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ABSTRACT
Adequate ventilation is necessary to maintain thermal comfort and remove indoor air pollutant concentrations
(Crump et al., 2005). Indoor pollutant concentrations vary considerably depending on occupants’ behaviour
patterns, building characteristics and meteorological parameters and seasonal effects. Experimental measurements
are time consuming and expensive to carry out, while computational models are regarded as a valid complement.
The team at NUI, Galway have recently developed the IAPPEM model (described in (McGrath et al.,
2014a)representing the state-of-the-art in probabilistic modelling of indoor air quality; the model is currently
capable of highlighting locations of different pollutant concentrations within the same building by considering the
infiltration of outdoor air pollutants, meteorological parameters and seasonal effects, indoor activities of occupants,
emissions from indoor air pollutants, removal by deposition, the dilution of indoor air pollutants through external
and internal air exchange and internal house layout.
To date no computational model exists that examines both inter-zonal and external temperatures in combination
with assessing indoor air pollutants, and the enhancement of the IAPPEM source code framework to incorporate
these features constitutes the main tasks of the current work. This will allow an assessment of individuals’ thermal
comfort and exposure to airborne pollutants, and will also allow an assessment of the heat loss to surroundings as
a result of changing ventilation rates, a feature that is highly relevant in the context of energy efficient homes. While
previous studies have examined the effect of heat loss due to ventilation, no model to date has combined the
temperature and airborne pollutant components in a single computational structure.
In this paper, a plan to incorporate a temperature parameter into the existing model is described; this would allow
the unique capability to assess, for the first time, the effects of ventilation and occupant behaviour on both an
individual’s thermal comfort and airborne pollutant exposure. The basis of the IAPPEM code adaptation strategy
will be the addition of a source term and a loss term to account for localised heating sources, such as radiators in
each room, solid fuel fires, and cooking events. A loss term will account for the removal of heat through the
building walls and windows. Ventilation rates will define the transfer of heat between rooms but also between
indoor and outdoor, allowing the assessment of heat loss as well as thermal comfort. This would provide a vital
tool in defining optimum building air exchange rates that do not have a negative impact on human health.
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INTRODUCTION

Particulate Matter (PM) has become a major environmental concern because of its known
impacts on human health (COMEAP, 2009, COMEAP, 2010). A WHO project REVIHAAP
(WHO, 2013) reported a large body of evidence linking the effects of long term PM exposure
on both cardiovascular mortality and all causes of mortality. PM related morbidity outcomes
include aggravated asthma, chronic respiratory disease, increased emergency room visits and
hospital admissions, acute respiratory symptoms, decrease in lung function and even premature
mortality. (Brook et al., 2010) reported that short-term PM2.5 exposure over a few hours to
weeks can trigger cardiovascular morbidity and mortality events. WHO (2013) reported that
significant evidence, based on toxicological and clinical studies, linking peak exposures to
combustion-derived particles of short duration (ranging from less than an hour to a few hours)
leads to immediate physiological changes.
Most of the general population in North America or Europe spent 89% of their time
indoors, with 69% spent in the residential indoor environment (Klepeis et al., 2001, Schweizer
et al., 2006), and homemakers or the elderly spending up to 90% of their time in the residential
indoor environment (Torfs et al., 2008). Therefore, the residential environment deserves
particular attention.
The need to achieve carbon and greenhouse gas emissions has promoted energy
efficiency improvements because of the potential saving in energy costs. Reduction in energy
usage in buildings is a significant component of the national CO2 reduction strategies. For
example, the Technical Guidance Document L of Part L of the Irish Building Regulations (SI
259 of 2011) sets out new performance levels for air permeability to be 7 m3/hr/m2 at 50Pa.
Under the European directive (2010/31/EU, 2010), all new building must adhere to minimum
energy performance requirements. Irish legislation (S.I. No. 259/2008, 2008) refers to reducing
heat loss in building through increasing the air tightness.
However, as buildings air-tightness increases, a reduction occurs in the air exchange
rates (AERs) reducing heat loss, while increasing the indoor pollutant concentrations if
significant indoor sources are present (Gens et al., 2014). Wilkinson et al. (2009) reported that
changes in energy efficiencies in domestic homes may impact on indoor air quality, due to
increasing air-tightness without alternative methods of reducing indoor generated pollutants.
Bone et al. (2010) highlights that the driver for more energy efficiency homes will harm
occupant health.
The World Health Organization's (WHO, 2010) guidance on thermal comfort ensures
satisfaction with the ambient temperature, but also links to human health. The guidance for the
home environment aims at protecting human health particularly those most susceptible, such as
the very young and the elderly (Ormandy and Ezratty, 2012). Additionally, thermal comfort has
been reported to influence individuals’ behavioural patterns; Andersen et al. (2009) reported
that window opening behaviour in Danish dwellings is strongly linked to the outdoor
temperature. (Rijal et al., 2007, 2008) found relationships between the thermal environment and
the occupants’ behaviour in relation to windows/doors opening patterns and the usage of HVAC
system. McGrath et al. (2014b) investigated variations in PM concentrations due to interzonal
airflow in a six-room apartment layout. The study found that peak concentrations in adjoining
rooms were directly linked to the time of the door opening/closing events.
Andersen et al. (2009) reported that the use of internal heating was correlated with the
outdoor temperature and the presence of a wood-burning stove within the dwelling. In Ireland,
the use of solid fuel burning in fireplaces is often used as means of secondary heating source
(McGrath et al., 2011, Semple et al., 2012).
Indoor PM concentrations are affected by infiltration of outdoor particles,
meteorological parameters and seasonal effects, indoor activities of occupants, emissions from
indoor PM sources, removal of particulates by deposition, the dilution of indoor PM through

external and internal airflow and internal house layout (Ferro et al., 2009, Singer et al., 2002,
Ott, 1999). Numerous studies have highlighted the indoor activities that contribute to PM
concentrations, such as smoking, frying, solid fuel fire and use of incense and candles (He et
al., 2004, See and Balasubramanian, 2011, Semple and Latif, 2014) and also resuspension
activities such as walking, dusting or sitting on furniture (Ferro et al., 2004, Jing et al., 2008).
It is often impractical or expensive to obtain large-scale indoor or personal exposure
measurements to account for the range of indoor factors (indoor emission sources, indoor
deposition and resuspension, and the occupant’s behaviour). Computational modelling is an
effective tool at separating out the contribution of indoor emission source from outdoor
generated air pollution; this approach allows for effective exposure reduction strategies to be
devised. For the proper management of air quality to be fully evaluated, indoor exposures need
to be further separated into the contributions of indoor sources and the penetration of outdoor
pollution. Modelling approaches are essential if this is be effectively achieved
(Dimitroulopoulou et al., 2000).
Steinle et al. (2013) highlights that exposure models are an appropriate tool to increase
sample sizes and reduce the cost of experimental exposure studies. Exposure models need to
integrate a wide range of factors (e.g. economic, social and demographic), to assess relations
and associations between human exposure to environmental air pollutants and potential health
effects. In recent years, a number of models have predicted indoor pollutant concentrations in
indoor environments (Dimitroulopoulou et al., 2006, Fabian et al., 2012, Sohn et al., 2007,
Parker and Bowman, 2011). Fabian et al., (2012) reported challenges imposed on simulations
due to the large variation in emission strengths. Limitations in these physical pollutant models
have led to poorer estimations of indoor air pollutant exposure assessment.
Probabilistic modelling is one approach that overcomes these issue. McGrath et al.
(2014a) developed IAPPEM, a state-of-the-art probabilistic model for indoor PM concentration
estimation, capable of simulating up to 15 interconnecting rooms with the incorporation of up
to 12 simultaneously-operating emission sources. IAPPEM proved to be capable of simulating
the large variation in emission rates, predicting both peak and mean PM10 and PM2.5
concentrations. IAPPEM provided a detailed analysis of overall PM contribution from multiple
different emission sources, in a variety of different internal locations in a dwelling, and the
effect that both emission source location and internal household configuration has on PM
transfer throughout a dwelling has been quantified.
The current work plans to incorporate temperature parameters into the existing model;
this would allow the unique capability to assess, for the first time, the effects of ventilation and
occupant behaviour on both an individual’s thermal comfort and airborne pollutant exposure.
This would provide a vital computational tool that has wide relevance in epidemiology studies,
building design, ventilation studies, traffic management studies, and many other fields.
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METHODOLOGY
2.1 Air pollutant model
The current model, titled Indoor Air Pollutant Passive Exposure Model (IAPPEM), is an
advanced probabilistic modelling tool that evaluates the contribution of both indoor and outdoor
sources to the air pollution concentration in the indoor environment. IAPPEM calculates the
change in indoor pollutant concentrations by solving the differential equation 1; considering
the infiltration of outdoor air pollution, the generation of air pollution indoors and its transport
between rooms, and the indoor deposition of air pollution. At each time interval, probability
density functions are used to simulate a range of possible values for each parameter, assessing
the range of likely outcomes when specific details are unavailable. This can encompass
uncertainties in experimental obtained data, but can also encompass uncertainties in the
selection of appropriate modelling parameters between studies. Further details on the
parameterisation of the pollutant model are available in McGrath et al. (2014a).
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Equation 1 is solved for each k, where k represents each individual room. Subscripts of 0, 1 and
2 are used to represent outside, room 1 and room 2 for different parameters. Ck represents the
concentrations of the pollutant in that room g m-3, where C represents the outdoor
concentration (g m-3). fk represents the building filtration factors between the outdoor and that
room. vg is the deposition velocity of the pollutant (m hr-1) ik is the interzonal airflow between
internal rooms, e.g. 12 represents the transport of pollutants from room 1 into room 2, and 0k
the external airflow between the outside and room k (m3 hr-1). Ak is the surface area of room k
(m2). Vk is the volume of room k (m3). Qk is the indoor emission rate of the pollutant in room k
-1
).

2.2 Addition of a Temperature Parameter
The current work comprises of altering the model’s source code to include the temperature
parameters, allocating a source file to account for time-varying outdoor temperature
concentrations, as well as incorporating a temperature parameter to each room. A
‘source’ term will allow for internal heating sources (solid-fuel burning, central heating,
electric fan heater or HVAC). A ‘decay’ term will allowing for heat losses through the building
fabric through external and internal walls, as well as floors and ceilings. Airflow rates in
Equation 1 will be used to assess the heat loss to the outdoors but also the internal transfer of
heat between zones. Additionally, a heat ‘recovery’ term will be added to account for any heat
recovery systems.
The model’s parameterisation will account for variation in building fabrics; window
types and wall and roof insulation. Altering the model’s parameterisation will allow
assessments of performance pre and post retrofitting a building.

3 RESULTS
The application of the air pollutant model is demonstrated by a number of simulations
below. The simulation are based on the 11-room dwelling described in McGrath et al.
(2014a). The emission scenarios comprised of two frying events in the kitchen and five
smoking events in the living room while internal doors remained closed. Each frying event lasts
for 15-minutes, while each smoking event lasts for nine minutes. Figure 1 and 2 shows a section
of the 24hour time-series profile for PM2.5 concentrations in both the kitchen and the living
room.

Figure 1. PM2.5 concentrations in the living room. The time axes have been scaled to focus on the emission
periods. The ‘y’ bars represent one standard deviation at each time step, highlighting the probabilistic
nature of the model. Each of the peak concentrations refers to the end of the smoking events.

Figure 2. PM2.5 concentrations in the kitchen. The time axes have been scaled to focus on the emission
periods. The ‘y’ bars represent one standard deviation at each time step, highlighting the probabilistic
nature of the model. Each of the peak concentrations refers to the end of the frying event.

Table 1 shows the effect that reducing AERs have on indoor PM2.5 concentrations. The values
of 0.30, 0.44, 0.70 ACH-1 reflect similar AERs reported in literature for European dwelling
(Crump et al., 2005, Dimitroulopoulou, 2012). It can be seen that PM concentrations increase
with decreasing AERs; this is a major concern considering that the World Heath Organisation
(WHO, 2006, 2013) recommends a 24-hour mean PM2.5 concentration guideline of 25 g m-3.

Table 1 shows the 24-mean PM2.5 concentrations in both the kitchen and sitting room under
three different air exchange rates in units of Air Changes per Hour (ACH-1).

Location
Kitchen
Sitting Room

0.7 ACH-1
70 ± 6g m-3
74 ± 4g m-3

0.44 ACH-1
95 ± 9 g m-3
100 ± 7g m-3

0.3 ACH-1
112 ± 12 g m-3
122 ± 10 g m-3

The proposed enhancement to the model will simultaneously allow time-series analysis of
internal room temperatures in combination with indoor air quality. Any proposed changes in
AERs can then be assessed in terms of potential energy saving strategies to analyse the effect
on the reduction in heat loss but also the effect on indoor air quality.
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CONCLUSIONS
The modified model will make simulations to assess both thermal comfort and indoor air
pollutants, resulting in a time-series analysis of both parameters. This will allow simulations of
variations in household characteristics, occupants behavioral patterns, mechanical and natural
ventilation.
The results of this project will inform policy makers and the public on energy usage
reduction in the built environment sector, and any mis-understanding regarding potentially
adverse effects of reduced ventilation on indoor air quality could be extremely detrimental in
this regard. The model can assess the potential benefits of retrofitting a residential dwelling
while ensuring there is no reduction in indoor air quality.
This unique computational tool can be used to define the optimum ventilation rates for
energy efficient homes ensuring thermal comfort and also an appropriate level of indoor air
quality. One potential strategy could examine increasing the external airflow in rooms that
experience higher air pollutant concentrations while reducing the external airflow in rooms that
experience lower air pollutant concentrations.
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