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ABSTRACT: Most developing countries use firewood as a main energy source, mainly because it is cheaper and more 

accessible than other fuels. In Chile, wood burning as a means of household cooking and for heating has increased 

drastically in some southern cities so air pollution has increased correspondingly. Temuco is one of the most polluted 

cities of Chile due to the use of firewood as a main energy source and was declared a saturated zone by PM10 in 

2005. In 2010, the “Plan of Atmospheric Decontamination” enforced some strategies that included the regulation of 

firewood quality, improvements in thermal efficiency in housing stock through insulation, and a replacement 

programme of old residential appliances that use firewood. Some evidence suggests that the replacement of the cook 

stove - the most common wood burning appliance - may be problematic for low income families. Therefore, if building 

insulation reduces the dwelling permeability and the main sources of indoor emissions are not changed, the indoor air 

quality might become worse than the current situation. This study highlights through modelling simulations the 

importance of predicting the exposure of occupants to indoor particulate matter, under different building permeability 

scenarios and ventilation rates. 
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INTRODUCTION  

According to the World Health Organization [1], half of 

the world’s population relies on solid fuels, such as dung, 

wood, crop waste, or coal to meet their most basic energy 

needs. Biomass energy, which includes wood fuels, crop 

residues, and animal wastes, provides on average nearly 

30% of the total primary energy supply in developing 

countries [2]. Over 2 billion people depend directly on 

biomass fuels as their primary or sole source of energy. 

Cooking and heating with solid fuels on open fires or 

traditional stoves results in high levels of indoor air 

pollution. Globally, indoor air pollution is responsible for 

approximately 1.5 million deaths annually [3], afflicts 

nearly half of the world’s population, and is responsible 

for around 4% of the burden of diseases -expressed as 

DALYs -disability adjusted life years- [4]. The 

population affected is predominantly rural and poor and 

the most vulnerable ones are women, children, and 

elderly people. According to the epidemiological 

evidences, in 2005, the World Health Organization 

published the Air Quality Guidelines (AQG) with a 

summary of risk assessment related to air pollutant 

concentrations (Table 1), which can also be applied to 

indoor environments [5]. The document presents a 

numerical guideline and interim targets for long and 

short-term exposure of Particulate Matter 10 (PM10) and 

Particulate Matter 2.5 (PM2.5) concentrations. 

 
Table 1: WHO Air Quality Guidelines (AQG)  

Annual Mean Concentrations (µg/m3) 

  PM10  PM2.5  Basis for Selected Level 

Interim 

Target 

1 

70 35 

These levels are associated 

with about a 15% higher long-

term mortality risk relative to 

AQG level 

Air 

Quality 

Guide-

line 

20 10 

These are the lowest levels at 

which total, cardiopulmonary, 

and lung cancer mortality 

have been shown to increase 

with more than 95% 

confidence in response to 

long-term exposure to PM2.5 

24-hours Concentrations (µg/m3) 

  PM10  PM2.5  Basis for Selected Level 

Interim 

Target 

1 

150 75 

Based on published risk 

coefficients from multi-centre 

studies and meta-analyses 

(about 5% increase of short-

term mortality over the AQG 

value) 

Air 

Quality 

Guide-

line 

50 25 

Based on Relationship 

between 24-hours and annual 

PM levels 
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In Chile, indoor air pollution has scarcely been studied, 

despite the fact that firewood has traditionally been used 

to cook and heat in the country. Due to cold weather 

conditions and wood fuel availability through forestry 

exploitation, the southern cities of the country have the 

highest firewood consumption and thereby some of the 

highest levels of outdoor particulate matter 

concentrations.  

 

Temuco city is suitable case study, as it was declared a 

saturated zone of PM10 in 2005, and firewood 

combustion used for heating and cooking, is the major 

fuel considered to be the emitter of particulates [6]. 

 

The increase of PM10 concentrations are directly linked 

to residential firewood consumption. Firewood use 

represents 75% of consumption in the city during winter, 

whereas 35% of households have an iron cook stove, and 

30% slow combustion stoves. On average it is estimated 

that the annual consumption of households is of 5.8 m
3
 of 

firewood [7]. Of all total PM10 emissions, 87% is 

attributed to residential firewood combustion [8]. Also, 

48% of the firewood consumption in Temuco is 

concentrated in the population with lower incomes [7]. 

 

Since 2001 many actions have been undertaken in order 

to reduce the emissions in particulate matter, and all were 

voluntary and without legal weight. Recently, in May 

2010, the Plan of Atmospheric Decontamination [8], also 

called PDA, was approved which includes provision for 

legal enforcement of measures. The target of the plan is 

to reduce emission by 31% within 10 years, and to 

remove the city from its non-attainment condition of 

PM10. 

 

The PDA recognizes that the four factors that have 

contributed to the emission of residential firewood 

combustion as the main source of pollution are: a) 

commercialization and use of firewood which does not 

comply with the minimum standards; b) the use of wood 

in old appliances with lack of appropriate technology; c) 

high demand for firewood for heating due to the poor 

building insulation; and d) firewood consumers’ 

behaviour. In relation to the residential combustion the 

main actions are: 

 

1. Regulation of the use and quality of firewood 

2. Regulation of the thermal efficiency of the housing 

stock 

3. Regulation of use and quality improvements of 

residential appliances that use firewood 

 

The quality of firewood will have to comply with part of 

the standards set by the National System of Firewood 

Certification [9]. The improvements of thermal 

efficiency of the housing stock will happen through an 

already existing subsidy programme developed by the 

Urban Planning and Housing Ministry that is focused on 

insulation improvements in the social housing stock. The 

upgrading of appliances will be done through the 

certification of all new appliances installed in the city 

and by the promotion of voluntary change of the old 

stock, including government subsidy. The target is to 

change 12,000 appliances within the 10 years of the plan 

implementation.  

 

It has been anticipated [10] that the removal of cook 

stoves in low-income households can present major 

difficulties. First, because the cook stove is used for both 

cooking and heating, hence its removal implies the 

replacement of two new appliances increasing the 

household expenditure. According to the economic 

projections, results indicate that despite the subsidy, the 

saving in operating costs are low and even negative in 

the low-income group. 

 

There are some advantages of the cook stove that are 

more difficult to quantify, i.e. the indirect use for hot 

water and drying clothes. In addition, the cook stove has 

strong cultural roots and it is estimated that the 

acquisition and use of cook stoves does not correspond 

only to typical economic factors of the market - price, 

cost, and competitiveness - but to maintain the traditional 

habits of use [11]. 

 

In this context, Temuco is an interesting case study as in 

the next 10 years it will go through a process of PM10 

emission reduction through various interventions.  There 

is little information available on the current conditions of 

indoor air quality. The emissions caused by old wood 

burning appliances are the main source of outdoor 

pollution but also of indoor contaminant concentrations 

and thereby a huge health risk in the population.  

 

The hypothesis of this study is that, if insulating 

dwellings reduces air permeability while the main 

sources of indoor emission are not changed - as predicted 

by studies highlighting the obstacles to replacing cook 

stoves - indoor air quality may become worse. Moreover, 

even if the indoor air temperatures increases due to 

insulation, the wood burning habits may not change (as 

would be expected for a stove used only for space 

heating) because a cook stove requires a fixed amount of 

heat output for cooking and space heating is only a 

secondary objective. 

 

This research analyses through computer simulation, the 

indoor air quality of households in Temuco caused by 

indoor emissions of a cook stove. This is done by 

considering different scenarios of building air leakage 

and ventilation rates in a specific case study to predict 

the occupants’ exposure and health risk 
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METHODOLOGY 

Computer simulations were used as a method to predict 

how a specific case study dwelling performs under 

wintertime weather conditions, with varying occupancy 

patterns, in terms of the pollutant loads caused by a cook 

stove. The main aim is to assess the changes in indoor 

pollutant concentration and distribution, when the 

permeability of a building is reduced while the pollutant 

source strengths remain the same. For this, two models 

were used: TAS a building simulation software to predict 

the room temperatures in the dwelling; and CONTAM a 

ventilation and indoor air quality model, to predict indoor 

pollutant concentrations in each room. 

 

The emission rates of PM10 and PM2.5 of the wood 

burning cook stove were estimated using the results of 

separate studies that have previously measured the 

average PM concentrations and the average air 

permeability in Chilean homes. Outdoor PM 

concentrations were taken from a monitoring station 

located in the city centre, and statistical information on 

the Temuco housing stock was taken from local data sets.  

 

Thus, the building permeability data was based on 

research that was undertaken at the Universidad la 

Frontera in the city of Temuco led by Cárdenas [12]. 

This project commenced in March 2010, and it is the first 

and only study done in the city that uses a fan 

pressurisation blower door test to measure building 

permeability. The test was done in different dwellings 

with different construction materials. A sample of the 

first 24 dwellings measured was taken as reference for 

this study.  

 

Results from the Blow Door Test showed that there was 

no direct correlation between typology of house and 

permeability. It may have been expected that the wooden 

houses would have higher permeability than those built 

in brick. However it is thought that owners often 

refurbish wooden dwellings resulting lower than 

expected permeabilities. 

 

With this data, the case study was modelled with three 

permeability scenarios:  

 

1. Average of the 8 houses with higher permeability, 

which represents the 33% of the sample, with 30 m
3
/m

2
/h 

@50 Pa 

2. Average of the 8 houses that are in the centre of the 

statistical distribution, which represents the average of 

the entire sample, with 20 m
3
/m

2
/h @50 Pa 

3. And a third scenario assuming that the case study is 

refurbished under the Chilean Building Insulation Policy, 

achieving a permeability of 10 m
3
/m

2
/h @50 Pa. As the 

country does not have a permeability regulation, it was 

considered as a building that complies with the 2002 

(Part L2A) building regulation in the UK [13]. 

 

Only two studies have carried out measurements of 

indoor PM concentrations in Temuco dwellings. The first 

one was done in 1997 and involved only 5 houses [14] 

and the second one, done by the Ministerial Regional 

Secretariat of Health (MINSAL) [15], was completed in 

2006 with a sample of 178 dwellings. 

 

In the latter study, a survey was applied to all households 

to determine the type of stove and cook stoves used, type 

of fuel, and ventilation, identifying the 5 most common 

appliances used in households. From the total sample 

studied, 98 appliances were found to be cook stoves, 

representing the 51% of the total sample analysed. Indoor 

concentration levels were measured on average for 50 

hours in the 178 dwellings sample 

 

To run the model, CONTAM needs as an input the PM 

emission rate of the cooking appliance. However, no 

information is available on the typical emission rates of 

Chilean cook stoves. Therefore the emission rate was 

estimated using the indoor concentration measured from 

the MINSAL study, and the average air tightness 

obtained by Cárdenas [12]. 

 

After some trials, the emission rate assumed for the cook 

stove was set at 2.4 mg/min for PM10 and 0.65 mg/min 

for PM2.5, which results in an average winter indoor 

concentration of 118 µg/m
3
 and 61 µg/m

3
, respectively 

for PM10 and PM2.5. This concentration is in good 

agreement with the MINSAL [14] results. It was 

assumed for the simulations that the cook stove is turned 

on 14 hours, between 8:00 am and 10:00 pm. 

 

The outdoor PM concentrations were based on the 

average measurements from 2005 to 2009 of the Las 

Encinas monitoring station, located in the city centre. 

The simulations of this study were done during the 

heating season, which is between April and September. 

 

The layout of the case study dwelling is a detached 

wooden house with a pitched roof. This typology is 

considered to be representative of 50% of the Temuco 

building stock [6]. According to the last Census (2002), 

36% of dwellings have 2 bedrooms, 32% have 3 

bedrooms, and 11% have 4 bedrooms. The case study 

layout has 3 bedrooms as in Chile it is common that after 

some years families increase the house dimensions. 

 

As there is no statistical information available on the 

average floor area indoor space distribution, or 

orientation of buildings in Temuco, city, for this research 

we used a 3 bedroom dwelling of 82 m
2
, with  a kitchen 

and a bathroom, and with dimensions that meet the 

national building code [16]. The main entrance and two 

bedrooms are north facing (Fig. 1). 
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Figure 1: Case study dwelling layout  

 

 

For the thermal simulation, the dwelling is assumed to be 

uninsulated which is the case for the majority of the 

building stock that was built before 2000 [6]. 

 

According to the Chilean cultural patterns, it is common 

to have daily ventilation during morning household 

cleaning despite the low outdoor temperatures. This can 

be confirmed by the MINSAL [15] research, where 93% 

of the surveyed household ventilated their houses daily. 

As there are no studies or statistical information on 

dwellings’ ventilation rates, a particular ventilation 

schedule is assumed for this study. 

 

A natural ventilation schedule based on window opening 

was set as follows: During the weekdays 9:00-10:00 am 

related to typical cleaning and airing in all the spaces. 

During weekends the living room and the bedroom were 

assumed without ventilation, but the kitchen and 

bathroom continue with the same ventilation pattern. 

 

This research does not attempt to reproduce peoples’ 

behaviour, but to compare under uniform criteria the 

thermal performance and contaminant concentrations of 

the building with different permeability scenarios. 

Hence, it was essential to have a ventilation schedule 

exactly the same in all cases and in both models.  

 

In TAS, the occupancy pattern is assumed to be four 

people, where the housewife is at home the whole week, 

and the other three members are out during weekdays 

and at home the weekends. According to the last Census 

(2002), in Temuco 23% of households are composed by 

four people. Also, 30% of the women declared that their 

employment status was housework while the 23% of men 

had a work income. The average infiltration rate used in 

TAS, was inferred from the air tightness as measured by 

the blower door test. The “divided by 20” rule is used to 

estimate the winter average ventilation rate from the air 

change rate measured at 50 Pascal [13]. 

 

 

RESULTS 

The hourly average winter time PM concentration 

profiles were calculated from the CONTAM results.  PM 

concentrations are highest in the kitchen and the living 

room. If we analyse the PM10 concentrations for the 

three permeability scenarios in the kitchen and living 

room, it can be seen (Fig 2, Fig. 3) that the main 

differences occur after the period of morning ventilation 

(P in legend means Permeability m
3
/m

2
/h @50 Pa). 

 

In the kitchen PM10 concentrations are in the range of 

500-700 µg/m
3
, while in the living room the 

concentrations are in the range of 400-600 µg/m
3
. The 

PM2.5 concentrations (Fig. 4, Fig 5) for the kitchen and 

living rooms follow the same pattern as PM10. In the 

kitchen PM2.5 concentrations  are in the range of 200-

350 µg/m
3
, while in the  living room the concentrations 

are in the range of 180-280 µg/m
3
.  
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Figure 2: Average of Indoor Concentrations of PM10 in 

Kitchen with the Three Permeability Scenarios  
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Figure 3: Average of Indoor Concentrations of PM10 in Living 

Room with the Three Permeability Scenarios  
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Figure 4: Average of Indoor Concentrations of PM2.5 in 

Kitchen with the Three Permeability Scenarios  
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Figure 5: Average of Indoor Concentrations of PM2.5 in 

Kitchen with the Three Permeability Scenarios  

 

 

DISCUSSION 

The results show that the average daily peak of PM10 

concentration in both the kitchen and living room is of 

the order of 100 µg/m
3
 higher in a dwelling with a 

permeability 10 m
3
/m

2
/hr than in a dwelling with a 

permeability of 30 m
3
/m

2
/hr.  

 

Similarly the daily average concentration of PM10 is 10 

µg/m
3
 higher in a dwelling with a permeability 10 

m
3
/m

2
/hr than in a dwelling with a permeability of 30 

m
3
/m

2
/hr.  

 

The daily average PM2.5 concentration is 6 µg/m
3
 higher 

in a dwelling with a permeability 10 m
3
/m

2
/hr than in a 

dwelling with a permeability of 30 m
3
/m

2
/hr. 

 

If we compare the winter average of the three 

permeability scenarios (Table 2), all are above 110 µg/m
3
 

of PM10 and 58 µg/m
3
 of PM2.5, significantly higher 

than the 70 µg/m
3
 of PM10 and 35 µg/m

3
 of PM2.5 

WHO [5] Target 1 for long-term exposure. 

 

 
Table 2: Dwelling Average Concentration of PM10 and PM2.5 

with Three Permeability Scenarios  

Pollutant 

Concentration 

(µg/m3) 

Permeability Scenarios (m3/m2/h) 

10 20 30 

PM10 123.4 118.1 113.0 

PM2.5 64.2 60.9 58.0 

 

 

The WHO [5] air quality guidelines state that each 10 

µg/m
3
 increment in the daily average exposure to PM10 

concentrations results in a 0.5% increase in mortality. 

Similarly Dockery and Pope [17] report an increase of 10 

µg/m
3
 of PM10 can increase on average the daily 

mortality by 1%, Cardiovascular deaths can have a mean 

increase of 1.4% and respiratory deaths a mean increase 

of 3.5%. Therefore, it is possible to conclude that the 

increase of daily exposure due to permeability reduction 

could have important health effects.   

 

 

CONCLUSIONS 

Findings from these simulation case studies highlight the 

importance of considering the link between indoor PM 

concentration and dwelling permeability in dwellings 

with wood burning cook stoves. 

 

Subsidies currently are in place to promote the 

refurbishment of social housing that may well lead to a 

decrease in the dwelling permeability. In low income 

housing the use of stoves is driven by cooking rather than 

heating needs. Refurbishment of the dwelling to make 

them more energy efficient in terms of heating may not 

necessarily lead to a reduction in stove use, if this occurs 

indoor concentrations of PM may increase. 

 

Low-income families may not be able to afford to replace 

an inefficient wood burning cook stove with more 

efficient models which use other fuel sources. Therefore, 

it is possible to predict that this group will be most 

affected by an increase in indoor pollutants 

concentrations. 

 

The subsidies to increase the levels of thermal insulation 

of buildings are an appropriate method to reduce the 

energy demand of the building stock, and should be 

strongly promoted.  
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However, if we follow the findings stated in this study, 

the refurbishment of buildings should also consider 

specification of an appropriate natural or mechanical 

ventilation strategy to reduce the high levels of indoor air 

pollution.  

 

If the replacement of the cook stove is not economically 

possible in the short-term, simple interventions such as a 

chimney or an extract fan can have an important impact 

on the reduction of indoor contaminants. These 

interventions were also modelled in this research. 

Installation of an extract fan produced a 26% reduction 

of indoor pollutant concentrations for both contaminants, 

PM10 and PM2.5. While with the chimney, the reduction 

represents 24% less indoor PM10 and 30% less PM2.5. 

 

Modelling can provide an insight into indoor exposure in 

Chilean households and help to complement in situ 

measurement studies. Indoor air quality issues are of 

importance in Chile, mainly because of its dependency 

on fuel wood as a primary energy source. 
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