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h i g h l i g h t s

< A lumped parameter model is applied to describe emission and storage buffering of contaminants.
< Model is used to assess impact of ventilation on indoor formaldehyde exposure.
< Observations of depletion of stored contaminants can be described by model.
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a b s t r a c t

A first-order, lumped capacitance model is used to describe the buffering of airborne chemical species by
building materials and furnishings in the indoor environment. The model is applied to describe the
interaction between formaldehyde in building materials and the concentration of the species in the
indoor air. Storage buffering can decrease the effect of ventilation on the indoor concentration, compared
to the inverse dependence of indoor concentration on the air exchange rate that is consistent with a
constant emission rate source. If the exposure time of an occupant is long relative to the timescale of
depletion of the compound from the storage medium, however, the total exposure will depend inversely
on the air exchange rate. This lumped capacitance model is also applied to moisture buffering in the
indoor environment, which occurs over much shorter depletion timescales of the order of days. This
model provides a framework to interpret the impact of storage buffering on time-varying concentrations
of chemical species and resulting occupant exposure. Pseudo-steady-state behavior is validated using
field measurements. Model behavior over longer times is consistent with formaldehyde and moisture
concentration measurements in previous studies.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In determining the concentration of indoor contaminants over
time, interaction between the building materials and the concen-
tration of the compounds in the air is often neglected. The time
history of the airborne concentrations can be significantly different
if such storage is present. This buffering of indoor concentrations
resulting from storage can affect occupant exposure to these spe-
cies, and can influence the effectiveness of various mitigation
methods. Doubling the air change rate, for example, is often
assumed to halve the steady-state concentration of a contaminant,
but that may not be so if there is storage of that contaminant.

Here we discuss how a simplified model can describe the in-
teractions between building materials and chemical species. While
the term ‘source’ is often used to describe emitting building ma-
terials and furnishings, the term ‘storage materials’ is used here
because materials initially uncharged with a contaminant can
become loaded over time through interaction with the indoor air.
Simplifying assumptions lead to a model that can be used to
interpret storage buffering behavior in cases where properties of
the storage materials are not well characterized. We will explore
how this lumped parameter model behaves for formaldehyde and
moisture. Similar models have been applied previously to describe
the effects of storage on indoor concentrations of specific com-
pounds (Dunn, 1987; Cummings and Kamel, 1988; Emmerich et al.,
2002). This study presents the general form of the model, inter-
pretation of the relevant parameters and timescales, and applica-
tion to cases of interest. We also use the model to assess the impact
of storage on long-term exposure to chemical species.

* Corresponding author. Tel.: þ510 486 4022; fax: þ510 486 6658.
E-mail addresses: mhsherman@lbl.gov (M.H. Sherman), elhult@lbl.gov,

erinhult@gmail.com (E.L. Hult).

Contents lists available at SciVerse ScienceDirect

Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv

1352-2310/$ e see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.atmosenv.2013.02.027

Atmospheric Environment 72 (2013) 41e49

mailto:mhsherman@lbl.gov
mailto:elhult@lbl.gov
mailto:erinhult@gmail.com
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.atmosenv.2013.02.027&domain=pdf
www.sciencedirect.com/science/journal/13522310
www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2013.02.027
http://dx.doi.org/10.1016/j.atmosenv.2013.02.027
http://dx.doi.org/10.1016/j.atmosenv.2013.02.027


2. Background

Chemical storage in building materials and furnishings has
different implications depending on the species of concern. For
moisture, one question of interest is to what extent does storage
media buffer the humidity levels experienced in the space? For
organic compounds, the concern is often how can exposure to such
compounds be minimized? As a result, different strategies have
been employed to describe the interaction between airborne spe-
cies and storage media.

Concerns regarding formaldehyde emissions from pressed
wood building materials led to attempts to quantify the emission
rate from specific products (Myers, 1984). Although most exposure
mitigation strategies continue to assume constant emission rates
for indoor air contaminants such as formaldehyde, it has been
established that the emission rate of formaldehyde depends on the
indoor concentration and thus on the air exchange rate. Equivalent
models (Fujii et al., 1973; Berge et al., 1980; Hoetjer and Koerts,
1986) assume that a thin air layer at CEL is in equilibrium
with the storage medium concentration Cmaterial at all times,
CEL ¼ f(Cmaterial), and that the emission rate per unit volume of the
space, ER, is given by:

ER ¼ kLðC � CELÞ (1)

where C is the bulk air concentration and kL [s�1] is the coupling
time constant for the air and storagemedium. The quantity kL is the
product of a transport coefficient k and the loading factor L
[m2 m�3] which is the ratio of exposed storage material area to the
room volume. The parameter kL can be interpreted as a time con-
stant for the coupling between the near surface layer and the
storage material. Although not all surfaces may initially contain and
emit a chemical species, it is likely that over the initial period of
repartitioning, additional surface materials will absorb and then re-
emit the chemical as surfaces come to equilibrium with the
airborne concentration.

This transport process can perhaps be described more accu-
rately as two resistive processes in series (Sparks et al., 1996). The
first barrier is between the bulk storage material and the interfacial
zone and the second barrier between the interfacial zone and the
bulk air concentration. In modeling emission of volatile organic
compounds (VOCs) for example from synthetic stain on cabinetry
or flooring, resistance between the interfacial zone and the room
air tends to dominate. In the upper limit, k is proportional to the
surface heat transfer coefficient and has a maximum value of 0.5e
3 m h�1 (Sparks et al., 1996). In practice, however, there is often a
surface coating layer which adds additional resistance between the
storage material and the air. This resistance decreases the effective

value of k. Such coatings can reduce k to 1/30th of value for the
uncoated product, which helps to explain the range of k between
0.01 and 3.3 m h�1 reported in product emission tests (Myers,
1984).

The sorption of airborne chemical species onto solid material
has been studied in great detail. Axley (1994) recommends that
when a chemical species concentration in the storagemedium is an
order of magnitude less than the saturation concentration, it is
appropriate to use the Langmuir isotherm or the linear isotherm
model to relate the concentration of the sorbed material to that of
the equilibrium layer. To model indoor air contaminants, it is
common to use the linear isotherm model, which assumes the
concentration at the surface of the storage medium is linearly
proportional to the concentration in the equilibrium air layer:

Cmaterial ¼ kCEL (2)

where k is the affinity of the chemical species for the storage
material.

Applying conservation of mass, the evolution of the indoor air
concentration is governed by:

S� _C � AðCÞ ¼ kLðC � Cmaterial=kÞ (3)

where S is the amount of the compound injected into the space due
to non-storage sources and outdoor air, and A is the dilution rate. It
is clear that the indoor air concentration depends on the charge on
the storage materials. Accordingly, if the storage material concen-
tration changes significantly over time, the indoor air concentration
will change as well.

Due to health concerns regarding chronic exposure to formal-
dehyde and other volatile organic compounds, there is interest not
only in the indoor concentrations of such species but also how
concentrations vary over time. It is difficult to quantify the time-
scale associated with depletion of formaldehyde sources in obser-
vational studies because this timescale tends to be long (a year or
longer). Additionally, temperature and humidity can cause indoor
concentrations to vary seasonally by up to a factor of two (Dingle
and Franklin, 2002). Comparing single measurements in different
homes, Hun et al. (2010) reported no correlation between house
age and indoor air concentration of formaldehyde.

Limited studies have looked at how indoor formaldehyde con-
centrations vary in the same home over time. Sampling in nearly
300 homes in three subsequent summers, Park and Ikeda (2006)
observed a decrease in indoor formaldehyde concentration in
homes initially less than 6 months old. Dingle and Franklin (2002)
reported the concentration tends to decrease if the home is less
than 10 years old. Gilbert et al. (2008) reported higher indoor

Nomenclature

A air exchange rate (h�1)
C concentration in indoor air (mg m�3)
CEL concentration in equilibrium layer (mg m�3)
Ceq initial concentration in equilibrium layer (mg m�3)
CN indoor concentration in absence of storage (mg m�3)
Cmaterial concentration in storage material (mg m�3)
Cout outdoor concentration (mg m�3)
Css steady-state concentration (mg m�3)
C0 initial indoor concentration (mg m�3)
DC indoor minus outdoor concentration (mg m�3)
ER emission rate (mg m�3 h�1)
k transport coefficient (m h�1)

kL time constant for coupling between air and
equilibrium layer (h�1)

L loading factor ¼ ratio of exposed storage material area
to V (m�1)

S storage-independent, internal sources plus ACout (mg m
�3 h�1)

t time (h)
V volume of inside air (m3)
Vmaterial volume of storage material (m3)
L rate constant for storage to come to equilibrium (h�1)
a storage capacity of compound, equal to kVmaterial/V (�)
k affinity of the compound for the storage material (�)
sN storage depletion timescale (h)
sss repartitioning timescale (h)

M.H. Sherman, E.L. Hult / Atmospheric Environment 72 (2013) 41e4942



Download English Version:

https://daneshyari.com/en/article/4438331

Download Persian Version:

https://daneshyari.com/article/4438331

Daneshyari.com

https://daneshyari.com/en/article/4438331
https://daneshyari.com/article/4438331
https://daneshyari.com

