Microenvironmental modelling of personal fine particulate matter exposure in Accra, Ghana
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Highlights

· Micro-environmental modelling of personal PM2.5 exposure in Accra, Ghana
· Personal PM2.5 exposure estimated for male and female, adult and child population groups
· Women cooking using charcoal stoves have highest exposure compared to child and male groups
· Air exchange rates, kitchen volume and emission rate key variables personal PM2.5 exposure sensitive to
· Modelling framework can evaluate strategies to reduce exposure of vulnerable groups 


Abstract

The health burden from exposure to fine particulate matter (PM2.5) is disproportionately concentrated in low- and middle-income countries. To evaluate strategies to reduce PM2.5 exposure, the contribution of different sources, both indoor and outdoor, to overall personal PM2.5 exposure needs to be identified. Despite this, exposure to PM2.5 from indoor and outdoor origin are most often considered separately. This work presents the first application of a microenvironmental modelling approach in a sub-Saharan African city (Accra, Ghana) to estimate personal PM2.5 exposures to population groups disaggregated by gender and age and identify the key factors determining these exposures. Time-activity profiles for each population group were combined with PM2.5 concentrations estimated for three home microenvironments using a dynamic microenvironmental model, INDAIR, and for work, school and transport microenvironments using a steady-state model to estimate personal PM2.5 exposures. In Accra, cooking using charcoal, compared to liquified petroleum gas (LPG), was estimated to result in substantially higher home PM2.5 concentrations, and higher personal PM2.5 exposure for the female adult and child population groups, compared with the male population groups. In households cooking using charcoal, more than 60% of total personal PM2.5 exposure was estimated to be due to residential cooking for the child and female population groups, which reduces to less than 10% when LPG was used for cooking, with the remaining contribution from PM2.5 of outdoor origin. The key parameters to which personal PM2.5 exposure estimates are sensitive are the air exchange rate between indoor and outdoors, the kitchen volume, and charcoal emission rates. This study therefore informs on the additional data collection and measurements that could substantially enhance the parameterisation of micro-environmental models for application in low- and middle-income countries where a limited number of studies have been conducted, and improve their utility in assessing strategies to reduce personal air pollution exposure of different population groups.
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1. Introduction

An air pollutant of primary concern for human health is fine particulate matter (quantified as particles with aerodynamic diameter less than 2.5 µm (PM2.5)) (REVIHAAP, 2013). An estimated 4.9 million premature deaths were attributable to long-term PM2.5 exposure globally in 2017 (Stanaway et al., 2018), in addition to being associated with  morbidity such as preterm birth (Malley et al., 2017), and asthma exacerbation (Anenberg et al., 2018). In low- and middle-income countries, 98% of cities do not meet WHO Air Quality Guideline for annual PM2.5 concentrations (10 µg m-3), compared to 56% of cities in high-income countries (WHO, 2016). Despite this, the majority of PM2.5 monitoring is in high-income countries, and the mis-match between the severity of pollution problem and the degree of monitoring is particularly marked in Africa (Hsu et al., 2013; WHO, 2016). 
Sources of PM2.5 include those in households, such as cooking, smoking, lighting and other occupant activities, and outdoors, such as traffic, industry, agriculture, waste. Commonly, PM2.5 exposure from outdoor and household sources is considered separately, e.g. in health impact assessment and evaluation of source contributions (Forouzanfar et al., 2016, 2015; Lelieveld et al., 2015; Lim et al., 2012; Smith et al., 2014; WHO, 2014, 2006). However, the personal exposure of an individual to PM2.5 depends on both the i) temporal and spatial variation in outdoor and indoor PM2.5 concentrations in different microenvironments (e.g. home, school or workplace), and ii) timing and duration that people spend in these different locations. Previous studies have demonstrated that there can be large differences in personal PM2.5 exposures within a city between different genders, ages or socioeconomic groups (Arku et al., 2015; Smith et al., 2016; Van Vliet et al., 2013), and that the ambient PM2.5 concentration measured at a fixed monitoring site is not representative of a particular population’s personal PM2.5 exposure (Chen et al., 2018; Dimitroulopoulou et al., 2017). Therefore, to understand the magnitude of PM2.5 exposure across different population groups, to characterise the contribution of different sources to the personal PM2.5 exposure of a population(s), and the likely benefit from particular interventions aimed at reducing air pollution, it is necessary to integrate outdoor and indoor PM2.5 exposures.  

Estimates of total personal PM2.5 exposure can be obtained through direct measurement (e.g. Arku et al., 2015; Chen et al., 2018), or through modelling (e.g. Smith et al., 2016). Personal exposure models provide a framework where the factors determining personal PM2.5 exposure can be parameterised for different populations (Gerharz et al., 2009). These factors can be varied to estimate not only the level of personal PM2.5 exposure, but also to identify the sensitivity of personal PM2.5 exposures for different population groups (e.g. disaggregated by age, gender and/or socioeconomic status) to each variable (Shimada and Matsuoka, 2011). Personal PM2.5 exposure models also allow the effect of different policy and mitigation scenarios on personal PM2.5 exposure to be estimated for different sub-populations (Dimitroulopoulou et al., 2017).. 

The modelling frameworks that have been applied to assess personal air pollution exposure (PM2.5 as well as other pollutants) vary depending on the specific application, as reviewed by Milner et al. (2011). Models used to estimate air pollution concentrations in particular locations (e.g. the home, work, transport) range from simple indoor/outdoor ratios (Borrego et al., 2009), to microenvironmental models that simulate concentrations in a microenvironment based on key building characteristics (Dimitroulopoulou et al., 2017, 2006; McGrath et al., 2014), or to a higher level of refinement to computation fluid dynamic models that simulate air flows around and inside buildings (Giorgios, 2009). These models can then be combined with data on where, when and for how long different populations spend time to estimate personal PM2.5 exposure. 

While the aforementioned modelling frameworks to assess personal PM2.5 exposure (as well as other air pollutants) have been applied in North America (Fabian et al., 2012; Özkaynak et al., 2008), Europe (Borrego et al., 2009; McGrath et al., 2017; Dimitroulopoulou et al., 2001; 2006; 2017) and east Asia (Shimada and Matsuoka, 2011), there has been no application of this approach in a large African city. In these locations there are large sources of PM2.5-relevant emissions from both indoor and outdoor sources for large sections of the population that still use solid biomass for cooking, and personal PM2.5 exposure, and the strategies to reduce it, will differ for different population groups (e.g. different genders, ages, professions, and socioeconomic status) (Arku et al., 2015). A single-room box model has been previously developed that is designed for application in low and middle-income countries to estimate kitchen PM2.5 concentrations in households using different cooking fuels and stove technologies (Johnson et al., 2011; Johnson and Chiang, 2015; Langbein et al., 2017), and a small number of studies have made direct measurements of personal PM2.5 exposure in Accra (Arku et al., 2015; Delapena et al., 2018), as well as studies in rural areas of Ghana (Van Vliet et al., 2013) and Tanzania (Titcombe and Simcik, 2011), with the Arku et al. (2015) developing an empirical model of factors likely to influence exposure. 

To address the knowledge gap identified above, the aim of this work was to apply a modelling framework to estimate personal PM2.5 exposure from both indoor and outdoor sources for different population groups disaggregated by gender and age in a large African city (Accra, Ghana with a population of 4 million people). The effects on personal PM2.5 exposure of variation in key parameters such as outdoor PM2.5 concentrations, cooking fuel and stove location, and household size and layout were also assessed. This provides the basis for an analysis of how personal exposure differs between different socio-economic groups within the city, and what strategies can reduce personal PM2.5 exposure of particular population groups within an African city. Assessment of the sensitivity of the personal PM2.5 exposures to different variables (building characteristics, emission rates, air exchange rates etc.) also informs where future work should focus to improve assessment of PM2.5 exposure in data-limited regions. 

2. Methods

2.1 Modelling approach

Our modelling of personal PM2.5 exposure within different population groups in Accra takes account of i) exposure to outdoor PM2.5 concentrations, ii) exposure to outdoor PM2.5 that penetrates indoors, iii) exposure to PM2.5 indoors that results from indoor emissions (i.e. residential cooking using LPG and charcoal), and iv) differences in time-activity profiles for different broad population demographics. These results are used to determine i) variation in personal PM2.5 exposure across broad population categories in Accra and ii) the key factors that determine the magnitude of personal PM2.5 exposure for each population group.
Personal PM2.5 exposure estimates were calculated for six generic population groups (i. male child, ii. female child, iii. male office worker, iv. female home worker, v. female outdoor worker, and vi. female outdoor worker and cook) by combining diurnal PM2.5 concentration estimates in the different locations indoor and outdoor microenvironments) with six time-activity profiles (at 15-minute resolution). Indoor microenvironments were separated between workplace/school (which were not disaggregated into different rooms), transport and the home, which was split into kitchen, living room and bedroom. 

The diurnal variation in PM2.5 concentrations in each microenvironment were estimated individually. For outdoors, two distinct diurnal outdoor PM2.5 profiles were used based on ambient PM2.5 measurement from previous studies to contrast between ‘high’ and ‘low’ outdoor PM2.5 in residential locations (Dionisio et al., 2010; Zhou et al., 2011) (Section 2.2). In schools, offices and transport, PM2.5 concentrations were estimated based on an ‘infiltration fraction’ of outdoor PM2.5 concentrations calculated from air exchange rates and deposition rates based on a steady-state model described in Sun et al. (2019) (Section 2.3). In homes, the microenvironmental model INDAIR was run deterministically, as opposed to probabilistically (see below), to estimate the diurnal variation in PM2.5 concentrations in each room in the homes. This model is dynamic, and based on solving simultaneous differential equations to calculate PM2.5 concentrations in different home microenvironments as a function of emission rate (from indoor sources), deposition and penetration loss, room volume, and air exchange rates (indoor-outdoor, and inter-room) (Dimitroulopoulou et al., 2017, 2006, 2001). 

The only indoor emissions modelled were from cooking. Diurnal PM2.5 concentrations in homes cooking with either charcoal, LPG, or with no cooking were modelled (Section 2.4). Other cooking fuels such as wood or kerosene were not modelled as less than 1% of households cook with either wood or kerosene in Accra (Ghana Statistical Service, 2014). Other potential sources of indoor emissions affecting personal PM2.5 including smoking and the use of kerosene for lighting. Smoking was not included as an additional source of household PM2.5 emissions, due to its low prevalence in Ghana, with 89% of urban households reporting no smoking within the home in the 2014 Demographics and Household Survey (Ghana Statistical Service et al., 2015). Kerosene lighting was not included because only 1.5% of households in Accra use kerosene for lighting (Ghana Statistical Service, 2014).  

Time-activity profiles and the estimated diurnal variation in PM2.5 concentrations in each micro-environment were used to calculate 24h average PM2.5 exposure for each population group, and sensitivity analyses were then used to identify the key factors determining these personal PM2.5 exposures (Section 2.5).  

Sensitivity analyses identified the variables which most strongly influenced personal PM2.5 exposures. Modelling of the indoor PM2.5 concentrations using INDAIR was repeated by successively replacing each parameter with the low and high sensitivity value individually. Similarly, additional model runs were performed where the air exchange rates for schools, offices and transport were replaced with low and high sensitivity values. The percentage change in 24h PM2.5 concentrations was calculated when the high and low sensitivity estimates of each variable was used compared to the central estimate. The aim of running this analysis deterministically, as opposed to running the INDAIR model probabilistically, was to isolate and quantify the effect of each input variable on PM2.5 concentrations in the home, and personal PM2.5 exposure for each population group. 

2.2 Outdoor PM2.5 concentrations

PM2.5 concentrations measured previously in four different neighbourhoods in Accra were used to estimate outdoor PM2.5 concentrations in this study. Dionisio et al. (2010) continuously measured PM2.5 concentrations in Accra over 2 years between 2006 and 2007 at four residential sites in Jamestown (JT), Nima (NM), Asylum Down (AD) and East Legon (EL). Annual mean PM2.5 concentrations varied from 34 to 60 µg m-3, excluding the Harmattan period, where PM2.5 concentrations are dominated by desert dust. Zhou et al. (2011) measured diurnal variation in PM2.5 concentrations in each of these four neighbourhoods. These diurnal profiles were combined with the annual PM2.5 concentrations measured in each neighbourhood to create two diurnal ambient PM2.5 concentration profiles, a ‘low’ outdoor PM2.5 diurnal profile, as the average of the NM, AD and EL profiles (that had similar PM2.5 concentrations), and a ‘high’ outdoor PM2.5 diurnal profile from JT (shown in Figure 1). 

2.3 PM2.5 concentrations in workplaces, schools and transport 

[bookmark: _Hlk29731421]For offices, schools, and transport, the indoor PM2.5 concentrations were assumed to be directly related to the PM2.5 concentration outdoors, and that the outdoor PM2.5 concentration in the ‘low’ and ‘high’ outdoor PM2.5 concentration model runs are representative of outdoor air where people work or are educated, as well as where they live in Accra. The fraction of outdoor PM2.5 infiltrating indoors was calculated by applying a steady-state model described in Sun et al. (2019), in which the infiltration fraction (Finf) is estimated from an penetration factor (P), air exchange rate (AER) and deposition rate (k), shown in Equation.



											        (Eq. 1)
The penetration factor was set to 1 for offices, schools and transport, and the deposition rate was the same as selected for PM2.5 deposition in home microenvironments (described in Section 2.5 and Table 3). Air exchange rates have not been directly measured in Accra for schools, offices or cars. However, they have been measured in similar contexts. For schools, an assessment of ventilation in non-mechanically ventilated South African schools was undertaken by measuring CO2 levels (Richardson et al., 2014). CO2 levels in the majority of schools corresponded to AER between 5 and 6 h-1, and therefore 5.5 h-1 was selected as the central AER, with the high and low sensitivity values based on the highest and lowest air flow rates measured in the South African classrooms. 

Ventilation in office buildings in Accra and other Ghanaian cities has been modelled previously using AERs varying from 0.5 h-1 to 10 h-1 h-1h-1(Koranteng, 2011, 2010; Koranteng and Mahdavi, 2011; Simons et al., 2016, 2012). These values were not directly measured for buildings in Accra, but based on an assessment of the buildings in Accra and Kumasi being evaluated. In this study, a central value of 1.5 h-1 was selected, which is consistent with measurements studied conducted in mechanically ventilated offices in climate similar to Accra, e.g. Malaysia, as described in Daghigh et al. (2009), and a comprehensive global review of air exchange rates (Hodas et al., 2016). Low and high sensitivity values were selected as low and high values used in previous modelling studies of office buildings in Ghana (Koranteng, 2011, 2010; Koranteng and Mahdavi, 2011; Simons et al., 2016, 2012) (Table 3).

The AER in transport (passenger cars) is most strongly dependent on i) ventilation setting (recirculation of air inside the vehicle or outside air being drawn in), ii) vehicle speed, and iii) vehicle age (Fruin et al., 2011; Hudda et al., 2012; Hudda and Fruin, 2013; Nayeb Yazdi et al., 2019; Tong et al., 2019). In Ghana, the dominant modes of transport are on foot, by car and by minibus (tro-tro) (Ministry of Roads and Highways et al., 2013), and over 50% of vehicles in Ghana are over 15 years old (Obeng-Odoom, 2010). The central value of 10 h-1 for transport AER was based on previously measured average AER in vehicles over 15 years old (Fruin et al., 2011). Low and high sensitivity values were selected to reflect AERs in newer vehicles, and vehicles drawing in outside air, independent of age (Fruin et al., 2011; Hudda and Fruin, 2013).

2.4 Modelling home PM2.5 concentrations

In INDAIR, the change in PM2.5 concentration is calculated by solving the following differential equation for each home micro-environment:



Cik = indoor concentrations in compartment k (µg m-3)				        (Eq. 2)
Co = outdoor concentration (µg m-3)
νg = deposition velocity of pollutant (m h-1)
(λri,o)k = air exchange rate between outdoor and indoor concentrations (air exchanges per hour)
λr delta-l; λr delta-m = air exchange rate between compartments (air exchanges per hour)
fk = building fabric filtration factors
Ak = surface area of compartments (m2)
Vk = volume of the compartments (m3)
Qk = indoor emission rates (µg h-1) 

Table 1 summarises the value used for each of the input parameters to Equation 1, along with the values used for low and high sensitivity analyses. Two household configurations were modelled in this study: The ‘Ghana Living Standards Survey Round 6’ estimates that 28.9% of households in the Greater Accra Metropolitan Area live in detached houses, semi-detached houses or flats and apartments. These are broadly represented by the first, three-room home configuration modelled in this study with a kitchen, bedroom and living area. Additionally, 63.9% of households are compound houses (a collection of 1-2 room homes with shared bathroom/cooking facilities), which are represented by the second, two-room configuration with a bedroom and living area (Ghana Statistical Service, 2014; UN Habitat, 2011). Room volumes were taken as the mean, minimum and maximum values from a sample of 80 households across different areas of Accra, whose floorplans were recorded, floor area calculated, and room volumes estimated assuming a 2.75 m ceiling height, in line with the Ghana Building Code (Ghana Standards Authority, 2018)  (Table S1 includes summary statistics for the homes included in the survey conducted for this work). The area to volume ratio was that used for UK homes (Dimitroulopoulou et al., 2006), in the absence of local information on furnishing configurations, which would influence surface area to volume ratios.

[bookmark: _Hlk29729009]Indoor-outdoor air exchange rates were not available for Ghana, and values for developing countries reviewed in Hodas et al. (2016) were mainly derived for rural homes. Urban indoor-outdoor air exchange rates for developing country homes were therefore estimated based on PM10 decay rates in homes in Dhaka, Bangladesh during a measurement campaign (Dasgupta et al., 2006; World Bank, 2006). Dhaka and Accra have the same Koppen-Geiger climate classification (Peel et al., 2007), and in both cities the vast majority of households (92% in Accra, 88%) are permanent homes made from cement, concrete blocks or bricks (Bangladesh Bureau of Statistics, 2011; Ghana Statistical Service, 2014). In total, air exchange rates were derived for eight experiments all in homes with brick walls, and concrete floors and roofs, consistent with the main building materials in Accra (Dasgupta et al., 2006; World Bank, 2006). The mean air exchange rate was 12.5 air changes h-1. While this value is substantially higher than is typically measured in Europe and North America (Hodas et al., 2016), it is consistent with the air exchange rates measured in low- and middle-income countries reviewed in Hodas et al. (2016) and Williams and Unice (2013) which ranged from 2 to 64 air changes h-1 based on studies in India, Guatemala, Kenya and Peru. The high value used to undertake a sensitivity test was based on a doubling of this air exchange rate and low sensitivity test used a value based on typical air exchange rates for homes in high-income countries (i.e. in the UK, (Dimitroulopoulou et al., 2006)). The air exchange rates between indoor microenvironments were based on previously derived values for homes in the UK, in the absence of specific data in low- and middle-income countries. Deposition velocities were based on previously reported values for PM2.5, described in Dimitroulopoulou et al. (2006), assuming the same particle size distribution.    

The two main fuels used for cooking in Accra are charcoal and LPG account for 38.9% and 52.7% of households in the Greater Accra Metropolitan Area (GAMA) respectively (Ghana Statistical Service, 2014). It was estimated that a household cooking using charcoal consumes 1.175 kg charcoal h-1 based on charcoal per capita consumption rates (160.86 kg/person/year (UNDP, 2016)), average household size (4 people per household in 2012 (Ghana Statistical Service, 2014)) and average cooking time (90 min day-1 (Ghana Statistical Service, 2012a)). A household cooking using LPG was estimated to use 0.170 kg LPG h-1 based on total LPG use for cooking (133.1 kilotonnes in 2012 (Economic Consulting Associates, 2017)) and the number of households cooking using LPG in Ghana (1.427 million (Ghana Statistical Service, 2014)). 

Emission rates, shown in Table 1, for PM2.5 for cooking using charcoal and LPG were derived by combining the fuel consumption rates with fuel-specific PM2.5 emission factors. For LPG, the recommended emission factors from the WHO Indoor Air Quality Guidelines were used (central estimate: 0.35 g kg-1 LPG used, minimum: 0.01 g kg-1, maximum: 0.52 g kg-1) (Edwards et al., 2014). For charcoal, emission factors from two studies conducted in northern Ghana were used (Coffey et al., 2017; Obeng et al., 2017). The central estimate emission rate was based on an emission factor (0.8 g PM kg-1 charcoal consumed (Coffey et al., 2017)) measured for cooking typical meals on ‘coalpot’ stoves (a locally made charcoal stove). The ‘low’ sensitivity value was based on an emission factor (0.47 g kg-1 (Obeng et al., 2017)) measured for coalpot stoves during a standard ‘water boiling test’, and the ‘high’ sensitivity value was based on an emission factor (1.6 g kg-1 (Coffey et al., 2017)) for a Philips charcoal stove tested under the same conditions as the central estimate. 

When modelling the cooking patterns in the different homes, the major cooking situations in Accra were reflected. The Ghana 2010 Population and Housing Census recorded 56% of houses and apartments in Accra cooking in a separate kitchen within their home. The remainder mostly cooked on a verandah or in an open space outside the home. Cooking with charcoal, cooking with LPG and no cooking in the kitchen were modelled for the three-room configuration representative of a house or apartment in Accra.  For compound homes, only 20% cooked in a separate room in their home, while the majority (63%) cooked on a verandah or outside (Ghana Statistical Service, 2012b). A no-cooking scenario in the two-room configuration representative of a compound home was therefore also modelled. 

2.5 Time-activity profiles

The basis for the time-activity profiles for each population group were the results from the Ghana Time Use Survey (GTUS) (Ghana Statistical Service, 2012a), which was combined with assumptions to define a set of time-activity profiles for sub-populations. This allowed exploration of the effect of contrasting time-activity patterns on personal PM2.5 exposure. It is recognised that there is, in practice, a much greater variability in time-activity patterns within each group. In general, the GTUS data on participation rates and average time spent on the activity by those participating was used to develop representative time-activity profiles, focussing on those activities in which a high proportion of the population group participate. Simulations were also focused on working days, recognising that exposure patterns for children will be very different on non-schooldays (GTUS data are reported by day of week, but the differences are not large for activities other than learning). 

Time-activity profiles were developed for six groups. This includes male and female child (10-17 years) groups (denoted Male Child and Female Child, respectively), and four different working adult (24-65) patterns, segregated by gender. The differences between boys’ and girls’ activities are relatively small, but are used to explore the effect of gender differences in exposure to home cooking. For working-age adults, the working patterns were chosen to provide contrasts in personal exposure from indoor and outdoor sources. These are (1) an office worker commuting to the central business district (Male Office Worker); (2) an individual who works entirely within the home (Female Home Worker); (3) a street seller who works outside but does not first prepare food for sale (Female Outdoor Worker) and (4) a street seller who prepares food for sale before leaving home (Female Outdoor Worker and Cook). The time-activity profiles defined only consider a working family with children, aiming to explore the interaction between activity patterns and pollution sources within the family. Participation rates and time spent by those participating data for families with young children from GTUS were therefore used. 

Based on the GTUS data described above, the time spent on each activity was determined for the six representative population groups, and the appropriate microenvironment for the task. This is summarised for each population group in Table 4, and the underlying data and assumptions used are described in supplementary text. Values in GTUS are given to the nearest minute, but in providing generic time-activity profiles, these were rounded to 15-minute intervals. In Figure 2 and Table S1, the assignment of locations for each time-activity profile includes the 3-room home microenvironment (i.e. kitchen, living room and bedroom). For the 2-room home modelling, the kitchen and living room, and time spent in them, were combined to one room.

The GTUS does not provide data on when, during the day, different groups undertake different activities, and therefore a set of six representative time-activity profiles were defined. The time-activity profiles are set up to be representative of the individual members of a single family, and therefore the timing of different activities has been designed to provide some consistency between family members (summarised in Figures 2 and 3). 

 
3. Results

The results from the INDAIR modelling of PM2.5 concentrations in home microenvironments in Accra are presented in Section 3.1. This is followed by the results of how diurnal variations in PM2.5 concentration in all microenvironments (i.e. home, work, school, transport), combine with time-activity profiles to allow estimation of personal PM2.5 concentrations for each broad population group (Section 3.2). Sensitivity analyses are presented for home PM2.5 concentrations and personal PM2.5 concentrations within each of their respective sections. 

3.1 PM2.5 concentrations in home microenvironments

When modelled in INDAIR with no cooking, the 24h PM2.5 concentration in each indoor microenvironment was approximately 90% of the 24h outdoor PM2.5 concentration (Table 2). This is higher than would be expected in European homes, for example, and is due to the relatively high indoor-outdoor air exchange rate used for Accra homes compared to European homes (Dimitroulopoulou et al., 2006). When cooking was simulated, a substantial increase in PM2.5 concentrations was observed in the kitchen, relative to the no cooking case, that was also greater when compared with the corresponding increases in the living room and bedroom. For example, with 90 minutes of cooking with charcoal, 24h PM2.5 concentrations in the kitchen were 145% higher than the no-cooking scenario for ‘high’ outdoor PM2.5, compared to 65% and 20% higher for living room and bedroom 24h PM2.5 concentrations (Table 2), respectively. Cooking with LPG similarly resulted in larger increases in 24h PM2.5 concentrations, compared to no cooking, in the kitchen than in the living room and bedroom, although the absolute increases in 24h PM2.5 concentrations were substantially less than for cooking with charcoal (Table 2).

The diurnal variation in PM2.5 concentrations mirrored the outdoor PM2.5 profile for the no-cooking model runs (Figures 4, 5 and 6). During the cooking period, 15-minute average kitchen PM2.5 concentrations exceeded 1400 µg m-3 for charcoal-fuelled cooking, and 140 µg m-3 for cooking using LPG. Maximum PM2.5 concentrations were substantially lower for the living room and bedroom, at approximately 600 and 240 µg m-3 for the charcoal cooking scenario. When cooking stopped, indoor PM2.5 concentrations returned to background levels within one hour. 


3.2 Personal PM2.5 exposures

Table 2 summarises the 24h personal PM2.5 exposures for the various population groups with different time-activity profiles. For the no-cooking scenarios, 24h PM2.5 exposures were determined by i) whether the ‘high’ or ‘low’ outdoor PM2.5 concentration was used, and ii) the proportion of time spent outdoors and in different indoor microenvironments. In the no-cooking scenarios, personal PM2.5 exposure was similar across the broad population groups, varying at most by 10% (Table 2). Across all population groups, 24h personal PM2.5 exposure was approximately half in the ‘low’ outdoor PM2.5 scenario compared to the ‘high’ outdoor PM2.5 scenario. 

In scenarios with cooking in the home, personal PM2.5 exposure varied substantially between the population categories. The largest increase in personal PM2.5 exposure relative to the no-cooking scenario occurred when charcoal was used for cooking. The smallest increase in 24h PM2.5 occurred for the Male Office Worker profile, as this population group was assumed not to spend time in the kitchen during the cooking period. The largest 24h PM2.5 exposure was for the three female adult profiles (Female Home Worker, Female Outdoor Worker and Female Outdoor Worker and Cook), and for the Female Child group, for which 24h PM2.5 exposure was more than double than the no-cooking scenario. The scenario where LPG was used for cooking resulted in 24h PM2.5 exposures that were only 12-15% above the 24h PM2.5 exposures in the no-cooking scenario for the female adult and child population groups in the high PM2.5 regime, and lower for Male Child and Male Office Worker groups. Cooking for a longer time period was estimated to mainly affect the personal PM2.5 exposure of the Female Outdoor Worker and Cook group, due to the longer time spent in the kitchen where cooking took place. In the scenario with 3.5 hours of cooking, 24h PM2.5 exposures were almost 80% higher for the  Female Outdoor Worker and Cook group -, compared to the 1.5 hour cooking period scenario, but increased less (48%) for the other female categories, and even less for the Male Child, Female Child and Male Office Worker groups.

While cooking was the largest contributor to 24h PM2.5 exposure for the child and female adult population categories in these scenarios, the difference between ‘high’ and ‘low’ outdoor PM2.5 concentrations continued to influence overall 24h personal PM2.5 exposure. For all female groups, 24h personal PM2.5 exposures were approximately 17% lower for the ‘low’ outdoor PM2.5 concentrations for scenarios with charcoal cooking for 90 minutes (Table 2). The reduction was even greater for the male child (28%) and male adult (35%) groups, and for all population groups in the LPG cooking scenarios, where indoor cooking emissions make a substantially smaller contribution to 24h personal PM2.5 exposure.  

The different cooking scenarios resulted in a different percentage contribution from indoor and outdoor PM2.5 sources to overall personal PM2.5 exposure for each population group (Figures 7-9). For example, for the 3-room-home scenario in the high PM2.5 environment, with 90 minutes cooking using charcoal fuel, approximately 60% of the personal 24h PM2.5 exposure was derived from indoor cooking sources for the female groups, compared to less than 10% when the cooking fuel used was LPG (Figure 7). For the ‘low’ outdoor PM2.5 concentration profile, approximately 72% and 15% of 24h personal PM2.5 exposure was derived from indoor charcoal and LPG cooking sources, respectively, due to the lower exposure from outdoor sources both outside the home and from outdoor air penetrating into home microenvironments (Figure 7). Cooking for 3.5 hours resulted in 70-80% of personal PM2.5 exposure being derived from indoor cooking sources for the Female Outdoor Worker and Cook group (Figure 8). The non-cooking contribution to PM2.5 exposure for each population group had a contribution from PM2.5 exposure outdoors, and exposure to PM2.5 of outdoor origin indoors (in the home). These contributions varied depending on time-activity profile, with the female adult categories (where more time was spent in the home) having a large contribution to non-cooking PM2.5 from exposure to outdoor PM2.5 that infiltrated into the home.  

3.3 Sensitivity Analyses

Table 3 shows the sensitivities of 24h PM2.5 concentrations in each home microenvironment, and 24h personal PM2.5 exposures for each population group, to the low and high values of key input variables for the 3-room home with charcoal cooking for 90 minutes per day. The indoor-outdoor air exchange rate was among the key variables to which 24h PM2.5 concentrations in each microenvironment and personal PM2.5 exposures for each population group were most sensitive. When the low indoor-outdoor air exchange rate was used, with the value typical for European homes, there was a greater than 100% increase in kitchen and living room 24h PM2.5 concentrations, and personal PM2.5 exposure for all population groups compared to when the central estimate of indoor-outdoor air exchange was used. However, there was a substantially smaller change in 24h PM2.5 concentrations in each microenvironment when the high sensitivity value was used for the indoor-outdoor air exchange rate. 

The high and low estimates of kitchen volume and charcoal emission rate also resulted in substantial changes in 24h PM2.5 concentrations and personal exposures (Table 3). The bedroom 24h PM2.5 concentrations were in general less sensitive to high and low values applied to kitchen volume or charcoal emission rate, as there was assumed to be no direct air exchange between the kitchen and the bedroom. Of all the population groups,  the Male Office Worker group was least sensitive to these variables (indoor-outdoor AER, charcoal emission rate and kitchen volume), as their personal 24h PM2.5 exposure was determined less by indoor charcoal cooking emissions. In this case, the AER of the office microenvironment was also a key variable. For children, the AER of the school had a smaller, but not insignificant effect on 24h PM2.5 exposure. For the LPG and no-cooking scenarios, 24h PM2.5 personal exposure was more sensitive to these non-cooking parameters (Tables S2-S6). 


4. Discussion

4.1 Comparison of modelled personal PM2.5 exposure to available measurements

The number of studies measuring personal PM2.5 exposure, and home PM2.5 concentrations in Accra specifically, and low- and middle-income countries in general, are substantially smaller than have been conducted in high-income countries. Comparison with the few available studies in Accra, in Africa, and in Asia provide insight into the effectiveness of this micro-environmental modelling framework application in characterising personal PM2.5 exposures in Accra. Available measurement studies of home PM2.5 concentrations and personal PM2.5 exposures in low- and middle-income countries vary in terms of study design, documentation of the conditions under which measurements were made, the PM2.5 metrics reported (e.g. daily average PM2.5 concentrations vs shorter time-scale concentrations), and sample sizes (Table 4). 

In Accra, Zhou et al. (2011) measured substantially lower 24h cooking-area PM2.5 concentrations compared to modelled kitchen PM2.5 concentrations in this study, most probably because the majority of cooking areas in Zhou et al. (2011) were outdoors. This indicates that the PM2.5 concentrations in each home microenvironment, and personal PM2.5 exposures derived in the no-cooking scenarios in this work, with no indoor emission sources in the home, may be valid estimates of personal PM2.5 exposure for homes where cooking takes place outdoors. The kitchen PM2.5 concentrations measured in Accra households in Pennise et al. (2009) using wood for cooking were slightly higher than the 24h kitchen PM2.5 concentration modelled in this study. This may be due to generally higher emission rates when burning wood compared to charcoal (Edwards et al., 2014), and the longer time period during which the fire burned (approximately 4 hours) compared to that assumed in this study (1.5 and 3.5 hours).  

Studies conducted in other areas of Ghana (Van Vliet et al., 2013), sub-Saharan Africa (Titcombe and Simcik, 2011; Tumwesige et al., 2017), and in Asia (Balakrishnan et al., 2013; Dasgupta et al., 2006) show substantial variation in indoor PM2.5 concentrations when using a particular fuel for cooking, that may reflect different outdoor PM2.5 concentrations, as well as stove and fuel differences (Table 4). However, the 24h home PM2.5 concentrations for cooking using solid biomass (charcoal) and LPG estimated for Accra in this study are within the range of results obtained from these measurement studies including both the magnitude of household PM2.5 concentrations and the substantial reduction in home PM2.5 concentrations when using LPG for cooking compared to solid biomass  (Table 2 cf. Table 4).      

Earlier studies have used a one-room box model to estimate kitchen PM2.5 concentrations in countries where solid biomass use is prevalent, and these studies account for air exchange between the kitchen and outdoors, cook stove emission rate, and kitchen volume, but not PM2.5 deposition, air exchange between different microenvironments within the home, or the infiltration of outdoor air indoors (Johnson et al., 2011; Johnson and Chiang, 2015). Langbein et al. (2017) estimated kitchen PM2.5 concentrations during cooking periods for a range of different fuels and cooking stoves using a one-room model. The average PM2.5 concentration during cooking estimated for seven stoves using charcoal as fuel ranged between 1376-3474 µg m-3, which is similar to the ~1500 µg m-3 kitchen PM2.5 concentrations estimated using INDAIR for Accra homes during cooking periods. This indicates that the INDAIR model produces comparable results to other modelling methodologies used to quantify kitchen PM2.5 concentrations resulting from indoor cooking emissions. It also indicates that the inclusion of additional processes in the INDAIR modelling methods, compared to the simple box model, to represent infiltration of outdoor air indoors, pollutant deposition and air exchange between home microenvironments, does not substantially affect the kitchen PM2.5 concentration estimated during cooking when emissions in the kitchen dominate household PM2.5 concentrations.   

Two studies have measured personal PM2.5 exposure in Accra. Arku et al. (2015) measured the mean personal PM2.5 exposure of 56 students from 8 schools to be 56 µg m-3, and observed that average exposure for girls (67 µg m-3) was larger than for boys (44 µg m-3). The larger exposure for girls is consistent with the current study, but the PM2.5 exposure levels are lower than those modelled when cooking using charcoal. This is likely because 62.5% of students in Arku et al. (2015) lived in households where cooking was done outdoors. The no-cooking scenarios in the current study (specifically with ‘high’ ambient PM2.5 concentrations) assume no cooking in the home, and are more comparable to the personal PM2.5 exposure measurements for the students reported in Arku et al. (2015). In Delapena et al. (2018), average personal PM2.5 exposure across 11 primary cooks in Accra using charcoal was 30 µg m-3, compared to 24 µg m-3 for cooks using LPG only. The  personal PM2.5 exposure of primary cooks using charcoal in Delapena et al. (2018) is substantially less than modelled in the current study, and there is only a 19% reduction in exposure for cooks using LPG, compared to  55-600% reduction modelled in the current study. The reason for this difference is unclear, but may be due to the cooking location (it is not stated whether cooking takes place indoors or outside), and the relatively small sample size of the participants in Delapena et al. (2018) or differences in household characteristics, cooking patterns and time-activity patterns among the participants included in the measurement study compared to those used as input for the modelling in this work. In another study in rural Tanzania that assessed personal PM2.5 exposure of cooks using charcoal (average exposure 588 µg m-3) and LPG (14 µg m-3), results were more comparable with those obtained from the modelling in this work (Titcombe and Simcik, 2011). Comparison of the results from the current work with available personal exposure measurement studies highlights the need for systematic reporting of conditions (household characteristics, cooking patterns timing, and duration, and time-activity patterns) to facilitate a consistent comparison of results between measurement and modelling studies.      

4.2 Insights into micro-environmental modelling for personal PM2.5 exposure assessment in Accra and other Low and Middle-Income Cities

To understand how population exposure to PM2.5 from the major indoor and outdoor sources in low and middle-income countries can be reduced, it is necessary to be able to effectively assess the determinants of personal PM2.5 exposure for different population groups, in the same way that this has been assessed in high-income countries. However, there is a substantially smaller volume of data assessing population exposure to PM2.5 in low- and middle-income countries. The microenvironmental modelling described here and applied for the first time in a sub-Saharan African city, provides a framework and practical example for how these aspects of personal PM2.5 exposure analysis can be investigated in cities in low- and middle-income countries, and highlights where additional studies could be focussed to most effectively improve assessment of personal PM2.5 exposure for different population groups. Specifically, more specific information on indoor-outdoor air exchange rates, charcoal emissions rates and building dimensions would substantially improve the parameterisation of microenvironmental personal exposure models. 

Despite the uncertainty in these parameters, the application in Accra highlights differences in personal PM2.5 exposure for different population groups, disaggregated by gender and age. Women in households cooking with charcoal had the highest overall exposure to PM2.5, higher than for the male and female children groups, or for the male office worker group who were assumed not to be involved in cooking at home. The greater amount of time spent outside, and less time spent in the kitchen, meant that the Female Child population group were estimated to have higher overall personal PM2.5 exposures than the Male Child group. 

The microenvironmental modelling framework also provides quantification of the likely effect on personal PM2.5 exposure of different actions and strategies aimed at reducing PM2.5 exposure, and the different effect that interventions may have on different population groups. In Accra, for adult females and the child groups, the use of LPG for cooking instead of charcoal substantially reduced 24h PM2.5 exposure, and the contribution of indoor emissions to personal PM2.5 exposure. However, the difference in 24h PM2.5 exposure for the male office worker group between the charcoal and LPG cooking scenarios was substantially lower due to a smaller influence of cooking emissions on the male office worker group, and PM2.5 exposure determined to a greater degree by outdoor PM2.5. Therefore, actions that target the major sources of outdoor PM2.5 concentrations (which may also include residential cooking emissions) could be more effective in reducing PM2.5 exposure for this group. Reducing emissions from the major sources of outdoor PM2.5 concentrations could also reduce the infiltration of outdoor PM2.5 indoors, thus benefitting all population groups represented by the time activity profiles in this work.

Finally, in many countries, protecting the general public from air pollution concentrations that are damaging to human health is achieved through evaluation of PM2.5 concentrations at fixed monitoring sites in comparison with air quality standards. This work shows that the PM2.5 concentration experienced by different population groups may differ from a PM2.5 concentration at a monitoring site, as has been previously shown in high-income countries (Özkaynak et al., 2008). In this work the greatest difference in personal PM2.5 exposure from the measured outdoor PM2.5 concentrations were for those scenarios where cooking used charcoal, for the adult female, and child time-activity profiles. However, there was also an (smaller) increase in personal PM2.5 exposure compared to outdoor measurements when cooking used LPG, and decreases in personal PM2.5 exposure for some population groups for the no cooking scenario, due to the lower PM2.5 concentrations in the home microenvironment compared to outdoor in the absence of indoor emission sources. This highlights the limitation in using outdoor fixed site measurements as a proxy for personal PM2.5 exposure, which varies (both up and down) depending on the household cooking situation and time-activity patterns of different population groups.   
 
4.3 Uncertainties and future application of microenvironmental modelling framework in low- and middle-income countries

Numerous assumptions were made so that the available data could be used to estimate personal PM2.5 exposure using the micro-environmental modelling approach in Accra. The sensitivity analysis clearly identifies those parameters which are most crucial to determining the level of PM2.5 exposure for different population groups, and therefore where data collection efforts could focus to improve the parameterisation of the modelling methods used in this work. This work highlights the need for additional experiments in other low and middle-income countries (with various home, cooking and meteorological conditions) that would allow for improvement in the parameterisation of air exchange rates, and other key parameters (e.g. PM2.5 emission rates for different stoves and fuels) in microenvironmental models to improve estimation of personal PM2.5 exposure in low and middle-income countries.

The time-activity profiles for the six population groups do not represent the totality of time-activity patterns of the population of Accra, and within each of the population group there may be substantial variation in how people spend their time. Additional information on how people spend their time in Accra, in particular on the timing of key activities such as cooking, work/school and commuting would provide the basis for i) improving the time-activity profiles derived in this work and ii) extending the variety of time-activity profiles for which personal PM2.5 exposure could be estimated. 


5 Conclusions

This study presents the first application of a micro-environmental modelling framework to assessment of personal PM2.5 exposure in a sub-Saharan African city (Accra, Ghana) of different population groups disaggregated by gender and age. The modelling framework estimates diurnal PM2.5 variations in home microenvironments (kitchen, living room and bedroom) using the INDAIR model which accounts for dispersion of PM2.5 emissions from indoor sources (e.g. cooking), infiltration of outdoor PM2.5 indoors, pollutant deposition, and air exchange between home microenvironments. Diurnal PM2.5 variations in other microenvironments (school, work, transport) are estimated based on indoor/outdoor ratios and are combined with time-activity profiles derived for broad population categories to estimate personal PM2.5 exposure for child and adult (disaggregated by male and female) population groups. This modelling integrates data from a variety of sources, including the Ghana Time-Use Survey to derive time-activity profiles, data on household dimensions in Accra, available ambient PM2.5 measurements as well as data from available studies on air exchange rates and PM2.5 emission rates from charcoal and LPG use for cooking. 

The results highlight that the highest personal PM2.5 exposures were for female adult population groups, in households where charcoal was used for cooking. This was followed by female children in those households, and then by male children (whose exposure was lower due to a smaller amount of time spent helping with cooking), and finally, male office workers (who were assumed to not take part in cooking). For the female adult and child population groups, more than 70% of personal PM2.5 exposure in households that cook using charcoal was due to indoor cooking emissions, while the male child and male office worker group had a larger contribution from PM2.5 from outdoor sources (both exposure outside the home and from exposure to outdoor PM2.5 in the home). For the female adult and child population groups, cooking using LPG instead of charcoal reduced personal PM2.5 exposure by more than 70%, and less than 25% of personal PM2.5 exposure was determined by indoor cooking emissions. The reduction in personal PM2.5 exposure was lower for the male child (but still substantial) and male office worker profiles when switching to cooking using LPG, highlighting the ability of the micro-environmental modelling method to assess differences in the effect of interventions designed to reduce exposure on different population groups with different time-activity profiles. 

The study also identified the variables to which personal PM2.5 exposure estimates were most sensitive. For those time-activity profiles with the highest personal PM2.5 exposure, the air exchange rate between the kitchen and outdoors was the variable to which personal PM2.5 exposure was most sensitive, alongside the kitchen volume and PM2.5 emission rate (for cooking with charcoal). The information on many of these variables is limited in low- and middle-income countries. Therefore additional measurement, collection and collation of data related to these key variables would allow for improved parameterisation of micro-environmental models, and hence assessment of personal PM2.5 exposure in Accra, and facilitate the extension of this approach to other low- and middle-income countries to contribute to the development and evaluation of specific policy interventions designed to reduce PM2.5 exposure to the most vulnerable population groups. 
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Table 1. Summary of parameters used to model home PM2.5 concentrations and indoor/outdoor (I/O) PM2.5 ratios for transport, school and office microenvironments, including low and high values used for sensitivity analysis
	Variable
	Value
	Low sensitivity analysis
	High sensitivity analysis

	Kitchen volume 3+ rooms
Kitchen volume 2 rooms
	32.3 m3
-
	10.2 m3
-
	97.1 m3
-

	Kitchen area/volume ratio
	2
	1.7
	3

	Living room volume 3+ rooms
Living room volume 2 rooms
	82.7 m3
51.9 m3
	36.8 m3
36.8 m3
	159.7 m3
69.0 m3

	Living room area/volume ratio
	2
	1.7
	3

	Bedroom volume 3+ rooms
Bedroom volume 2 rooms
	61.4 m3
39.4 m3
	30.4 m3
29.5 m3
	112.4 m3
46.5 m3

	Bedroom area/volume ratio
	2
	1.7
	3

	
	
	
	

	Kitchen-outdoor air exchange
	12.5 h-1
	1 h-1
	25 h-1

	Living Room-outdoor air exchange
	12.5 h-1
	1 h-1
	25 h-1

	Bedroom-outdoor air exchange
	12.5 h-1
	1 h-1
	25 h-1

	
	
	
	

	Kitchen-living room air exchange
	12.5 h-1
	1 h-1
	25 h-1

	Kitchen-bedroom air exchange
	0 h-1
	0 h-1
	0 h-1

	Living room-bedroom air exchange
	6.5 h-1
	0.5 h-1
	12.5 h-1

	
	
	
	

	Deposition velocity
	1.8 x 10-4 m s-1 
	1.2 x 10-6 m s-1
	8.6 x 10 -4 m s-1

	
	
	
	

	LPG PM2.5 emission rate
	0.99 mg min-1 
	0.028 mg min-1
	1.44 mg min-1

	Charcoal PM2.5 emission rate
	15.67 mg min-1
	9.2 mg min-1
	31.3 mg min-1

	
	
	
	

	Transport Air Exchange Rate
	10 h-1
	2.8 h-1
	72 h-1

	School Air Exchange Rate
	1.5 h-1
	0.75 h-1
	10 h-1

	Offices Air Exchange Rate
	5.5 h-1
	1.2 h-1
	8.7 h-1
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Table 2. Summary of 24h mean PM2.5 concentrations (µg m-3) in the three home microenvironments, and 24h personal PM2.5 exposure for the six population groups (MC = Male Child, FC = Female Child, MOW = Male Office Worker, FHW = Female Home Worker, FOW = Female Outdoor Worker, FOWC = Female Outdoor Worker/Home Cook). 

	Rooms
	Cooking Fuel
	Duration of cooking (hour)
	Outdoor PM2.5 concentration regime
	Kitchen
	Living room
	Bedroom
	MC
	FC
	MOW
	FHW
	FOW
	FOCW

	3
	None
	0
	high
	54
	54
	54
	53
	53
	48
	54
	56
	56

	3
	None
	0
	low
	31
	31
	31
	30
	30
	27
	31
	32
	32

	3
	Charcoal
	1.5
	high
	140
	89
	65
	83
	137
	62
	138
	139
	141

	3
	Charcoal
	1.5
	low
	116
	66
	42
	60
	114
	40
	115
	115
	116

	3
	Charcoal
	3.5
	high
	255
	136
	80
	105
	159
	94
	204
	202
	252

	3
	Charcoal
	3.5
	low
	231
	112
	56
	82
	136
	73
	180
	178
	228

	3
	LPG
	1.5
	high
	60
	57
	55
	55
	58
	49
	60
	61
	61

	3
	LPG
	1.5
	low
	36
	33
	31
	32
	35
	27
	36
	37
	37

	3
	LPG
	3.5
	high
	67
	59
	56
	56
	59
	51
	64
	65
	68

	3
	LPG
	3.5
	low
	43
	36
	32
	33
	37
	30
	40
	41
	44

	2
	None
	0
	high
	57
	54
	54
	53
	53
	48
	55
	56
	56

	2
	None
	0
	low
	32
	31
	31
	30
	30
	27
	31
	32
	32








[bookmark: _Hlk8485556][bookmark: _Hlk8488077]Table 3. Percentage variation in 24h mean PM2.5 concentrations (µg m-3) in the three home microenvironments and 24h personal PM2.5 exposure for the six population groups (MC = Male Child, FC = Female Child, MOW = Male Office Worker, FHW = Female Home Worker, FOW = Female Outdoor Worker, FOWC = Female Outdoor Worker/Home Cook) for the 3 room, 90 minute charcoal cooking case in the ‘high’ outdoor PM2.5 environment when high and low sensitivity values are used for each input variable. 

	Variable
	Sensitivity
	Kitchen
	Living Room
	Bedroom
	MC
	FC
	MOW
	FHW
	FOW
	FOCW

	Kitchen Volume
	High
	-40.9
	-26.2
	-11.2
	-24.0
	-40.9
	-15.0
	-40.4
	-40.1
	-40.3

	Kitchen Volume
	Low
	132.7
	85.0
	36.3
	77.8
	132.9
	48.7
	131.3
	130.1
	130.7

	Living Room Volume
	High
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Living Room Volume
	Low
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Bedroom Volume
	High
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Bedroom Volume
	Low
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Area volume ratio
	High
	-3.9
	-4.9
	-5.2
	-3.3
	-3.3
	-3.7
	-3.8
	-3.3
	-3.3

	Area volume ratio
	Low
	1.2
	1.6
	1.7
	1.0
	1.1
	1.2
	1.2
	1.1
	1.1

	Indoor-outdoor air exchange rate
	High
	-27.5
	-15.4
	-3.4
	-15.4
	-27.7
	-8.8
	-26.9
	-27.1
	-27.4

	Indoor-outdoor air exchange rate
	Low
	347.6
	110.7
	-15.5
	159.8
	253.2
	101.4
	251.7
	252.6
	288.9

	Deposition velocity
	High
	-23.0
	-28.7
	-29.5
	-26.1
	-24.1
	-32.6
	-22.5
	-19.9
	-19.9

	Deposition velocity
	Low
	8.8
	11.4
	12.0
	11.2
	9.8
	22.7
	8.6
	7.5
	7.6

	Charcoal emission rate
	High
	61.1
	39.2
	16.7
	35.8
	61.2
	22.4
	60.5
	59.9
	60.2

	Charcoal emission rate
	Low
	-25.3
	-16.2
	-6.9
	-14.8
	-25.3
	-9.3
	-25.0
	-24.8
	-24.9

	Transport air exchange rate
	High
	0.0
	0.0
	0.0
	0.4
	0.2
	0.4
	0.0
	0.0
	0.0

	Transport air exchange rate
	Low
	0.0
	0.0
	0.0
	-0.8
	-0.5
	-0.9
	0.0
	0.0
	0.0

	School air exchange rate
	High
	0.0
	0.0
	0.0
	1.1
	0.6
	0.0
	0.0
	0.0
	0.0

	School air exchange rate
	Low
	0.0
	0.0
	0.0
	-5.6
	-3.4
	0.0
	0.0
	0.0
	0.0

	Work air exchange rate
	High
	0.0
	0.0
	0.0
	0.0
	0.0
	10.5
	0.0
	0.0
	0.0

	Work air exchange rate
	Low
	0.0
	0.0
	0.0
	0.0
	0.0
	-5.1
	0.0
	0.0
	0.0



. 


Table 4. Summary of studies in Accra, Ghana, sub-Saharan Africa and Asia where household PM2.5 concentrations have been measured
	Study
	Location
	Measurement
	Cooking fuel
	PM2.5 concentration metric
	PM2.5 concentration

	Zhou et al. (2011)
	Accra, Ghana
	Kitchen PM2.5 concentration in 80 households in 4 neighbourhoods in 2006-2007
	Biomass
	48h average
	Average of households in high biomass use community: 60 µg m-3

Average of households in low biomass use community: 31 µg m-3

	Pennise et al. (2009)
	Accra, Ghana
	Kitchen PM2.5 measured in households using wood as cooking fuel with traditional and ‘Gyapa’ stoves
	Wood
	24h average
	Traditional stove average: 650 µg m-3

Gyapa stove average: 320 µg m-3

	Van Vliet et al. (2013)
	Brong Ahafo, Ghana
	Kitchen PM2.5 measured in rural households cooking using solid biomass
	Solid biomass (wood and charcoal)
	24h average
	‘Enclosed’ kitchen average: 474.9 µg m-3

	Tumwesige et al. (2017)
	Tanzania, Uganda, Ghana, Ethiopia, Gambia
	Review of studies in sub-Saharan Africa measuring PM2.5 concentrations in kitchens cooking using solid biomass
	Solid biomass (wood and charcoal)
	24h average
	Mean kitchen PM2.5 concentration across 4 studies identified: 361 – 1840 µg m-3

	Tumwesige et al. (2017)
	Uganda, Cameroon
	Kitchen PM2.5 measured in rural households cooking using solid biomass, using biogass and before and after in households switching from solid biomass to LPG
	Solid biomass (wood and charcoal), LPG and biogas
	24h average
	Solid biomass average: 444 µg m-3

After switch to cooking with LPG: 173 µg m-3

Biogas average: 15 µg m-3

	Titcombe et al. (2011)
	Tanzania
	Kitchen PM2.5 measured in rural households cooking with charcoal and using LPG for cooking
	Charcoal, LPG
	24h average
	Charcoal average: 763 µg m-3

LPG Average: 22 µg m-3

	Balakrishnana et al. (2013)
	India
	Kitchen and living room PM2.5 measured in 617 rural homes
	Solid biomass, LPG
	24h average
	Kitchen, solid biomass average: 590 µg m-3

Kitchen, LPG average: 179 µg m-3

Living Room, solid biomass average: 157 µg m-3

Living Room, LPG average: 95 µg m-3

	Dasgupta et al. (2006)
	Dhaka, Bangladesh
	Simultaneous measurement of kitchen and ambient PM2.5 concentrations in households across Bangladesh
	LPG
	24h average
	Kitchen average: 101 µg m-3

Ambient average: 89 µg m-3
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Figure 1. Diurnal outdoor residential PM2.5 profiles in regions of Accra with High and Low annual average PM2.5 concentrations based on measurements made in Accra between 2006 and 2007 (Dionisio et al., 2010; Zhou et al., 2011)
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Figure 2. Duration and timing of periods spent in different microenvironments by different categories of people (MC = Male Child, FC = Female Child, MOW = Male Office Worker, FHW = Female Home Worker, FOW = Female Outdoor Worker, FOWC = Female Outdoor Worker/Home Cook). 













[image: ]Figure 3. Timing and duration of cooking periods in the homes with 90 minutes and 3.5 hours cooking per day
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Figure 4. Diurnal variation in modelled PM2.5 concentrations in 3 home microenvironments with ‘high’ and ‘low’ outdoor PM2.5 concentration profiles with 90 minutes cooking per day using charcoal and LPG, and with no cooking. 
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Figure 5. Diurnal variation in modelled PM2.5 concentrations in 3 home microenvironments with ‘high’ and ‘low’ outdoor PM2.5 concentration profiles with 3.5 hour cooking per day using charcoal and LPG, and with no cooking. 
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Figure 6. Diurnal variation in modelled PM2.5 concentrations  in 2 home microenvironments with ‘high’ and ‘low’ outdoor PM2.5 concentrations where cooking was assumed not to occur within the household. 
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Figure 7. Contribution to 24h personal PM2.5 exposure for six different population groups (MC = Male Child, FC = Female Child, MOW = Male Office Worker, FHW = Female Home Worker, FOW = Female Outdoor Worker, FOWC = Female Outdoor Worker/Home Cook) for scenarios with a 3 room home configuration and 1.5 hours cooking per day, but with different outdoor PM2.5 concentration profiles, and cooking fuels (charcoal and LPG, and no cooking in the household.
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Figure 8. Contribution to 24h personal PM2.5 exposure for six different population groups (MC = Male Child, FC = Female Child, MOW = Male Office Worker, FHW = Female Home Worker, FOW = Female Outdoor Worker, FOWC = Female Outdoor Worker/Home Cook) for scenarios with a 3 room home configuration and 3.5 hours minutes cooking per day, but with different outdoor PM2.5 concentration profiles, and cooking fuels (charcoal and LPG, and no cooking in the household.
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Figure 9. Contribution to 24h personal PM2.5 exposure for six different population groups (MC = Male Child, FC = Female Child, MOW = Male Office Worker, FHW = Female Home Worker, FOW = Female Outdoor Worker, FOWC = Female Outdoor Worker/Home Cook) for scenarios with a 2 room home configuration and no cooking occurring in the household, but with different outdoor PM2.5 concentration profiles.
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