordability constraints that prevent 
voluntary fuel-switching.

Command-and-control regulations

Vehicle emission standards remain the workhorse command-and-control instrument in transport-dominated airsheds. India’s leap 
from Bharat Stage IV directly to Bharat Stage VI in April 2020-skipping BS-V entirely-is projected to avert approximately 1.2 million 
premature deaths between 2020 and 2050, with BS-VI compliant diesel vehicles cutting PM2.5/PM10 emissions by 80% and NOx by 70%. 
Gajbhiye., et al. [45] applied vehicular emission modeling to Delhi and confirmed measurable reductions in PM2.5 and VOC emissions 
across successive Bharat Stage cohorts, while emphasizing that fleet turnover constrains the speed at which standards translate into 
ambient improvements.

Delhi’s odd-even rationing scheme, reviewed in section Delhi: The Epicenter of the Crisis, illustrates the limits of behavioral mandates 
without complementary pricing [26-28]. Industrial emission standards face acute enforcement challenges in developing economies where 
regulators are under-resourced relative to the scale of the regulated sector [8]. Stubble burning is the most economically consequential 
case. Kumar, Kumar, and Joshi [40] documented that approximately 92 million metric tons of crop residue are burned annually in India; 
existing government fines of INR 2,500-15,000 are ineffective because farmers lack affordable mechanical alternatives within the 10-15 
days window between rice harvest and wheat sowing. Promising solutions include the Happy Seeder direct-drill technology, biochar 
production, and biomass aggregation-one 12 MW biomass plant can absorb 120,000 tons of stubble from approximately 15,000 farmers-
each requiring targeted subsidy to overcome the cost asymmetry that drives farmers to burn.

Engineering and infrastructure interventions

Engineering interventions complement economic and regulatory instruments by physically removing pollutants from the airshed. Urban 
tree canopies and green infrastructure provide quantified pollution-sink services. Mandal., et al. [46] reviewed the global evidence and 
reported that U.S. urban trees remove approximately 711,000 tons of particulate matter annually; Greater London’s tree canopy removes 
852-2,121 tons of PM10 per year; and Shenzhen’s urban vegetation removes 1,000.1 tons of PM2.5 annually. Species selection materially 
affects removal efficiency, with year-round-foliage conifers and trees with high leaf area index and rough leaf surfaces performing best. 
Quantitative studies have found that streets with greater than 30% tree canopy cover experienced WHO PM2.5 exceedances 1.5 times less 
frequently than streets with only 6% canopy cover.

Biofiltration technology offers a complementary engineering solution for point sources. Sheoran., et al. [41] reviewed biofiltration for 
removing volatile organic compounds across industrial applications including paint manufacturing (which accounts for 60% of industrial 
VOC pollution), pharmaceutical production, and wastewater treatment, documenting that biofilters offer low cost, high efficacy, low 
energy requirements, and minimal secondary waste, with performance dependent on moisture content, residence time, and microbial 
community management.

Smart real-time monitoring networks complete the engineering toolkit and have become consequential in their own right. Delhi’s 
expansion from fewer than ten regulatory-grade monitors a decade ago to a dense network combining continuous reference-grade 
stations with low-cost sensor grids has enabled hour-resolved Graded Response Action Plan triggers, public exposure advisories, and the 
high-frequency data on which the Greenstone., et al. [26] and Mandal., et al. [19] analyses depend; without such monitoring, neither policy 
evaluation nor real-time behavioural protection is feasible. The largest available long-term lever, however, is structural decarbonisation. 
Replacement of coal-fired electricity, diesel transport, and biomass cooking with renewable electricity, electric vehicles, and clean fuels 
delivers the pulmonary co-benefits modelled by Kumar, Mishra, and Chaudhuri [39]-on the order of 0.77 million annual premature deaths 
averted in India under a 2°C-compatible mitigation pathway-while simultaneously reducing greenhouse gas emissions, making clean-
energy transition the single highest-leverage engineering intervention available to a respiratory health strategy.
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Cost-benefit frameworks for intervention selection

Comparing interventions across economic efficiency, health impact, and implementation feasibility requires explicit cost-benefit 
accounting. The systematic review by Nkemelu., et al. [6] of 84 cost-benefit analyses found that the majority of air pollution control 
interventions deliver positive net monetary benefits when respiratory and cardiovascular co-benefits are valued. The benefit-cost ratio 
of the US SO2 Allowance Trading System discussed in section market-based instruments is illustrative: approximately USD 122 billion 
in annual health and welfare benefits against approximately USD 3 billion in annual compliance costs implies that every dollar spent 
on emission control returned roughly 30 - 40 dollars in health and productivity gains-among the most favourable ratios documented 
in environmental regulation [42]. Kyrychenko [38] exploited India’s post-2010 economic slowdown as a natural experiment and found 
that infant mortality in districts experiencing the largest pollution reductions fell by approximately 24% more than in control districts, 
with respiratory disease as the primary pathway (36% decline in respiratory infant deaths); the implied elasticity of 0.35 corresponds to 
approximately 1,338 infant lives saved and USD 312.5 million in monetised gains, providing a lower bound for the health benefits of even 
unintentional pollution reductions.

Figure 4

The largest available co-benefit, however, is climate-aligned. Kumar, Mishra, and Chaudhuri [39] modeled an Indian 2°C-compatible 
mitigation scenario and projected that PM2.5 in Delhi would decline to 84.4 μg/m3 from a 136.1 μg/m3 business-as-usual baseline by 
mid-century, preventing 0.77 million annual premature deaths and 18.7 million DALYs and generating EUR 18.9 billion in annual benefits, 
with COPD and ischemic heart disease as the leading reduced-burden categories. The persistent gap between the magnitude of these 
documented benefits and the slow pace of policy adoption is the political-economy problem that the externality framing makes legible 
but does not, on its own, solve.

Research gaps and future directions

Despite the breadth of recent evidence, four research gaps remain analytically and clinically consequential. First, economic valuation 
studies grounded in locally calibrated South Asian VSL, willingness-to-pay, and DALY-cost estimates are scarce, leaving Indian cost-benefit 
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analyses dependent on transferred parameters from high-income contexts that likely understate local welfare losses [9,18]. Second, 
longitudinal data linking specific Delhi policy interventions to measured FEV1 and FVC trajectories in defined cohorts are insufficient, 
in part because the city lacks a sustained large-scale spirometry surveillance program comparable to the UK’s birth cohorts; closing this 
gap would substantially improve attribution of health benefits to specific policy actions [22]. Third, integrated economic-epidemiological 
models that capture feedback loops-pollution reducing productivity, reduced productivity limiting investment in clean technology, limited 
investment perpetuating pollution-remain underdeveloped despite their relevance to the political-economy problem [8]. Fourth, equity-
focused analyses of how pollution costs and policy benefits distribute across income groups are limited, although the available evidence 
indicates a steep environmental-injustice gradient [3,18,29].

Emerging research priorities include real-time personal exposure monitoring integrated with home spirometry, machine-learning-
based pollution forecasting and clinical risk prediction, formal modeling of climate-pollution health co-benefits at sub-national resolution, 
and randomized evaluations of targeted subsidies for clean fuel adoption and mechanical crop residue management.

Conclusion

Key findings

Air pollution is a textbook market failure with severe and quantifiable pulmonary consequences. The economic burden extends well 
beyond direct healthcare expenditure to encompass lost productivity, reduced human capital, and intergenerational lung-health deficits 
that remain measurable six decades after exposure. Beijing demonstrates that aggressive, coordinated, multi-instrument intervention 
can deliver rapid respiratory health improvements at scale, and London demonstrates both the durability of pulmonary damage and the 
necessity of layered policy approaches. Delhi remains the most consequential current case of an unmitigated airshed externality, with the 
institutional-death share attributable to respiratory disease approximately doubling over 18 years and never-smoker youth exhibiting 
double-digit percentage deficits in spirometry compared with peers in clean-air regions of India.

Implications for pulmonary medicine

Pulmonologists in heavily polluted megacities are increasingly treating the downstream clinical consequences of upstream economic 
and policy failures. The professional implication is that respiratory medicine has both the standing and the evidence to participate actively 
in air quality policy: the causal chain from unpriced emissions to oxidative airway injury to clinically diagnosed COPD, asthma, and lung 
cancer is now well established by Mendelian randomization and longitudinal cohort evidence. Integrated economic-health frameworks-
linking VSL and DALY accounting to mechanistic pulmonary biology-offer the most defensible analytical basis for the sustained investment 
required to internalize the air pollution externality and protect lung health at the population scale.
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