
 

 
 
 
 
 
 
 
 
 

International Laboratory for Air Quality and Health 

School of Chemistry, Physics and Mechanical Engineering 

Science and Engineering Faculty 

Queensland University of Technology 
 
 
 
 
QUANTITATIVE ASSESSMENT OF AIR QUALITY IN DIFFERENT 

INDOOR AND OUTDOOR ENVIRONMENTS IN RURAL BHUTAN 

 

 
 
 
 
 

Tenzin Wangchuk (n8381747) 
 
 
 
 
 
 
 
 
 
 

A thesis submitted in fulfilment of the requirements of the degree of Doctor of 
 

Philosophy 
 

2016 



 

 
 

i 

Abstract 

Health effects of air pollution are driven by exposure, which is a function of pollutant 

concentration and the duration for which a person has been in contact with the pollutant. 

People are exposed to air pollutants in various microenvironments, importantly at homes, 

schools and on roads during commuting. Therefore, quantification and characterization of air 

quality in these environments are crucial for assessing human exposure and evaluating the 

health risks. 

Although studies have been conducted in developing countries focussing on the above 

mentioned microenvironments, there are several deficiencies with the current literature. In 

relation to residential environments, the majority of studies have focused on particle mass 

concentrations. Hardly any study has characterized particle number (PN) concentrations in 

houses relying on biomass fuels for cooking and heating. Also, only a limited number of 

studies have reported emission rates from biomass stoves under real-world conditions.  

Children are more sensitive to air pollution because of their developing organs and 

because they breathe more air relative to their body size compared to adults. Outside their 

homes, children spend the highest time at schools, compared to other environments. Although 

the indoor environment of schools present a number of pollution sources, many studies have 

highlighted significant contributions from outdoor sources to indoor levels in schools. Only a 

handful of studies focussing on conventional pollutants for schools located in major cities and 

near busy traffic intersections have been conducted in developing countries. Air quality in 

rural schools, which can be affected by both local sources and long-range transport, has not 

received any attention.  

Human exposures in transportation microenvironments have been less investigated in 

developing countries. Mobile methods have been successfully used for measuring on-road 

pollution levels during real-world driving. A few on-road and in-vehicle exposure studies 

have been done along major urban roads using mobile methods. Apart from traffic emissions, 
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on-road pollution levels along major roads in rural areas can be affected by local sources such 

as agricultural and residential wood combustion, and also by long-range transport. This can 

lead to different exposure patterns and risks compared to primarily vehicle emissions along 

urban roads. Since road commuting and settlements near roadsides are becoming increasingly 

common in rural areas, studies characterizing air quality on rural roadways are needed.  

Considering the above knowledge gaps, this PhD project undertook a quantitative 

assessment of air quality in three environments in rural Bhutan (i) in homes, (ii) a school 

outdoor environment, and (iii) a major roadway, with the following aims.  

1. To quantitatively characterize indoor biomass combustion products during cooking 

and heating in village homes. 

2. To characterize and quantify outdoor air quality of a rural school and assess the 

factors driving pollutant concentrations. 

3.  To characterize and quantify on-road air quality along the East-West Highway and 

assess the contributions by different sources. 

The first part of the project characterized pollutant concentrations and emission rates 

from biomass stoves during heating and different cooking activities (rice cooking, fodder 

preparation and liquor distillation) in four village homes. Results showed that concentrations 

of PM2.5, PN and CO were significantly elevated when stoves were operated, compared to 

background levels. Extremely high PN concentrations, exceeding 1 u 106 particles/cm3, 

which were beyond the upper resolution of the NanoTracer used for PN measurement were 

observed, when stoves were operated. The PM2.5 and CO emission rates were several orders 

of magnitude higher than the emission rate targets recommended by the recent “World Health 

Organisation (WHO) guidelines for indoor air quality: household fuel combustion”. Further, 

it was observed that both the pollutant concentrations and emission rates were more 

dependent on cooking activities than stoves types, with the highest during liquor distillation, 

which was more time and fuel intensive compared to other cooking activities. Interventions 
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focussing on dissemination of improved stoves, supported by education on adaptations of 

customary household activities would lead to significant reduction in exposure to household 

air pollution (HAP).  

The second part of the project characterized air quality in the outdoor environment of 

a rural school and assessed the factors driving its concentrations. The measurements for 

PM10, PM2.5, PN, CO, VOCs, carbonyls and NO2 were conducted for 16 weeks, spanning the 

wet and dry seasons. The overall mean concentrations of both PM10 and PM2.5 were higher 

during the dry season than the wet season. However, mean concentration of both the particle 

mass fractions exceeded the WHO annual guidelines even during the wet season. The PN 

results were available only for the wet season, which presented a concentration comparable 

with the worldwide ambient clean background. Likewise, mean NO2 concentration was 

higher during the dry season than the wet season. Mean CO concentrations were below the 

detection limit of the instrument throughout the measurement period. Only low levels of eight 

VOCs were detected, while dominant carbonyls were formaldehyde and hexaldehyde. The 

pollutant concentrations were associated with a number of factors, such as cleaning and 

combustion activities in and around the school. 

The third part of the project characterized on-road air quality and dominant sources 

for the East-West Highway (EWH). Repeated measurements were conducted along the 570 

km stretch of the EWH, using a mobile platform method. The entire length of the EWH was 

divided into five segments (R1-R5), taking the road length between two district towns as a 

single road segment. The on-road concentrations of PM10, PN and CO were always higher for 

R5 than other road segments, which is the final segment of the EWH towards the capital, 

which also presented the highest traffic volume. The major pollution sources, apart from 

vehicle emissions were roadworks, unpaved roads, and roadside combustion activities. 

Overall, the highest contribution above the background levels were made by unpaved roads 

for PM10, and vehicle emissions for PN and CO.   
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In summary, the findings of this study confirmed significant air quality problems in 

the three investigated rural environments in Bhutan. The pollutant concentrations in 

residences during open wood fire cooking were extreme, with concentrations remaining 

elevated even after the activity had ceased. The mean concentrations of PM10 and PM2.5 in the 

outdoor environment of the investigated school were higher than the WHO recommended 

guidelines. The EWH presented a diversity of both combustion and non-combustion sources, 

contributing to high pollution levels, especially the PM10 and PN. Therefore, people are 

potentially exposed to high concentrations of multiple pollutants at homes, school, and while 

commuting along the EWH.  

Findings are scientifically novel in that this is the first major scientific investigation of 

air quality in Bhutan, which will be a significant input for informing policies. Since the entire 

Himalayan region has similar environmental and social characteristics, the findings of this 

study will be of significance to other countries in the region in evaluating human exposure in 

various microenvironments. Further, this is one of the first studies to report emission rates 

from biomass stoves during cooking and heating under real-world operating conditions, and 

to validate the robustness of the mobile sampling method for characterization of on-road air 

quality for a major rural roadway. Finally, the study has provided additional insights about air 

pollution problems in rural areas.  

 

 

 

 
  


