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Abstract 

Natural ventilation (NV) is an effective passive cooling 

strategy to meet growing energy demands. However, in 

places with high ambient air pollution, NV can increase 

the concentrations of air pollutants in the indoor 

environment leading to adverse occupant health impacts.  

This problem is particularly important for developing 

nations in hot-humid climates like India that are 

forecasting both rising cooling demand and deteriorating 

air quality in major cities. Here, we propose a modelling 

approach that integrates highly granular air pollution data 

with a coupled EnergyPlus and differential equation air-

flow model to evaluate how NV potential (NVP) for space 

cooling changes when accounting for exposure to air 

pollution (PM2.5). We apply our models to a typical 

residential building representative of informal 

settlements, in large Indian cities including New Delhi 

and Bangalore. We chose informal settlements as the 

basis of our analysis given the high vulnerability of such 

populations to air pollution and the dearth of the research 

on the thermal dynamic of this housing type in which 800 

mil + people reside worldwide. 

Our results indicate that outdoor PM2.5 levels have a 

significant impact on NVP especially in highly polluted 

cities like New Delhi. Since PM2.5 levels vary across 

locations and seasons, we conclude that ventilation 

strategies should be localized based on climate and 

pollution patterns to optimize occupant comfort and 

health. Our work points to the synergistic opportunities 

that exist for reducing both air pollution and energy 

consumption in informal settlement residential dwellings 

across major Indian cities. Finally, our work can guide 

building designers and policymakers to reform building 

codes for adopting NV and reducing energy demand, 

based on ambient air quality. 

Key Innovations 

● Applies a coupled building energy model and 

indoor air pollutant exposure model to informal 

settlement context 

● Integrates highly granular PM2.5 data with the 

proposed model to study NVP for two cities in 

Indian climate for informal settlement dwellers 

● Evaluates the reduction in favourable number of 

hours for NV on yearly, monthly and daily basis 

● Evaluates the energy penalty associated with 

mechanical systems when NV can’t be used 

Practical Implications 

Coupling building energy model with indoor air pollutant 

exposure model enables building designers to better 

estimate NVP while accounting for the adverse health 

impacts of outdoor air pollution. 

Introduction 

Buildings contribute to over one-third of global total 

energy consumption, most of which is consumed by 

mechanical cooling systems in tropical countries 

(Yoshino et al., 2017). As cities rapidly urbanize and 

household incomes increase, people spend more time 

indoors, the demand for air conditioning is expected to 

increase dramatically. Cooling energy demand has 

already tripled since 1990 and is expected to continue 

growing leading to possible grid issues in handling peak 

demands and environmental impacts like climate change 

(Mastrucci et al., 2019). Alternative passive cooling 

strategies offer an alternative pathway to providing 

thermal comfort to occupants while with minimizing 

energy usage and associated environmental impacts. 

Natural ventilation (NV) is an effective passive cooling 

strategy that can be utilized to mitigate this growing 

energy demand. By cooling building spaces using without 

the use of any mechanical systems and relying on the 

natural flow of wind when the outside weather conditions 

are favourable (Brager et al, 2006), NV introduces higher 

air exchange rates in the buildings, that can increase 

occupant satisfaction and productivity. NV has also been 

shown to improve the health of occupants by mitigating 

sick building syndrome (Engvall et al., 2005).  

Despite the potential benefits of NV, its effectiveness 

depends on outdoor air quality. In places with high 

concentrations of outdoor air pollutants (e.g., particulate 

matter (PM), ozone, nitrogen dioxide), NV can increase 

the concentration of these pollutants in indoor 

environments. This issue is particularly pronounced for 

extremely small particles like PM2.5 due to their higher 

infiltration rates (Kim et al., 2020). Moreover, when 

outdoor air quality is not favourable, NV cannot be 

utilized for cooling purposes without adverse impacts on 

occupant health. Consequently, buildings incur an energy 

penalty — which is the additional energy used by 
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mechanical ventilation systems to maintain comfort 

conditions – when such conditions occur. 

Long-time exposure to outdoor air pollutants adversely 

impacts occupant health and decreases life expectancy 

(Apte &Pant, 2019). In particular, fine particulate matter 

is very harmful because it tends to accumulate in confined 

environments. Increased exposure to PM2.5 heightens 

risks for contracting heart-related problems, bronchitis, 

asthma, and other lung-related diseases (World Health 

Organization, 2005). Moreover, in India, exposure to high 

concentrations of PM2.5 is estimated to cause nearly 1 

million premature mortality per year (Conibear et al., 

2018). 

Studying the impact of air pollution on NV is particularly 

important for developing nations in hot-humid climates 

like India where it is expected that cooling demand will 

rise significantly and air quality will deteriorate rapidly in 

major cities (Kumar & et al., 2018). Recent studies have 

estimated that the average Indian population is exposed to 

ambient PM2.5 concentrations of 75 – 100 𝜇g/m3, and that 

more than 99% of the population experiences PM2.5 

exposure greater than the World Health Organization’s 

(WHO) Air Quality Guideline of 25 𝜇g/m3(Apte & Pant, 

2019). This PM2.5 exposure is especially relevant for 

people residing in informal settlements or “slums” who 

lack access to basic amenities and rely heavily on NV for 

cooling. Moreover, they tend to reside in places with high 

ambient air pollution. However, previous work has been 

limited in its assessment of the potential impacts outdoor 

air pollution has on NVP in India, especially for residents 

in informal settlements who form a significant portion of 

Indian population (Whaples, 2006). 

This study aims to address this research gap by combining 

publicly available air quality data with an integrated 

building energy airflow model to assess the impact of 

outdoor air quality on the NV potential (NVP) for 

informal settlements in major Indian cities. Because the 

Indian population is exposed to high levels of PM2.5, we 

specifically analyse outdoor PM2.5 concentrations for the 

cities of New Delhi and Bangalore, particularly focusing 

on informal settlements. We model three scenarios for 

utilizing NV — two in which air pollutants constrain NV 

availability corresponding to two different thresholds and 

the other without such considerations.  The results are 

then compared to quantify the potential reduction in NV 

usability and corresponding energy penalty incurred by 

occupants. Overall, this study aims to inform guidelines 

for building designers and architects to better estimate the 

NVP for different regions while accounting for the 

adverse effects of outdoor air pollution on occupants. 

Related Work 

In this section, we provide a brief review of existing 

studies on the origin of PM2.5 in urban environments and 

their seasonal variations as well as methods to measure 

and simulate indoor exposure to PM2.5.  Finally, we 

review existing studies that have evaluated the impact of 

air pollution on NVP and energy consumption.  

PM2.5 is one of the most commonly found air pollutants 

(and potentially, most harmful) in urban environments. It 

is emitted from both natural and anthropogenic sources 

(Li et al., 2017). Natural sources of PM2.5 include dust 

from non-urban soils and combustion emissions from 

wildfires. Urban PM2.5 concentrations are predominantly 

dominated by anthropogenic sources such as emissions 

from automobiles exhausts, and wood burning for heating 

and cooking. In India, PM2.5 concentrations were 

observed to peak during the morning rush hours, possibly 

due to local traffic. A weekend effect was also observed 

when ~10% higher PM2.5 concentrations were observed 

in morning rush hour on weekdays in large Indian cities 

of Mumbai and Chennai, but the same was not observed 

in Delhi and Hyderabad (Chen et al., 2020). Also, in India, 

PM2.5 levels increase dramatically during the cold/dry 

months of October – January due to atmospheric 

conditions and fireworks burnt during the Diwali festival 

(Apte & Pant, 2019). 

Atmospheric PM2.5 can penetrate inside of buildings by 

infiltration of air through cracks and by natural and 

mechanical ventilation.  The indoor and outdoor ratio (I/O 

ratio) is widely used to evaluate indoor PM2.5 pollution. 

In naturally ventilated buildings without significant 

indoor particle sources (such as combustion of coal for 

cooking/heating), indoor PM2.5 levels are similar to 

outdoors and the I/O ratio is close to 1 (Martins & 

Carrilho da Graça, 2018b). However, I/O ratios are higher 

than 1 in naturally or mechanically ventilated buildings 

with significant indoor sources of pollution. On the other 

hand, mechanically ventilated buildings with filters 

exhibit lower I/O ratios because the high-efficiency filters 

limit the infiltration of particles (Ben-David & Waring, 

2016). While all these previous works estimated the 

correlation between indoor and outdoor pollutant 

concentrations in NV mode, few studies have evaluated 

the impact of outdoor air pollution on NVP in relation to 

the tradeoffs between occupant comfort (cooling) and 

adverse health impacts. 

Tong et al., (2016) investigated the impact of ambient air 

pollution on energy savings through NV for commercial 

building for 35 major cities in China. They constrained 

the use of NV by setting thresholds for acceptable outdoor 

air temperature and indoor air quality levels according to 

China’s National Ambient Air Quality Standards. The 

study found that although Beijing demonstrated lower 

per-square-meter energy savings potential as a result of 

unfavourable weather and air quality, it still offered  the 

greatest potential for energy savings from NV adoption. 

Furthermore, Martins & Carrilho da Graça, (2017) studied 

the impact of PM2.5 specifically on the potential for NV 

cooling of office buildings in California, nine European 

cities and three megacities in Asia. They employed rule-

based controls to examine NVP in different cities based 

on outdoor PM2.5 data, used a generic pollutant transport 

model (available in EnergyPlus) to predict indoor 

exposures to PM2.5 for occupants and followed up with a 

detailed building energy simulation model to calculate 

changes in cooling demand when accounting for outdoor 

air quality (Martins & Carrilho da Graça, 2017a). They 

found that NVP can be reduced by 10–70% and 

corresponding energy savings by 20–60% when 
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considering outdoor pollution, as compared to when NV 

is operated based on outdoor temperature alone (Martins 

& Carrilho da Graça, 2018a). Further, Costanzo et al., 

(2019) combined building energy simulations with urban-

scale CFD simulations to evaluate the combined effect of 

a dense urban layout with high pollutant concentrations 

using similar heuristic-based controls. Based on their case 

study, NV potential was reduced from 4,234 hours yearly 

(neglecting air pollution) to 2,707 and 529 hours 

considering thresholds set by national Chinese standards 

(35 𝜇g/m3) and WHO respectively (10 𝜇g/m3).     Finally, 

Chen et al., (2019) applied building energy simulations to 

investigate the influence of PM2.5, PM10 and ozone on 

NV usage for commercial buildings across 12 major cities 

in the US and found PM2.5 to be the most significant 

pollutant. NVP dropped from 5% to 70% across the US 

when air pollutants were considered. In a follow-up study, 

they also observed the influence of air pollutants to be 

higher in urban areas as compared to rural areas in the US 

(Chen et al., 2020).  He et al., (2020) and Eom et al., 

(2020) studied the impact of particulate air pollution on 

domestic energy consumption for residents in Arizona, 

USA and Seoul, Korea respectively using a statistical 

analysis of consumer-level daily and hourly energy data. 

They concluded that people stay indoors when air is 

heavily polluted, resulting in an increase in daily energy 

consumption, especially for low-income households in 

the US. 

Existing works have focused primarily on commercial 

buildings. Our approach aims to extend this study to the 

residential sector with a particular focus on informal 

settlements where 1 in 8 of the world’s people reside (UN 

Habitat - 2015). Moreover, occupants in such settlements 

are highly susceptible to the health risks of poor air 

quality. Our analysis focuses on large Indian cities as 

many of them dominate the list of world’s most polluted 

cities and have significant populations of informal 

settlement dwellers (Whaples, 2006). Additionally, 

previous research in India has mostly focused on 

evaluating the potential of NV based on outdoor 

meteorological data (Chen et al., 2017) and thermal 

comfort of occupants (Nihar et al., 2019).  Previous 

research has been limited in their analysis of the Indian 

subcontinent and context specific appropriate time and 

duration for which NV should be utilized based on 

detailed analysis of periodic trends of outdoor air 

pollution. To address this gap, we combine highly 

granular air pollution data with building energy 

simulation and indoor air pollutant models to evaluate 

how NVP for space cooling changes when indoor air 

pollution exposure is taken into account for informal 

settlements in the Indian subcontinent. 

Methods 

In this section, we describe the methodology used to study 

the effects of outdoor PM2.5 on NVP for major cities in 

India (Figure1). We utilize highly granular publicly 

available PM2.5 concentration data from August 2019 to 

July 2020 for the Indian cities of New Delhi and 

Bangalore which have warm and humid and temperate 

climates respectively. We chose New Delhi and 

Bangalore as case studies given their starkly different air 

pollution levels and climate. We model a typical 

residential building representative of informal settlements 

in India using EnergyPlus (Drury et al., 2000). We 

combine this simulation with a differential equation 

airflow model to evaluate indoor exposure of occupants 

to outside pollutants. Finally, we run this model on three 

different scenarios to assess the NVP for New Delhi and 

Bangalore: two scenarios that consider different 

thresholds for acceptable daily outdoor PM2.5 

concentrations and heat index and one scenario that only 

considers heat index (no air quality thresholds). The two 

standards are based on PM2.5 concentrations from WHO 

(25 𝜇g/m3) and India’s National Ambient Air Quality 

Standards (NAAQS)(60 𝜇g/m3).  

 

 

Figure 1: Methodology Flowchart 

Outdoor PM2.5 Data and Pre-Processing 

We obtained outdoor PM2.5 concentration data from the 

Open Air Quality (OpenAQ: openaq.org) and Purple Air 

(purpleair.com) databases for 15-min intervals from 1st 

August 2019 to 31st July 2020 for New Delhi and 

Bangalore. To perform the data pre-processing to ensure 

data quality, we considered OpenAQ to be the primary 

database and PurpleAir to be secondary. Missing data for 

less than 24 hours in OpenAQ database were linearly 

interpolated, as recommended in (Ben-David & Waring, 

2016). Missing data for more than 24 hours were replaced 

with high-resolution data from the Purple Air database. 

We also treated concentrations greater than 700 𝜇g/m3 as 

outliers and replaced them with missing data which were 

also linearly interpolated.  

Table 1: Simulation Parameters for the Model 

Component Value 

Wall U-value 0.464 W.m-2.K-1 

Roof U-Value 1.386 W.m-2.K-1 

Lighting System Fluorescent light T8 

WWR 15% 

HVAC Type NV Only ( Baseline) 

Glass SHGC 0.74 

Glass U-Value 1.5 W.m-2.K-1 

Ventilation Setpoint 16 ℃ 

Schedule Residential (24 h) 

 

Detailed Building Energy Simulation Model 

In this study, we used a validated residential model for 

informal settlements as developed by authors in 

(Nutkiewicz et al., 2018). The model is a horizontal 

morphology as depicted under Building Model in Figure 

1 that comprised of 28 21 m2 individual units each 
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dispersed over a single floor. It is representative of poor 

housing conditions with low ventilation and low exposure 

to sunlight. The window-to-wall ratio (WWR) is set at 

15%, and we assume that the building will be operated for 

24 hours. Additional details regarding the model can be 

found in (Debnath et al., 2017) wherein, the energy model 

has also been validated against measured sensor data and 

achieved an acceptable hourly MBE of 1.07% and 

Cv(RMSE) of 2.26%. The building energy model is 

simulated in EnergyPlus v9.1 — other simulation 

parameters are specified in Table 1.  

Indoor Air Pollutant Modelling  

We carry out indoor air pollutant modelling using a first 

order differential equation based on conservation of mass 

to quantify the indoor exposure to occupants. This 

approach has already been validated for its effectiveness 

in simulating the transport of air pollutants from the 

outdoor environment to the indoor (Chen et al., 2019). 

Using the following equation, we calculate the rate of 

change of indoor concentration Ci in building zone k at 

each timestep t as a function of different sources (Si) and 

losses (Li) of the pollutant in that environment: 

𝑑𝐶𝑡,𝑖

𝑑𝑡
 =  ∑ 𝑆𝑖 −  ∑ 𝐿𝑖 ∗ 𝐶𝑡,𝑖

𝑘  

where 𝐶𝑡,𝑖
𝑘 (𝜇g/m3) is the concentration of pollutant i at 

timestep t in thermal zone k. 

 

 
Figure 2: Indoor Air Pollutant Modelling for New Delhi 

(A) and Bangalore (B) from August 2019 to July 2020 

Different sources of pollutant into the indoor environment 

include transport of outdoor pollutant by airflow through 

windows, transport of pollutant into zone k from different 

zones and the ventilation system. Difference losses 

include the transport of indoor pollutants outdoors 

through windows, and transport of pollutants from zone k 

into neighbouring zones. We simulated different airflow 

rates for transport of pollutants through the 

AirflowNetwork Model in EnergyPlus. As per outputs 

from EnergyPlus which analysed the air change rates at 

each node, typical air exchange rates were observed to 

vary between 3 and 5 ach. We have considered a 

deposition rate for PM2.5 to be 0.2 h-1 based on empirical 

studies (Chen et al., 2019). We assumed that within each 

timestep, generation rates of source and loss rates of 

pollutant i remained constant. We note that our study is 

focused on the impact of outdoor pollutants and therefore, 

indoor sources of the pollutant and reactions between 

different pollutants were not modelled in this study. 

We verified indoor air pollutant modelling by comparing 

the fluctuations in indoor air pollutant concentration with 

the outdoor levels while operating the building in NV 

mode. Figure 2(a) and Figure 2(b) represent the pollutant 

modelling results for New Delhi and Bangalore 

respectively from August 2019 to July 2020. The red line 

represents the indoor concentrations whereas the blue line 

represents outdoors. It can be seen that indoor PM2.5 

concentrations follow closely with outdoor PM2.5 levels 

as expected. 

Operational Scenarios for NV 

In this section, we describe three different scenarios for 

utilizing NV (considering influence of air pollutants 

against two different thresholds set by WHO and NAAQS 

vs without their influence) to assess the NVP for the two 

cities. We estimate NVP by carrying out building energy 

simulations in EnergyPlus using the AirflowNetwork 

module and calculate the number of hours when the 

conditions are favourable for NV. We model the scenarios 

as follows: 

● Baseline Scenario: A scenario where NV is 

controlled on the bases of heat index or apparent 

temperature. Heat index is a function of indoor 

operative temperature and humidity (Heat Index-

National Weather Service). Low, Moderate and 

High caution levels have been defined for heat 

index where each level is defined as having an 

apparent temperature less than or equal to 32° C, 

39° C and 46° C respectively. We calculate the 

number of favourable hours for NV corresponding 

to all three caution levels without considering the 

influence of air pollutants. 

● NAAQS Scenario: NV is favourable according to 

rules defined in Baseline Scenario and when indoor 

PM2.5 levels are below the NAAQS India 

threshold of 60 𝜇g/m3.  

● WHO Scenario: NV is favourable according to 

rules defined in Baseline Scenario and when indoor 

PM2.5 levels are below the WHO threshold of 25 

𝜇g/m3.  
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Results and Discussion 

In this section, we present our results for assessing 

feasibility of NVP in the three scenarios. We evaluate 

NVP by calculating the number of hours when NV can be 

utilized for a particular scenario. Our results indicate three 

main takeaways from our study, which we discuss in the 

following sections. 

NVP Decreases when Outdoor PM2.5 Increases 

New Delhi experiences warm and humid climate (average 

temperature is 32℃ +/- 7℃ in summer and 15℃ +/- 6℃ 

in winter), whereas Bangalore experiences a temperate 

climate with average temperature 24℃ +/- 5℃ for the 

entire year. Bangalore’s more temperate climate gives it a 

higher starting potential for utilizing NV year-round, as 

can be seen from Figure 4. When compared to the hotter 

climate of New Delhi, Bangalore’s starting potential is 

28% higher (Baseline). As expected, as the heat index 

caution level becomes less strict (i.e., as we increase the 

threshold from Low to Moderate to High caution), the 

acceptable comfortable hours for NV increase for both 

New Delhi and Bangalore for Baseline Scenario but the 

NVP drops much more in Delhi than Bangalore for 

NAAQS and WHO Scenarios (Figure 3 and Figure 4).  

 

Figure 3: Yearly analysis of NVP for New Delhi 

 

Figure 4: Yearly Analysis of NVP for Bangalore 

As seen from Figure 3, Delhi’s NVP drops significantly 

at each new threshold — we observe an average reduction 

of 57% in NVP for NAAQS Scenario and a decrease of 

81% for WHO Scenario. The significant reduction in New 

Delhi is due to very high concentrations of PM2.5 where 

more than 99% of the population are exposed to average 

PM2.5 levels higher than 150 𝜇g/m3. However, Bangalore 

has a smaller drop under NAAQS standards (3%), but 

when under the WHO standard, NVP drops much lower 

(30%) (Figure 4). While Bangalore’s NVP is influenced 

only by PM2.5 levels, Delhi’s NVP is restricted by both 

constraints (apparent temperature and high outdoor air 

pollution). Although calculation of yearly NVP does not 

give us specific internal information at seasonal level or 

building level, it can still be used by building operators 

and policy makers to evaluate temporal feasibility of NV 

at a large scale and realize the need for incorporating 

outdoor air quality while devising strategies for 

ventilation. 

Since Indian people are customarily more comfortable in 

warmer temperatures (Manu et al., 2016), we base our 

further results relying on moderate caution levels for the 

summer months and low caution levels for the winter 

months for the Indian subcontinent 

 

 
Figure 5: Month-wise Favourability for New Delhi (A) 

and Bangalore (B) for Baseline, NAAQS and WHO 

Scenarios where heat index threshold is moderate for 

summer (March-October) and low for winter 

(November-February) 
Ventilation Strategies should be Localized based on 

Climate and Pollution Patterns 

Based on Figure 2(a), we observe that outdoor PM2.5 

levels are extremely high during the dry winter months of 

October – February in New Delhi. This is possibly due to 

burning of firecrackers during the Indian festival of 

Diwali and the subsequent winter atmospheric conditions 

that trap air pollution at the ground level (Apte & Pant, 

2019). PM2.5, owing to its extremely small size, can stay 

suspended in air for a long time, especially due to the cold 

surface of earth and low wind circulation during the 

winter months (Kim et al., 2020). Consequently, we can 

observe in Figure 5(a) that feasibility for NV hardly exists 
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for NAAQS and WHO scenarios during the months of 

October to February in New Delhi, even though NVP for 

Baseline scenario is almost 100% because of favourable 

climate during winters. Relatively better outdoor air 

quality is observed in New Delhi for the summer months, 

even though average concentrations of PM2.5 are still 

above 60 𝜇g/m3. NVP drops from an average of 35% for 

Baseline scenario to 17% for NAAQS and 5% for WHO 

scenario during summer in New Delhi. Therefore, we 

observed that extremely high outdoor PM2.5 levels 

directly influence NVP in New Delhi. Also, high 

concentration of air pollutants coincided with favourable 

months of NV for New Delhi.  

 

 

 
Figure 6: Analysis of NVP During the Day and Night-

time Hours for New Delhi for Baseline (A), NAAQS (B), 

and WHO Scenarios (C) where heat index threshold is 

moderate for summer (March-October) and low for 

winter (November-February) 

On the other hand, Bangalore also experiences a drop in 

NVP — a reduction of 65% in October and reduction of 

30 - 40 % during the months of November - April due to 

the firecrackers burnt during Diwali in October and 

slightly colder temperatures that follow (Figure 5(b)). We 

can also observe that NVP drops by only 20% in summer 

months on average owing to favourable climate and better 

outdoor air quality when compared to New Delhi.  We 

conclude that outdoor PM2.5 levels and corresponding 

NVP varies significantly across summer and winter 

months.  

Finally, we observed that average concentrations of 

outdoor PM2.5 reached its peak in morning, lowered in 

afternoon and peaked again in evening. This is possibly 

because anthropogenic activity increases when traffic 

congestion increases when a lot of people commute to 

work (Li et al., 2017). To analyse the influence of daily 

patterns of outdoor PM2.5 on NV, we analysed daytime 

vs night-time favourability for NV for the entire year 

(Figure 6). We observed that daytime potential reduced 

more than night-time potential mostly across both 

Scenarios 2 and 3 as compared to Scenario 1, except for 

the winter months when outdoor PM2.5 levels are 

consistently greater than 150 𝜇g/m3 throughout the day. 

Need to Evaluate Energy Penalty Associated with 

Mechanical Systems 

When outdoor air quality is not acceptable for occupants, 

we switch from NV to mechanical ventilation systems in 

order to maximize occupant comfort. We utilized Ideal 

Loads Air System module in EnergyPlus to model the 

mechanical system. We calculated comfortable indoor 

temperatures according to Indian Model of Adaptive 

Comfort (Manu et al., 2016) and used them as setpoints 

for the thermostat. Finally, we calculated the energy 

penalty incurred by occupants as a trade-off for NV when 

mechanical systems restrict unacceptable exposure to 

unsafe PM2.5 levels outdoors. Figure 7 depicts yearly 

energy usage per building area for the three operational 

scenarios for NV in New Delhi and Bangalore. As seen 

from the Figure 7, Bangalore has lower energy 

consumption than New Delhi owing to temperate climate 

in Bangalore and warm/humid climate in New Delhi.  

 

Figure 7: Yearly Analysis of Energy Consumption in 

New Delhi and Bangalore 

In New Delhi, we observed an increase in energy usage of 

12% in NAAQS scenario from baseline (63.4 kWh/m2 in 

NAAQS from 56.7 kWh/m2 in baseline) and 21% in 

WHO Scenario from baseline (68.4 kWh/m2 in WHO 

from 56.7 kWh/m2 in baseline). Similarly, in Bangalore, 

we observed an energy penalty of 2.5% for NAAQS 

scenario and 18.5% for WHO scenario, when compared 

to baseline scenario individually. This is because the 

threshold of acceptable PM2.5 levels reduce and become 
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stricter as we go from baseline to NAAQS to WHO 

scenarios. Hence, more energy from mechanical systems 

is required to provide comfort to occupants.   

Overall, we observed that outdoor PM2.5 levels can have 

a big impact on the NVP, particularly in highly polluted 

cities like New Delhi. The outdoor PM2.5 levels can vary 

significantly across locations, months and within a day. 

Therefore, there is a need for finding ventilation strategies 

tailored to regional climate and locations to optimize for 

occupant health and thermal comfort while conserving 

energy through the use of NV. We also quantified the 

subsequent energy penalty associated with mechanical 

ventilation when NV is constrained by poor outdoor air 

quality. 

Conclusions and Future Work 

This study quantified the impact of outdoor air pollution 

(specifically, PM2.5) on the potential for NV in informal 

settlements across two major cities in India, New Delhi 

and Bangalore. The average population in India is 

exposed to extremely high levels of average outdoor 

PM2.5 concentrations (greater than 100 𝜇g/m3) and is 

highly reliant on NV for cooling purposes — hence, we 

studied the influence of ambient air pollution on NV, 

specifically for informal settlements. We combined 

publicly available air quality data with a building energy 

model and a differential equation airflow model. We 

established three operational scenarios for NV 

(considering the influence of heat index and varying 

thresholds of air pollution concentrations) to assess the 

NVP for each city. 

We observed that NVP drops when the outdoor PM2.5 

levels are high, the drop is very sharp for the highly 

polluted city of New Delhi. Also, high concentration of 

air pollutants coincided with favourable winter months of 

NV for New Delhi. In contrast, Bangalore with a more 

temperate climate has favourable weather conditions for 

NV throughout the year and lower air pollution, in 

comparison to New Delhi. Therefore, Bangalore’s NVP is 

influenced only by PM2.5 levels, especially during the 

winter months where the drop is slightly more than the 

summer months in Bangalore. Hence, we conclude that 

NVP varies significantly across summer and winter 

months for both New Delhi and Bangalore. We believe 

that estimated NVP based on spatiotemporal analysis of 

outdoor PM2.5 data will enable building operators to 

implement better season-specific ventilation strategies. 

We also quantified the energy penalty incurred by 

occupants when they switched to mechanical ventilation 

systems at times when outdoor air quality was not safe for 

NV. We conclude that paving a path towards a more 

sustainable energy future will require balancing trade-offs 

between occupant thermal comfort, air pollution exposure 

and building energy usage in urban areas across the world. 

We focused on outdoor sources of PM2.5 only since 

indoor PM2.5 data is not readily available and varies 

significantly across households. Future work aims to 

collect indoor PM2.5 data for typical residential 

buildings, and consider their effect on NVP. We also aim 

to study the role of noise and security in estimating NVP. 

Since low-cost outdoor air quality data are used from 

secondary sources, future work aims to work with air 

pollution modelers to improve the accuracy of such data 

inputs in future iterations of our analysis. Additionally, 

while this study does not consider how/when occupants 

open and close windows, we plan to utilize new and 

existing data sources to study the effects of different 

environmental and air quality parameters on occupant 

window opening behaviour and incorporate them into our 

analysis. This work can provide guidelines for improving 

current policies on NV and direction for reforming 

building codes based on outdoor air quality on a broad 

scale without performing detailed energy simulations. 

Moreover, our study can help incorporate the 

consideration of environmental justice in policy-making 

for low-income residents of informal settlements. 
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