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Abstract
Simulations using CONTAM (a validated multi-zone indoor air quality (IAQ) model) were
employed to predict indoor exposure to PM2.5 in London dwellings in both the present day
housing stock and the same stock following energy efficient refurbishments to meet
greenhouse gas emissions reduction targets for 2050. To achieve these targets, measures
were specified that reduced building permeability to 3m 3m -2hr-1 at 50 Pa, combined with the
introduction of mechanical ventilation and heat recovery (MVHR) systems. It was
assumed that the mean current outdoor PM2.5 concentration of 13μg.m -3, decreased to
9μg.m -3 by 2050 due to emission control policies. Proper installation of MVHR systems
with permeability reduction is associated with appreciable reductions in P M2. 5 exposure in
both smoking and non-smoking dwellings. Modelling of the future scenario for nonsmoking dwellings predicts a reduction in annual average indoor exposure to PM2.5 of
24.0μg.m -3 (from 28.4 to 4.4μg.m 3) for a typical household member and a larger reduction
of 52.8μg.m -3 (from 60.5 to 7.7μg.m3) for members exposed primarily to cooking-related
particle emissions in the kitchen. Reductions in envelope permeability, without
mechanical ventilation, produced a small increase (+5.4μg.m -3) in indoor PM2.5
concentrations. These estimates of changes in PM2.5 exposure were sensitive to
assumptions about occupant behaviour, ventilation system usage and the distribution of
input variables (+72% for non-smoking and +107% in smoking residences) but, if
realised would result in significant health benefits.
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Introduction
Motivated in large part by the desire to pursue CO2 reduction targets for mitigating
climate change, the energy efficiency of new and existing buildings in the UK are likely
to be substantially improved over the com ing decades (HM Governm ent, 2010a).
Existing dwellings are projected to account for approximately 80% of the housing stock
in 2050 (Boardman, 2008). To meet 2050 greenhouse gas (GHG) reduction targets, current
proposals suggest that these existing dwellings should undergo extensive retrofitting,
with the installation of insulation and more efficient heating systems coupled with an
increase in air tightness (Boardman, 2008, Wilkinson, et al., 2009). However, such
changes to air tightness and ventilation are likely to lead to changes in indoor air quality
and personal exposure to airborne pollutants such as particulate matter (PM) (Milner et
al., 2005), the smaller fractions of which are harmful to health (COMEAP, 2009). As most
people in developed countries typically spend > 80% of their time indoors (Klepeis et
al., 2001); changes in domestic indoor air quality consequent to energy efficiency
measures may impact population health (Wilkinson et al., 2009).
Concentrations of P M2.5 in houses are affected by the infiltration of outdoor particles,
emissions from indoor sources and the removal from the internal air by deposition and
filtration, though some re-suspension also occurs which is often related to domestic
activities (Gehin et al., 2008). In apartments there is also the possibility of some interapartment transfer of contaminants via party wall permeability (Molnár et al., 2007).
Various external factors: building location, height, orientation to outdoor pollutant
sources and prevailing meteorology affect outdoor P M2.5 contributions to indoor
concentrations (Godish & Spengler, 2004; Patra et al., 2008). Climate change effects
on meteorology, vehicle traffic changes and the proposed introduction of energy
efficient technologies to domestic properties will all affect population exposure to PM2.5
(Gerharz et al., 2009). In the future, external concentrations of PM2.5 are expected to decline
due to reductions in transport emissions and gaseous precursors which produce
secondary particles (Williams, 2007). Increased air tightness and installation of
mechanical ventilation and heat recovery systems (MVHR) which filter out PM2.5, could lead
to a reduction in externally generated PM2.5 in dwellings. However, any increase in
airtightness without an increase in controlled purpose provided ventilation could lead to a
rise in exposure from internally generated PM2.5 (Wilkinson et al., 2009).
Indoor PM2.5 concentration has been linked to transient internal sources such as construction
materials, fixtures and fittings, and appliances as well as intermittent emissions such as
the burning of fuels and candles, smoking, cooking, heating and human domestic
activities (Milner et al., 2005; Weschler, 2009). Studies have shown high PM2.5 indoor
concentrations relative to external levels, with cooking and smoking being the two primary
sources (Jones et al., 2000). The behaviour of occupants and their movements, including
window opening, can also affect indoor concentrations (Andersen et al., 2009). Within
dwellings, different rooms could be subject to very different levels of PM2.5, depending on
the activities conducted in them (Dimitroulopoulou et al., 2006). Methods are needed to
assess the impact of cooking, smoking and domestic activities as well as ventilation
behaviour in order to understand the impact of energy efficient refurbishment on future
exposure.
This paper presents modelling evidence of indoor exposure to P M2.5 in current London
dwellings, and an assessment of the likely impact of energy efficiency measures designed
to meet 2050 climate change mitigation objectives.
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Materials and Methods
Modelling of exposure to PM2.5
The study was based on the application of CONTAM (Emmerich, 2001), a validated multizone indoor air quality (IAQ) model, to predict concentrations of particles with maximum
aerodynamic diameter of 2.5 microns (PM2.5) in specific zones/rooms of dwellings dispersed
by airflows from both indoor and outdoor sources. This modelling develops previously
published methods of exposure characterization to PM2.5 (Wilkinson et al., 2009). It includes
a detailed approach to modelling the ventilation systems within dwellings, occupant
schedules, removal of PM2.5 via a deposition rate model and integrates complex empirical
data sources as model inputs. A schema of the modelling approach is shown in Figure 1.

Figure 1 Range of factors affecting indoor
input to heath impact assessment.

PM2.5

exposure and preparation of data for future

The house and apartment models used were based on dwelling characteristics selected to be
broadly representative of the London housing stock. Simulations were run to reflect
combinations of key parameters: dwelling type, basic form (geometry), ventilation system
and permeability levels (Table 1). All model scenarios were run including and omitting
tobacco smoking, and particles from indoor sources, so as to quantify the separate
contributions of smoking and particles of indoor and outdoor origin to the overall indoor
PM2.5 concentrations.
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Table 1 Summary of key dwelling features, PM2.5 sources and external environment
characteristics used for the specification of baseline simulations of the 2009 and
2050 housing stock.

*The apartment (Figure 2) was modelled to be on the ground floor, with no
adjustments for wind speed or change in PM2.5 concentrations with height. Emission
inventories are based on data from Ozkaynak et al., 1996; He et al., 2004 and
Afshari et al., 2005.
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Figure 2 Schematic of simulated apartment in CONTAM with modelled rooms, pollutant
sources/sinks, ventilation systems, windows, doors and adventitious infiltrations. The house
was modelled over four levels.
Data inputs and assumptions
A number of assumptions were made for the input parameters to the CONTAM models. The
emission rate of PM2.5 from cooking was assumed to be 1.6 mg.min-1 + 0.6 mg.min-1 based on
4.1 mg.min-1 + 1.6 mg.min-1 of inhalable PM10 of which 40% is the finer fraction of PM2.5, having a
-1
PM2.5 deposition rate of 0.39hr
(figures derived from the large scale PTEAM study
(Ozkaynak et al., 1996)). However, it is acknowledged that emission rates vary greatly in the
literature, depending on food type, cooking method, duration, appliance and method of
measurement (He et al., 2004; Olson and Burke, 2006). As such, sensitivity analysis has been
carried out to + 2.33 standard deviations to capture 99% of the values for all emission
sources.
All model simulations assume that the dwelling permeability is provided by adventitious
openings (gaps and cracks) in the external walls, floors and roofs, with gap size proportional
to facade area and assuming a crack is situated at the base and top of each wall. A
penetration factor of 1 was used for all infiltration pathways in the models, as representing
the maximum for P M2.5, although component size, indoor/outdoor pressure differences and
the geometry and roughness of individual building penetrations may affect this value.
Consequently, sensitivity analysis contrasts this value with 0.6 from Chen and Zhao (2011).
Based on the absence of suitable data, fixed periods and durations of all domestic
activities were assumed (Table 1) In smoking dwellings, b ased on Office of National
Statistics data (ONS, 2000), it was assumed 1 cigarette was smoked per waking hour; the
schedule assumes some smoking occurs both outdoors and indoors in the kitchen and
living room. Extractor fans, trickle-ventilators and MVHR s ystems were specified to
comply with Approved Document F of the Building Regulations for England (HM
Government, 2010b). Equipment was modelled to be correctly fitted and perfectly functioning
with filter efficiency of 80% for PM2.5 particles.
For the present day stock we assumed two ventilation strategies: (1) ventilation achieved via
adventitious openings, trickle ventilators, intermittent extract fans and periodic purge
ventilation by window opening (representing 20% of stock, which has been refurbis hed, or
constructed in line with current regulations) or (2) ventilation achieved via adventitious
openings and periodic purge ventilation by window opening but without trickle ventilators or
5

extraction fans (80% of stock). The proportions of the stock are informed by the number of
dwellings built post 1995 when amendments to Part F of the Building Regulations (1995)
were introduced requiring trickle ventilation and extract fans, and data from the Warm Front
study, which estimates the percentage of pre-1995 properties already fitted with intermittent
extract fans (ONS, 2011a; Warm Front, 2011).
Outdoor conditions including temperature are perceived as the most important factor
influencing window opening behaviour, with the proportion of windows open, time and
aperture lowest in winter, medium in spring and autumn, and highest in summer (Rijal et al.,
2007, Andersen et al., 2009). Accordingly, we assumed a seasonal variation with a base case
where windows were opened to 10%t of the maxim um aperture for 8 hours during the
summer months and closed during the winter months (except during purge ev ents for
cooking, bathroom and toilet usage) and then subjected these schedules to sensitivity
analysis. Eight levels of permeability were used for exterior façades: 3, 5, 7, 10, 15, 20, 25
and 30 m 3m-2hr-1 at 50Pa. These values reflect the observed distribution of the UK domestic
stock and in the absence of other data, are assumed to be broadly representative of London
(Stephen, 1998).
Internal walls (including party walls) are considered impermeable and any inter-apartment
PM2.5 transfer assumed to be relatively small and generally countervailing. Doors when
shut, have a small element of permeability representing the gap between door and frame. For
‘new’ dwellings, a gap to allow for the functioning of the MVHR system has been modelled in
line with Approved Document F (2010). Internal doors (excluding storage) are generally
open to allow free air-flow except during activities such as cooking and bathroom use.
For the outdoor PM2.5, the calculated mean annual average concentration measured at urban
background monitoring stations in the Automatic Urban and Rural Network (AURN) for
London and the London Air Quality Network (LAQN, 2010) was used. Annual mean PM2.5
concentration across 20 urban background stations was 13µg.m -3 with a variance of 2.9µg.m 3. Simulated weather conditions were based on CIBSE/Met Office hourly data - Test
Reference Year (TRY) and Design Summer Year (DSY) - enabling winter and summer
model versions to be constructed, which were assumed to representative of current day
(2010) conditions. Indoor temperature profiles with room averages: winter (18.75-20.35°C)
and summer (23.65-24.35°C) were informed by a study from FMNectar (2007), which
investigated ventilation effectiveness in support of Part F of the Building Regulations.
For the 2050 housing stock, it was assumed that all dwellings are refurbished to a
permeability of 3m 3m -2 hr-1at 50Pa and are ventilated by MVHR systems with filters that
remove 80% of PM2.5. The choice of this scenario was motivated to meet UK targets which
aim to reduce CO2 emission by 80% by the year 2050 (CCC, 2011). The assumption of
complete refurbishment to this standard and installation of MVHR to all of the London stock
is a deliberately extreme scenario to illustrate the maximum feasible impact on the indoor
environment. For outdoor P M2.5 a concentration of 9µg.m -3 was assumed (Williams, 2007). In
order to investigate the effects of changing climate on the future (2050) scenario, weather
files were created by adjusting current day files in line with climate models based on
particular emission scenarios from UK Energy Research Centre (UKERC, 2009) using the
method proposed by Belcher et al. (2005). However, as these showed no significant
impact (< 0.1%) on annual indoor PM2.5 concentrations, weather files representing 2010 were
used throughout this study.
Personal exposure and occupancy schedules
Personal exposure to PM2.5 was estimated from the simulations for three categories of
occupancy schedule. Firstly, (a) a base case or ‘household average’ from Wilkinson et al,
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(2009) using an average annual concentration of PM2.5 in the living room, bedroom and
kitchen using time weighting factors of 0.45, 0.45, and 0.1respectively. This was modified to
produce (b) the exposure experienced by a ‘cook’ who occupies the living room,
bedroom and kitchen during periods of cooking using weighting factors of 0.56, 0.36 and
0.08 on weekdays and 0.4, 0.5 and 0.1 at weekends respectively; and (c) the
exposure of a person who never enters the kitchen and only spends time in the living
room and bedroom with weighting 0.62 and 0.38 on weekdays and 0.58 and 0.41 at
weekends respectively.
London stock mean PM2.5 exposures were calculated by post-processing the results from the
simulations using weightings that reflect the frequency (proportion) of the permeability
distribution within the UK domestic stock (Stephen, 1998) and that 50% of current London
dwellings are apartments, and 50% houses (based on Office for National Statistics data)
(ONS, 2011).
Sensitivity analysis of estimates of PM2.5 exposure
Differential sensitivity analysis (DSA) was carried out to examine the sensitivity of the
results to model inputs and assumptions. This method assumes that the effect of each
variable is independent and additive. For numerical parameters (e.g. PM2.5 emission and
deposition rates) high and low values were calculated as the means +2.33 standard
deviations - the range that encompasses 99% of the values assuming normally distributed
data (Lomas and Eppel, 1992). For other variables such as window opening, where field data
is sparse, we proposed specific ranges thought likely to reflect the scope of normal behaviour,
by changing the open period by +2 hours and increasing the open area to 40%. For
building orientation, the dwellings were rotated in steps of 45 degrees.
Additional investigation of the effects of location on external PM2.5 concentrations within the
Greater London authority (GLA) were carried out using OSPM (Vardoulakis et al., 2007).
Residences in London were subdivided into houses and apartments and further classified in
three broad exposure categories – high, moderate and low – based on distance from busy
streets and/or intersections as explained by Vardoulakis et al. (2008). OSPM was run using
composite meteorological and urban background P M2.5 files of 13µg.m -3 for the present day
and 9µg.m -3 for 2050. Vehicle traffic and emission data for A (Major road, non-motorway)
and minor roads for the same years were constructed with eight typical London street
configurations.
Model runs using different weather files (Heathrow TRY, Heathrow DSY and Gatwick
International Weather for Energy Calculation (IWEC) were performed to consider possible
effects of meteorological variation (CIBSE, 2010). Analysis examined the effect of altering
the height of the infiltration gaps by +0.1m from the initial height of 2.3m . Uncertainty in
room volumes are informed by Chapman (1994) based on the range of storey heights (2.32.6m) within the GLA. These yield average room volum e changes of +8.6% from the
baseline models. Sensitivity to length of window opening was tested by examining the effect
of opening windows +1 hour in the morning and closing them +1 hour in the evening in
summer and increasing the opening area to 40 percent. Indoor zone temperatures were
varied by adjusting the room schedules by +2oC.
The maximum and minimum alternative values of each input parameter were tested
individually, while holding all other variables constant. The results are reported as the
percentage difference in PM2.5 concentrations compared with the central baseline estimate In
the case of building orientation the mean deviation from the base line value (north) was
calculated.
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Results
The results of the CONTAM simulations of PM2.5 exposure are presented in Tables 3a-b.
Comparisons with empirical and modelled data are included within the discussion
section.
Non-smoking households
Table 3a Non-smoking residences: simulated average annual London indoor
domestic PM2.5 exposures for the present day and 2050
Annual average PM2.5 (µg.m-3)
Year

Exposure
Model

Present
Day Household
(External
Average
PM2.5
Cook
13.0 µg.m -3)
Non-cook
2050
(External
PM2.5
9.0 µg.m -3)

Household
Average
Cook
Non-cook

Indoor exposure to Indoor exposure to
PM2.5 from indoor PM2.5 from outdoor Total
sources (row percent) air (row percent)

Change
in
total indoor
PM2.5
2010-2050

22.0 (77%)

6.4 (23%)

28.4

54.2 (90%)
9.4 (61%)
3.5 (80%)

6.3 (10%)
6.1 (39%)
0.9 (20%)

60.5
15.5
4.4

-85%

6.9 (90%)
1.0 (56%)

0.8 (10%)
0.8 (43%)

7.7
1.8

-87%
-88%

The results suggest that under present day conditions, average indoor concentrations of
PM2.5 are appreciably higher than those in the outdoor air because of indoor sources. Thus
in nonsmoking dwellings, although indoor levels of PM2.5 derived from outdoor air are less
than half the outdoor levels, the concentration experienced by the average household
member indoors was estimated to be 28.4 µg.m -3, over twice the concentration in the
outdoor air (13.0µg.m -3).
Under the 2050 refurbishment scenario, household average exposure to total P M2.5 (from
indoor and outdoor sources) is reduced from 28.4µg.m -3 to 4.4µg.m -3 (-85%). The
contribution from external sources represents 23% of the current total indoor PM2.5 exposure
and 20% in 2050. Average London domestic stock Indoor/outdoor (I/O) ratios for PM2.5 from
external sources are 0.5 for present day and 0.1 for 2050 due to the decrease in stock
permeability and filters on the MVHR system and range hoods.
A separate 2050 scenario (results not presented in full here) with the proposed reduction in
permeability to 3m 3m -2hr-1 at 50 Pa without providing an MVHR system, resulted in an
increase in the London annual average indoor exposure to total PM2.5 of 5.4µg.m-3 from the
baseline of 28.4µg.m -3. This relatively small increase is due to the countervailing influences
of decreases in outdoor PM2.5 penetration and increases in the indoor PM2.5 component.
Application of correctly installed and perfectly functioning MVHR equipment results in a
reduction in exposure of 24.0µg.m -3 from the baseline scenario of 28.4µg.m -3. The
simulations suggest that occupants without extraction fans in the kitchen are exposed to a
household average exposure up to four times greater than occupants in a s imilar
apartment with functioning fans with a minimum intermittent extract rate of 60 l/s.
There was considerable variation in PM2.5 exposure levels among household members. The
simulations show that in non-smoking households peak exposure levels are related to
8

periods of cooking in the kitchen. In consequence, the results for cooks suggest that they
experience twice the level of P M2.5 exposure of the average household member, and more
than four times that of a ‘non cook’ who does not enter the kitchen. This is because the
average cook is exposed to 5.8 times the internally generated PM2.5 compared with the
average non cook, while both are exposed to roughly similar levels of externally
generated PM2.5. The household average PM2.5 exposure (the time-weighted average of PM2.5
experienced in the living room, bedroom and kitchen) approximates the average exposure of a
family of one cook and three non-cook members (average exposure = 26.8µg.m -3).
Smoking households
Table 3b Smoking residences: simulated average annual London indoor domestic
PM2.5 exposures for the present day and 2050
Annual average PM2.5 (µg.m-3)
Year

Exposure
Model

Present
Day Household
(External
Average
PM2.5
Cook
13.0 µg.m -3)
Non-cook
2050
(External
PM2.5
9.0 µg.m -3)

Household
Average
Cook
Non-cook

Indoor exposure to Indoor exposure to
PM2.5 from indoor PM2.5 from outdoor Total
sources (row percent) air (row percent)

Change
in
total indoor
PM2.5
2010-2050

51.4 (89%)

6.4 (11%)

57.8

96.0 (94%)
51.0 (95%)
22.0 (96%)

6.3 (6%)
6.1 (5%)
0.9 (4%)

102.3
57.1
22.9

-60%

42.3 (98%)
31.7 (98%)

0.8 (2%)
0.8 (2%)

43.1
32.5

-58%
-43%

According to the English Housing Survey 2009, the proportion of properties in London
with smokers is 18.9% (EHS, 2009). For smoking households, the concentration
experienced by the average household member is 57.8µg.m -3; over four times the
outdoor concentration. The external P M2.5 component now represents a substantially
smaller proportion (11%) of the overall exposure. The non-cook receives a similar
exposure (57.1µg.m -3) due to PM2.5 emissions from smoking occurring in the living
room. The cook experiences an annual average increase in PM2.5 exposure of +
41.8µg.m -3 compared to the non-smoking scenario (60.5 to 102.3µg.m -3). The 2050
refurbishments reduce the indoor exposure substantially. However, with reduced
permeability and the MVHR system designed according to Approved Document F (HM
Government, 2010b) occupants still experience exposures between 2.5 and 4.8 times
the external PM2.5 concentration of 9.0µg.m -3.
These results for both smoking and non-smoking households represent only time spent
in the indoor domestic environment. In order to quantify overall personal exposure to
PM2.5 and consequent health impacts, time spent in other microenvironments (e.g. in
transport, at work) and outdoors will need to be taken into account (Wallace et al.,
2006).
Sensitivity Analysis
The results of the sensitivity analysis are shown in Table 4. The percentage change in PM2.5
concentration for each variable represents its independent effect on the baseline model
results when the specified ‘high’ or ‘low’ values of the relevant parameter are used. (For
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numerical variables these are +2.33 standard deviations. The quadrate sum is calculated
from the square of these values, enabling the overall error in the baseline values to be
obtained.
Table 4 Input variables altered to perform analysis and the resultant percentage changes in
average annual indoor personal PM2.5 exposure for present day London stock based on the
45%, 45%, 10% occupation scenario
Average % difference
Variable
in PM2.5 estimate
Building Orientation
Infiltration Height
Volume
Indoor Temperature
Window Opening
PM2.5 Infiltration Rate
PM2.5 Emission Rate
PM2.5 Deposition Rate
Weather File Changes
Quadrate Sum

+3.7
+0.2
+4.2
+0.6
+18.3
+9.0
+36.2
+59.1
+1.3
+72.4*

* In smoking houses this rises to + 106.7% from the base line rate based on the increase in
PM2.5 emissions
Indoor PM2.5 deposition and emission rate and window opening behaviour have the largest
influence on the overall PM2.5 concentrations; with generally smaller impacts from building
orientation, infiltration height, volume, indoor temperature and external weather conditions.
Results from OSPM confirmed location as a less critical variable as they showed a maximum
PM2.5 external variation of 2.22µg.m -3 against an urban background value of 13.0µg.m 3
,with a variation of 1.38µg.m -3 against a 2050 urban background value of 9.0µg.m -3 in the
2050 scenario . The quadrate sum for smoking (+106.7%) and non-smoking properties (+
72.4%) show very large variations in PM2.5 exposure are possible.
It should be stressed that there is variation in the uncertainty of the individual parameters
used. For example, variability in building height and volume (Chapman, 1994) is better
understood than variability in behaviour and window opening (Andersen et al., 2009).
Discussion
General findings
This study provides new insights into the potential effect of changes to the energy
efficiency of London’s housing stock on exposure to PM2.5. Overall, these findings provide
comparative evidence of the possible effects on personal indoor PM2.5 exposure brought
about by the application of CO 2 mitigation strategies as well as the potential for the
reduction of other airborne pollutants by the use of extraction and filtration. The results
show that domestic energy efficiency interventions m otivated by climate change
objectives could yield substantial reductions in PM2.5 exposure. However, the magnitude and
directions of exposure changes are dependent on the details of the specific mitigation
package. Adverse effects may occur, for example, if airtightness is achieved without the
associated installation and maintenance of correctly functioning ventilation systems.
The sensitivity analysis indicates that there are large uncertainties in PM2.5 emissions and
deposition rates which influence exposure. The other major factors affecting personal indoor
exposure appear to be non-locational and relate to changes to the building envelope,
ventilation systems and occupant activity implying that behaviour can potentially have a large
10

effect on P M2.5 exposure. This has implications for policy, for example the installation and
use of high efficiency extractor fans/range hoods to avoid high PM2.5 exposures during
cooking seems a relatively low cost intervention, potentially yielding substantial heath
benefits.
Reductions in permeability and the application of MVHR systems could result in the
effective control of indoor sources in non-smoking households, however they also lead to
markedly lower exposures from outdoor sources. For this exposure, therefore, the sim ulated
changes are likely to be positive for health, and that may add to the case for pursuing energy
efficiency interventions – if properly implemented. The presented results shown should be
interpreted with caution as they are dependent on the range of assumptions and input
parameters specified. In particular, field studies show high variability in PM2.5 emission rates
from cooking: 2.4+2.1mg.min-1 (He et al., 2004), 36+98mg.min-1 (Olson and Burke, 2006),
1.6+0.6 mg.min-1 (Ozkaynak et al., 2006). Similarly, there are variations in deposition rate
calculation methodologies with differing interpretations of surface area (Fogh et al., 1997;
Thornburg, et al., 2001), which could lead to differences in absolute PM2.5 exposures.
Direct com parisons with results from other studies are therefore difficult because of
differences in housing stock profiles, populations, time frames, mean calculations and other
factors. The specification of the 2050 stock was deliberately based on an extreme
scenario, with all dwellings reduced in permeability to 3.0m 3m -2hr-1 and fitted with MVHR
systems, combined with effective 80% particle filtration. However, the current ‘Retrofit for the
Future’ program contains examples of construction refurbishment projects in London
employing MVHR systems and achieving substantial reductions in permeability down in
some cases to the Passivhaus standard of 0.6m 3m -2hr-1 (LEB, 2011). So, whilst such
permeabilities are achievable, the impacts seen on PM2.5 levels are therefore likely to be
towards the maximum of what could be achieved. They do however, suggest possible
positive effects on PM2.5 exposures from energy efficiency measures implemented as part
of a strategy for meeting abatement targets as specified by the UK Climate Change
Committee (CCC, 2011). To make clear the effect of these housing changes, the models
assumed no changes in behaviour or new technologies, which could influence indoor air
quality, save for the assumption of a lower outdoor PM2.5 concentration in 2050.
Comparison with empirical studies
The results of this study are broadly consistent with on-site measurements of average
annual indoor domestic PM2.5 concentrations. Our estimated non-smoking household
average exposure for London of 28.6µg.m -3 is higher than that recorded as part of the
EXPOLIS study in Oxford, UK, Lai et al. (2004), where the mean residential indoor PM2.5
concentration was 17.3µg.m - 3. However, Hanninen et al. (2004) as part of the EXPOLIS
project monitored indoor PM2.5 concentrations in non-smoking households in four European
cities, (some of which may represent a more appropriate comparison to London), showing
the following variations: Athens 23+11µg.m -3; Basle17+8µg.m -3; Prague 25 +16µg.m -3 and
Helsinki 25+16µg.m -3. Wallace et al. (2006) monitoring 36 residences in North Carolina over a
year showed mean indoor PM2.5 concentrations of 25.8µg.m -3 with a range of 7.2-66.0µg.m -3
for non-smoking households. Substantial variations are seen in empirical studies on smoking
concentrations including PM2.5. For smoking properties a consumption of 7.4 cigarettes per
day resulted in an average indoor PM2.5 concentration of 132.7µg.m -3 measured over 14 days
while 4 cigarettes over 19 days yielded 66.0µg.m -3. The present study showed a PM2.5
concentration of 57.8µg.m -3 for 11 cigarettes per day modelled over a year.
Dimitroulopoulou et al., 2005 in a monitoring study on kitchens in 37 new homes in the UK
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with smokers found 24 hour mean
in summer.

PM2.5

concentrations of 113µg.m -3 in winter and 134µg.m3

Comparison with other modelling studies
The results of this modelling study are generally consistent with those of other published
research. Dimitroulopoulou et al. (2006), using the INDAIR probabilistic model calculated
annual indoor mean P M2.5 concentrations of 19.78µg.m -3 (calculated to correspond to the
base case (a) occupancy scenario) in households with gas cooking, with a peak value of
318µg.m -3 (compared with 442µg.m -3 for this present study) and a standard deviation of
78µg.m -3 in the kitchen. Fabian et al. (2011), using CONTAM to model low-income
multifamily housing with a higher cooking emission rate of 1.56mg.min -1 calculated a mean
indoor P M2.5 concentration of 52.9µg.m -3 with a standard deviation of 41.4µg.m -3.. A
separate sequence of 1000 random households indicated a drop in P M2.5 concentration from
42.0 to 28.8µg.m -3 (-34%) which was achieved by fitting extract fans in all kitchens.
Emmerich and Howard-Reed, (2005), using CONTAM modelling as part of the U.S Dept of
Housing and Urban Development’s Healthy Homes Initiative, found the two most effective
intervention strategies for indoor air quality were extract fans, if operated during source
events (kitchen fan airflow rate 47 l/s) and efficient air filtration on heating ventilation and air
conditioning (HVAC) systems, if operated for a minimum 15% of the time. Our result for the
household average P M2.5, I/O ratio for the 2050 scenario of 0.1 for an external concentration
of 9µg.m -3 using an MVHR system at 80% filter efficiency are consistent with results from
Mackintosh et al. (2010) with a PM2.5, I/O ratio 0.1 for an external concentration of 15µg.m -3.
Future work with a larger set of geometries that are more representative of the London stock
could consider a probabilistic approach such as Monte Carlo Analysis (MCA) which was
deemed computationally prohibitive and beyond the scope of this study. Unlike DSA, MCA
is unable to detect effects of component variables (Dutton, et al., 2008). However, in reality
many of the individual input variables within the CONTAM models are linked, e.g. window
opening and air change rates and as such they are not truly linear and superposable (an
assumption of DSA techniques used). MCA could provide an indication of homes with
overall characteristics likely to lead to higher indoor concentrations of PM2.5
(Dimitroulopoulou et al., 2006).
Conclusions and future work
This study has developed and applied a series of model simulations in CONTAM to quantify
the changes in indoor domestic exposure to P M2.5 in the Greater London Area as a result of
the application of energy efficiency measures to meet 2050 greenhouse gas abatement
targets. It has quantified the key variables impacting on indoor P M2.5 exposure and shown
that constructional and occupational factors are major influences, with building location having a
relatively smaller effect. The methodology used in this paper could be used to assess a wide
variety of refurbishment strategies, differing pollutants and changes to occupant behaviour.
Although there are very large uncertainties associated with the results, the analysis suggests
substantial reductions in PM2.5 exposure which are likely to be beneficial for health in most
cases if the interventions are implem ented appropriately. It also suggests that present
day high exposures for cooks from particle emissions during cooking in domestic
environments are avoidable through a comparatively sim ple adaptation such as the
introduction of extraction equipment or by properly fitted maintained and operated
MVHR systems. Removal of some indoor PM2.5 emissions from smoking occurs, which
benefits non-smokers in dwellings. Further work is now needed to produce a wider range of
geometries based on built-form data for the Greater London Area focusing on variations
in PM2.5 exposure between building geometries, temperature regimes, occupant behaviour,
particle penetration and seasonal/diurnal changes in external PM2.5 concentrations.
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