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Health Effects of Indoor Emissions Combining Outdoor
and Indoor Pollution Simulations

Roberto San José€ Juan L. P&ez, Libia P&ez, and Rosa M. Gonzd8ez

Abstract—The aim of the paper is to show that it is very
important to take into account indoor pollution when studying
the health effects of the quality of the air we are breathing. The
simulations must consider the indoor emissions because they are
the ones that make the concentrations of the air that we breathe
are different from the outdoor concentrations. We have
performed a simulation exercise of air quality both outdoor and
indoor in 2 buildings (office and home) located in the center of
Madrid (Spain), with different scenarios of indoor emissions to
isolate their impacts. The simulations are run over full year 2016
with hourly outputs. The simulations must also model
atmospheric dynamics to produce meteorological data that will
be key to indoor simulations. Exposure to pollutant
concentrations has been calculated based on a predefined
pattern that indicates where the person is at each time. In
indoor pollution simulations it is very important to model all the
physical processes that affect concentrations, such as: emission,
infiltration, deposition, mechanical and manual ventilation
(closely related to the thermal comfort range of the building)
and air exchange between rooms through the doors. The highest
impact on health is produced by the emissions that are released
when people are cooking.

Index Terms—Exposure, health impact, indoor pollution,
outdoor simulation.

I. INTRODUCTION

In general, the ventilation increases indoor pollution
coming from outdoor sources, especially in high polluted
environments. There are several factors that affect how
external pollution infiltrates buildings: the location of the
building, the permeability of its surface, ventilation systems,
weather conditions, and the behavior of building occupants
(opening windows and switching HVAC systems off and on).
But the concentrations inside the building not only depend on
what comes in from outside but also on the sources of internal
emissions [1]. Elimination of indoor and outdoor air
contaminants from indoor and outdoor air sources can be
produced by exfiltration, deposition on the surface and by
filtration using mechanical ventilation equipment. The
objective is to reduce the energy demand of the ventilation
systems but getting a healthy indoor environment for the
people. But, when the simulation of energy and indoor air
quality are separate, the combined effects are not simulated
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and it is impossible to get the objective.

All these physical processes (view Fig. 1) must be
simulated at the same time, together with the thermal
environment inside the rooms of the buildings in order to have
a realistic estimate of the concentrations of pollutants in the
buildings, for which it is necessary to implement an integrated
model such as the one used in this work. Information on the
indoor/outdoor (1/0) relationship of concentrations of air
pollutants is a crucial component in human exposure and
indoor environmental health impact assessments. There are
many challenges in conducting the I/O study due to the
presence of many influential factors, such as outdoor climate
and pollutant concentrations, indoor ventilation and
infiltration rates, source strength, human activities, and so on.

Air pollution epidemiological studies have identified the
short term associations of daily mortality and morbidity of
populations with respective daily ambient air (outdoor air)
pollution monitoring data [2]. Traditionally, these works
focus on concentrations of outdoor pollution [3] and the
health of the population and do not take into account indoor
air pollution [4]. Previous health impact assessment studies
have generally used outdoor concentrations, but most people
spend a very high portion of their total indoor time [5].

Concentrations of air pollutants are often much higher
inside buildings than outside [6]. In addition, fixed-site and
outdoor monitors do not adequately estimate human exposure
to most air pollutants. The high degree of variability of
pollutant concentrations within buildings, in neighborhoods,
and in cities will require substantial work to determine the
distribution of exposures among the population, this work
being a start toward that goal. Accurate estimates of human
exposure to inhaled air pollutants are needed for a realistic
assessment of the risks posed by these pollutants and for the
design and implementation of strategies to control and limit
these risks. Simulation models are useful tools for quantifying
the relationship between exposure to air pollutants and
important explanatory variables (e.g. time and activity
patterns), as well as for estimating exposures in situations
where measurements are not available.

The novelty of this study is that it uses outdoor
concentrations and simulated meteorology to know the indoor
concentrations of the building, since until now studies of
indoor contamination levels have used data measured by
nearby monitoring stations. Our simulation tool allows to
make future simulations of the outdoor and indoor pollution
how is described in the next sections, so it is a simulation and
forecasting tool. Because of air exchange, indoor pollutant
levels are generally higher when outdoor levels increase.
However, higher levels can be found indoors when
combustion sources are present [7].
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Fig. 1. Outdoor and indoor process that affect to the indoor air quality.

Il. METHODOLOGY

Outdoor air quality and meteorological simulation has been
run with the EMIMO-WRF/Chem modelling system.
WRF-Chem [8] is the Weather Research and Forecasting
(WRF) model coupled with Chemistry. WRF is 3-D
non-hydrostatic prognostic model that simulates mesoscale
atmospheric circulations. Chem model simulates the emission,
transport, mixing, and chemical transformation of trace gases
and aerosols simultaneously with the meteorology. Emissions
are provided by the EMIMO model (UPM) [9].

Indoor air quality and energy simulations have been run
with the EnergyPlus [10] model for an office and house
buildings. A building is a complex thermodynamic object that
accommodates constantly changing energy flows between the
different thermal zones within the building and the outside.
The two main components of the building energy simulation
model are: A) the building fabric and the content (walls,
floors, ceilings, occupants and equipment) and B) the plant
components (HVAC equipment and other environmental
control systems). EnergyPlus is the U.S. Department of
Energy’s 3rd generation dynamic building energy simulation
engine for modeling building, heating, cooling, lighting
ventilating and indoor pollution. The Generic Contaminant
Model in EnergyPlus allows for the integrated modelling of
multizone contaminant and dynamic thermal behaviour within
a single simulation package [11].

A 130 m2 north-facing office building in the centre of
Madrid has been simulated. The office has three rooms and
the north room is where our reference person is when working.
The heating, ventilation and air condition system (HVAC) is a
three zone central system using single air loop. Electrical
cooling coils provide space cooling. Cooling coil on in warm
period (01/04 — 30/09). Gas heating coils provide heating.
Heating coil on all year. Mechanical ventilation on for cooling
and heating. Heating set point is 22<€ and cooling set point is
24<€. The simulated house building is on the office building
with same size and orientation and four rooms (bedroom,
bathroom, kitchen and living-room). The reference person
lives with other person with the same time schedule. The
HVAC is similar to the office ones. Electrical cooling coils
provide space cooling. Cooling coil on in warm period (01/04
— 30/09). Gas heating coils provide heating. Heating coil on
non-warm periods (01/01 - 30/03 and 01/10 - 31/12). Natural
ventilation, 1 hour on the morning (window bedroom).
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Heating and cooling coils on when people are in the house
(domotic house) and comfort temperature range 22<(heating)
and 249cooling).

Activity patterns have been defined to calculate the
exposure of an individual person. We have calculated a
personal or individual exposure (Table 1), i.e. the
concentrations of pollutants experienced by an individual
during normal daily activities (one profile for weekdays and
one for weekends). Personal exposure depends on the
concentrations of contaminants present in the rooms of the
house, the office room and outdoor contamination (the places
the person spends time in), as well as the time spent in each
place. Exposure assessment combines the concentrations of
pollutants modeled at fixed locations (home, office, and
outdoor) and the time the person spends at specific locations.

TABLE I: INDIVIDUAL EXPOSURE PATTERN

Week day Location
00-07 h Bedroom
07-08 h Bathroom/Kitchen
08-14 h Office
14-15h Kitchen
15-16 h Livingroom
16-18 h Office
18-21h Outdoor
21-22 h Kitchen
22-00 h Livingroom

Weekend
01-10 h Bedroom
10-11h Bathroom/Kitchen
11-14 h Outdoor
14-15h Kitchen
15-17 h Livingroom
17-22 h Outdoor
22-23 h Kitchen
23-01h Livingroom

TABLE II: RELATIVE RISKS (RRS) FOR THE HEALTH IMPACT ASSESSMENT

MORTALITY
RR
Pollutant Health
0,
metric Outcome (95% C1) 3
per 10 ug/m
ml\;gii,”ll?:”: Y (natu'xalf)rtcﬂ:gésalz:ll 1.0027
' (1.0016-1.0038)
1-hour mean ages
Mortality, all
. ' 1.0123
PM25, daily mean  (natural) causes, all (1.0045-1,0201)
ages
MORBIDITY
. Hospital
m’\allgiﬁgs:ly admissions, 1.0015
1-hour mean . respiratory (0.9992-1.0038)
diseases, all ages
Hospital
admissions, 1.0091

PM25, daily mean R
cardiovascular

diseases, all ages
Hospital
admissions,
respiratory
diseases, all ages

(1.0017-1.0166)

1.0190

PMZ25, daily mean (0.9982-1.0402)

Short term health impact assessment of different indoor
emission scenarios has been done following BENMAP (EPA)
methodology  [12]. The percentage change in
mortality/morbidity due to change in ambient exposure
variable is derived from relative risks (RR) as estimated in
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epidemiological studies, assuming log-linear relationships
between exposure and RR [13]. The RR values used are
recommended by the HRAPIE project (Recommendations for
concentration-response functions for cost-benefit analysis of
particulates, ozone and nitrogen dioxide). For the mortality
and morbidity analysis the following exposure-response (E-R)
relationships from studies were used (Table I1).

The objective is to develop a health impact assessment of
different emissions scenarios. The impacts are calculated
from a base scenario without indoor emissions called SO.

Table 111 describes the emission scenarios. For all scenario the
NO, deposition rate is 2.0E-4 m%s [13] and for PM2.5 5.0E-5
m3/s [14]. Using the health impact assessment module we
calculate the estimated change in human mortality and
morbidity between different emissions.

Outdoor air quality and indoor simulations has been run
over Madrid during 2016 year. Indoor air quality simulations
have been run for a house and office buildings located in the
Madrid city center.

TABLE Ill: DESCRIPTION OF THE EMISSION SCENARIOS

Emission Location of the

Time

Scenario . Emissions Reference

source source Profile

SO No - - - -
emissions
S1 Photocopy North room Weekdays 07-18 PM2.5: 6.7E-9 [15]
machine of the office m3/s
S2 Gas stove Kitchen of Weekdays: 7:30 to 08:00, NO- : 56 ug/s [16]
the house 14:00-15:00 and 21:00 to 22:00 PM2.5: 1.56
Weekend days: 10:30 to 11:00, mg/min
14:00-15:00 and 22:00 to 23:00
S3 Oven for Living room Cold periods ; NO;.3.0E-8 [17]
heating of the house Weekdays:15:00 to 16:00 and 22:00 m3/s
to 00:00
Weekend days: 15:00 to 17:00 and
23:00 to 01:00

S4 One person, Living room Weekdays: 15:00 to 16:00 and 22:00 PM2.5:0.33 [18]

two of the house to 00:00 mg/min

cigarettes/hour Weekend days 15:00 to 17:00 and
23:00 to 01:00

S5 Two people, Living room Weekdays: 15:00 to 16:00 and 22:00 PM2.5: 0.66 [19]

two of the house to 00:00 Weekend days 15:00 to 17:00 mg/min

cigarettes/hour and 23:00 to 01:00
photocopy machine produces an increase of 0.27% (annual
I1l. RESULTS mean) in hospital admissions due to respiratory causes. The

Outdoor simulation evaluation is performed based on
comparison of simulated and observed air pollution
concentrations at 43 monitoring stations of the Madrid air
quality monitoring networks for the year 2016. Fig. 2 shows
the Taylor diagram for the NO2 pollutant, it allows to
compare modelled values versus measurement values. We
can observe, the values of R? are between 0.7 and 0.8 In all
station locations, the mean square error of the central root
(CRMSE) is less than 1 (except 24 monitoring station) and
values are between 0.5 and 1.0. The ratios of the standard
deviation between modeled and measured values are around
1.

The Fig. 3 shows the monthly mean of daily mortality
change (%) due to NO, indoor emissions for the emission
scenarios S2 (cooking) and S3 (oven for heating). The
changes in mortality are steady enough every month. In
scenario S3 no impacts are observed during the warm months
because the oven is not used for heating. In the warm months,
a moderate increase in mortality is observed as a consequence
of the use of the air conditioning system. The average annual
mortality increase due to NO2 emissions from cooking is
0.59%. While the average annual increase in mortality from
the use of the heating oven is 0.21 %. The Fig. 4 shows the
monthly mean of the daily hospital admissions by respiratory
causes due to PM2.5 indoor emissions for the scenario S1
(photocopy), S2 (cooking) and S3 (smoke two people). The
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particles emitted when smoking 2 people, increases the daily
hospital admissions in 0.21% of yearly average.
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Fig. 2. Outdoor simulation evaluation. Taylor diagram for NO,.

The maximum impact on health is due to emissions for
cooking (0.36 % annual mean). The highest impact on health
is produced by the emissions that are released when cooking.
A 0.59% annual mean increase in natural cause daily
mortality due to exposure to NO, concentrations has been
observed, but we can analyze the impacts of every day. The
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Fig. 5 shows the daily variability of the mortality change due
to gas stove emissions. The impacts are higher in the warm
period due to the operation of the air conditioning. In the
months of March and October are observed the days of lower
impacts, not having to operate the HVAC to maintain the
temperature range (22 <C - 24 <C).
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IV. CONCLUSIONS

A short-term health impact assessment of different indoor
emission scenarios has been done. The concentrations at
which the reference person has been exposed have been
calculated on the basis of predefined activity patterns. To
calculate the exposure it was necessary to run an outdoor
simulation and two indoor simulations: office and home. The
outdoor air quality simulation was implemented with the
EMIMO-WRF/Chem  (emission-meteorological-chemical
model).

The indoor simulations were run with the EnergyPlus
model, which also takes into account the energy consumed
and the operation of the HVAC system (thermal and
ventilation process). The EMIMO-WRF/Chem has been used
to provide outdoor pollution and meteorological inputs to the
indoor air quality/energy model.

The simulation period is 2016. The WRF/Chem simulation
includes 3 nesting domains up to 1 km spatial resolution and 1
hour of temporal resolution. Model results concentrations
have been compared to measured data provided by 47
monitoring sites for year 2016. EMIMO-WRF/Chem fulfils
all criteria for correlation, bias, standard deviation and
RMSEu < 1 (100% of satiations) for PM25 and NO2, so it can
be used for applications. The evaluation of the performance
has been very satisfactory.
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The health impacts of emissions from a photocopy machine,
the estimated emissions from cooking, those produced by an
oven for heating and finally the emissions from smoking 1 and
2 people 2 cigarettes per hour have been studied. The
methodology follows the ON-OFF or zero-out technique.

The results show a high correlation between indoor and
outdoor concentrations when indoor emissions are not
considered. However, in the case of indoor emissions, the
indoor concentrations are totally different from the outdoor
ones. This demonstrates the importance of taking into account
the concentrations that people are breathing inside buildings
to assess health impacts, and most of the time people are
indoors.

The highest impact on health is produced by the emissions
that are released when cooking. A 0.59% annual mean
increase in natural cause daily mortality due to exposure to
NO2 concentrations has been observed. The photocopy
machine produces an increase of 0.27% in hospital
admissions due to respiratory causes. The particles emitted
when smoking 2 people, increases the daily hospital
admissions in 0.21% of yearly average.

The health impacts of emitting sources are highest in the
warm months due to the operation of the air conditioning
system. While the lowest impacts occur when the air
conditioning and heating are not working (transition days
between warm and cold periods, March and October).
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