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Abstract: Two simple mass-balance models for estimating the concentration of air pollutants inside
buildings are presented for pollutants originating from outdoors or generated indoors. The models
can be used to establish average pollution loads on heritage objects inside buildings and assist in
risk assessment for conservation. The models can be run with a minimum of data, either based on
fixed conditions or as a Monte Carlo simulation based on plausible intervals of the input factors.
Input data can be obtained by simple measurements or based on the literature. A museum storage
hall in Denmark was used as a test site for demonstrating the models. They were evaluated with
regard to the prediction of the indoor/outdoor concentration ratio for ozone and nitrogen dioxide
and the build-up concentration of indoor generated organic acids. The pros and cons of such models
were discussed, where the main reservation is related to shortcomings when real buildings are
more complicated than the single-zone structure of the models. A strength of the models is the easy
adaption to an indoor environment and, despite being semi-quantitative at times, the simplicity of
the models, which allows for practical everyday use in air quality management of heritage buildings.

Keywords: mass-balance; emission; deposition velocity; ozone; nitrogen dioxide; organic acids;
indoor-outdoor ratio; indoor air pollution; Monte Carlo simulation

1. Introduction

Air pollution is recognized to cause damage to a wide range of heritage materials,
e.g., by direct oxidation or by conversion into acid at contact [1–3]. Pollutants may be present in
outdoor air or have local, indoor sources. The main gaseous outdoor pollutants known to cause
damage to heritage collections are ozone, nitrogen dioxide, and various sulfur compounds, and
may have both natural and anthropogenic sources [4–6]. The most critical indoor air pollutants
known to engage in material damage are formic acid and acetic acid (in this paper, “organic
acids” is used to refer to formic acid and acetic acid collectively) [4–7]. Wood, a common
heritage material, as well as a widely used construction material, is known to emit organic
acids and is one of the main indoor sources of this type of compound in indoor air [8–10].

Outdoor pollutants will, other things being equal, become reduced to a fraction
of the outdoor level when the compounds infiltrate a building, either directly through
forced ventilation systems, open windows, etc., or by natural ventilation at tortuous paths
bypassing closed but leaky doors, or through small leaks, cracks, and holes in the building
envelope. If, on the other hand, indoor pollution sources are present, the indoor level can
exceed the outdoor level by many orders of magnitude [11]. Several publications collate typical
pollution levels in museums and other heritage buildings [6,12–15], and guidelines on pollution
levels for the preservation of heritage objects are given, for example, by the American
Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) [16].

In order to assess the risk associated with air pollution for a heritage collection,
the pollution levels must be known. This can be obtained either by measurement or by
calculation based on other available data. Even though air pollution monitoring solutions
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are becoming increasingly cheap and available [17], air quality monitoring for a range of
pollutants, and maybe in several locations at one time, is often more comprehensive than
what most museums have the resources for. Instead, air pollution models are a useful
and cost-effective mean to evaluate conservation conditions for heritage buildings without
having to initiate large and expensive monitoring campaigns. Model input can be based on
easily accessed outdoor pollution data from public air pollution monitoring network and
for indoor-generated compounds by data from the literature on material’s emissions.

As will be described below, models for indoor air pollution are available in many
levels of complexity. However, while advanced models are suitable for detailed research
and for gaining a fundamental understanding of air quality mechanisms, they may not be
feasible for everyday long-term surveying. In that case, a sufficient and useful estimate
of the pollution load in a heritage building can be obtained by more simple mathematical
expressions based on basic yet decisive factors. Besides being easy to use and understand,
the output provides sufficient information necessary for assessing the risk of material
damage. As damage to heritage objects caused by air pollutants depends on the dose
rather than its momentary concentration in the air [6,18,19], steady-state calculations, rather
than modeling dynamic situations, are fully comprehensive for predicting conservation
conditions in heritage environments.

In this paper, we demonstrate such models, which provide an effective and easy
estimation of gaseous air pollution levels to be used in practice for conservation risk
assessment in buildings containing heritage collections. Table 1 lists the nomenclature used
throughout the paper.

Table 1. Nomenclature used in this paper: Symbols and their units.

Symbol Description Unit

A Surface area m2

Ci Indoor concentration of a pollutant in the air µg m−3

Co Outdoor concentration of a pollutant in the air µg m−3

I/O Ratio between indoor and outdoor pollution concentration Dimensionless

L Loading: The surface-to-volume ratio of objects or
materials in a room. L = A/V m2 m−3

n Air exchange rate (exchange of air with ambient) hour−1

Q Air flow rate (e.g., through a filter unit) hour−1

S Surface removal rate. S = vd(A/V) hour−1

SER Area-specific emission rate of a pollutant from a material µg m−2 h−1

V Room volume m3

vd Deposition velocity of a pollutant in the air onto a surface m hour−1

2. Indoor Air Pollution Models

In its most basic form, the level of outdoor pollutants can be approximated for indoor
environments by the “100/10/1” rule-of-thumb by Tetreault [6] (pp. 35–38). It suggests, as
a generalization, that outdoor pollutants will be decimated from a 100% presence outdoors
to about 10% inside a building and again down to about 1% of the outdoor level inside
smaller indoor enclosures such as display cases, cabinets, etc. As simple as it may sound,
the “100/10/1” rule provides a fair idea of which order of magnitude one may expect
for air pollution inside a museum building if the outdoor pollution level is known. The
ratio between the three locations, outdoors, room, and confined enclosure, reflects a mass-
balance based on several factors (building geometry and characteristics, weather, use of the
building, etc.), which control the transfer of air between the different zones.
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2.1. Mass-Balance at Steady-State

Mass-balance models are based on the fundamental principle of mass conservation
and can be expressed as an ordinary differential equation that balances sources and
sinks [20,21] (pp. 57–65):

dCi
dt

= CSources − CSinks (1)

where Ci is the concentration at steady-state, t is time, Csources the influx, and Csinks is
the loss.

Such expressions are fast to compute and can provide a basic means to model air
pollution in buildings or rooms that can be treated as a single zone, e.g., one room surrounded
by ambient environment, and assumes well-mixed air (uniform distribution of pollutants
throughout a zone). The mass-balance calculates the concentration at steady-state conditions.

2.2. Indoor-Outdoor Ratio (I/O)

Weschler et al. [22] presented a steady-state mass-balance model to determine the
ozone concentration that one can expect inside a building if the outdoor level is known.
This relation is also known as the I/O (indoor/outdoor) ratio. Several parameters must
be known to use the I/O model. It treats the building (or room) as a single zone and uses
the outdoor concentration together with the air change rate (n), the deposition velocity of
the pollutant onto an internal surface (vd), the ratio between the surface area of materials
in the zone and the volume of the zone (A/V), in order to estimate the concentration of
ozone indoors:

Ci
Co

=
n

n +
(

vd × A
V

) (2)

The surface-to-volume ratio (A/V) is also called the loading of material (L). The
deposition velocity expresses the rate at which the pollutants react on surfaces. It is defined
as the flux of the pollutant toward a surface divided by its concentration in the air and is
by this a mass-transfer coefficient with the unit of velocity [23]. The factor vd(A/L) from
Equation (2) expresses the loss of pollutants by surface uptake (sorption reactions). This is
often referred to as the surface removal rate (S) [24], and is comparable to an air exchange
rate with which it shares unity (number of room volumes removed per unit time). For a
room with several materials present (material1, material2, material3, . . . ), the total surface
removal rate S is the sum of each material’s surface removal rate (S1, S2, S3, . . . ):

Ci
Co

=
n

n + (S1 + S2 + S3 + . . .)
(3)

The I/O model was put forward only for ozone [22], but since then, it has been
used for other pollutants as well, such as nitrogen dioxide and sulfur dioxide [25]. The
model assumes that the air pollutants are removed only through deposition onto
surfaces or by ventilation. According to Spicer et al. [26], this is a reasonable assumption
for reactive gaseous outdoor air pollutants, although pollutants, such as nitrogen
dioxide, are known to engage in heterogeneous reactions and be re-released as nitrous
and nitric acid [27,28]. Reactions in the air are also disregarded, although, for example,
the production of nitrogen dioxide by atmospheric reactions involving ozone and nitrogen
oxide may take place indoors [29].

In heritage studies, the I/O model has been known as the “IMPACT model” due to its
use in an online I/O calculator aimed for museums and other heritage buildings, developed
through the European research project “Innovative Modelling of Museum Pollutants and
Conservation Thresholds” (IMPACT) [25]. The online IMPACT calculator is currently not
available. However, the I/O model (Equation (2)) can easily be set up in Microsoft Excel
or similar spreadsheet software. Deposition velocities are available in the literature for a
range of pollutants and materials, for example [30].
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2.3. Indoor Air Pollution (IAP)

A steady-state balance similar to that of Equations (2) and (3) can be expressed for
pollutants generated within the indoor zone (the building, the room) [31,32]:

Ci =
SER × L

n + S
(4)

The IAP model assumes the outdoor concentration Co = 0 and treats the building as a
single zone. The indoor generation of pollutants happens as emission from materials, and
in the case of museum environments, especially the release of organic acids is considered
harmful for a range of heritage materials [4–6]. The area-specific emission rate SER of
organic acids has been measured for samples of heritage wood objects [10], and the IAP
model has previously been applied to museum storage environments [31,32]. Smedemark
and Ryhl-Svendsen [32] provided a general step-by-step guide to its use based on easily
measured building characteristics and data collated from the literature. This approach is
used in the present study as well (see Section 4 below).

2.4. Monte Carlo Simulations

The factors which the air pollution models depend on may be difficult to estimate
precisely. Some parameters may vary widely between sites or within the same building over
time. It can, therefore, be difficult to choose one specific value for each factor without giving
rise to a large uncertainty in the calculated pollution level. Instead, it may be desirable to
model within a given interval (for example, expected variation in the air exchange rate
or uncertain estimation of surface areas of objects). In the case of the I/O ratio and IAP
models, some parameters remain constant and are easy to measure (e.g., room volume),
while others may vary within a given interval, influenced continuously by climate or by
sudden impacts caused by human activity (Figure 1).

Figure 1. Principal sketch of factors influencing air pollution modeling and their possible behavior.
Some factors remain constant over time (straight line), some may change due to sudden events
(jagged line) or by more or less continuous variations (curved lines). Temperature and humidity
are not directly included in the models. However, indirectly, they influence other factors such as
emission rate. Together they result in a range of more or less probable outputs (concentrations).

A Monte Carlo simulation is a statistical tool that can be used to model an output
that depends on several random variables. The parameters are defined as an interval, and
a probability distribution is assigned to each variable. The results are obtained through
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repeated random sampling over numerous model runs. Monte Carlo simulations have
previously been used in several indoor air pollution studies [32–36].

2.5. Other Computational Simulations

It must be stressed that the simple models of Equations (2)–(4) do not take into account
all the variables which affect indoor air pollution levels. Chemical reactions may take
place in the air or on surfaces, which re-release new compounds [37,38]. This is especially
relevant for nitrogen oxides [27,28]. While detailed chemical models exist [39,40], they
are much more complex than what is necessary for day-to-day air quality assessment for
heritage buildings and will not be dealt with here. Although such models have indeed
been applied to heritage environments, this has mainly been for short-term continuous
monitoring periods with a focus on time-resolved measurements [41–43].

A number of non-constant factors influence emission and deposition rates, e.g., tem-
perature and relative humidity [10,30]. Air exchange may vary, and the air movement and
turbulence in a room create variations and gradients in the indoor environments, which
are not reflected in the simple steady-state models as they assume a perfect mixing of air
within a space. Instead, fluid simulations (computational fluid dynamics, CFD) can be
used to explore such situations [44]. Again, although the use of CFD indeed has a place
also for heritage environment research, it requires expert know-how to use and may pri-
marily be applied for exploring special situations where airflow within a room must be
visualized [45], or as an integrated part of designing buildings together with climate and
energy consumption simulations [46].

Particle pollution loads can be described by expressions similar to those of the gaseous
compound models, e.g., I/O ratio [47,48]. However, other, more specific mechanisms
do also influence particle infiltration and deposition (among other things, particle size,
aerodynamic properties, gravity, and thermophoresis-related phenomena) [49–51]. These
conditions cannot be given the attention they deserve within the limits of this paper.
Therefore, particle modeling will not be dealt with.

3. Case Study
3.1. The National Museum Storage Facility

For the demonstration of the application of mass-balance models, we take as an ex-
ample a newly built Danish storage facility. Located in the town Vinge, about 40 km
outside Copenhagen, the building contains the largest heritage storage facility in Northern
Europe. The facility, designed by Gottlieb Paludan Architects and MOE Consulting Engi-
neers, opened in May 2022, and will house the main part of the collections of The National
Museum of Denmark and the Danish Royal Library [52].

The entire facility has about 25,000 m2, which, besides storage areas, includes an indoor
truck bay, service areas, pest disinfection chambers, workshops, and offices. The library
part of the storage facility is mechanically cooled for the keeping of chemically unstable
collections (e.g., acid paper), while the main hall for museum objects is without active
temperature control. This part of the storage area is designed following the low-energy
concept previously developed and put in use in several Danish storage buildings [53,54].
We focus here on the National Museum’s part of the facility, which is the main, unheated
storage hall (Figures 2 and 3).

3.2. The Building

The storage building has a well-sealed building envelope with a low air change rate.
The exact air exchange rate is not known (not yet measured) but assumed to be on the order
of 0.5 per day (0.02 h−1). There are no windows, and entrances are fitted with double-door
airlocks in order to reduce the impact of the outdoor climate.

The storage hall contains eight adjacent storage sections, separated by rolling gates
(Figure 2). Each section measures 1000 m2 with a volume of 9400 m3 (total 8000 m2 and
75,200 m3). Despite the division in eight sections (due to fire sectioning), the eight closely
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connected areas can be regarded as one large, combined storage volume, which shares the
internal distribution of air, and by this, a uniform climate and air quality.

Figure 2. A view down the central aisle that connects the storage sections, of the still empty storage
hall. Photo by the authors.

Figure 3. A compact-shelves section, about half-full, with wooden furniture. Photo by the authors.

A ventilation system is in place for humidity control by mechanical dehumidifiers
(desiccant type). It runs entirely by internal recirculation and without intake of ambient air.
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The relative humidity is maintained at a moderate level (set-point 50% RH, limits 40–60%
RH). The ventilation loop is only running when dehumidification is needed, and is VAV
(variable air volume) controlled, with a maximum recirculation rate of 0.3 room volume
per hour. The recirculated air passes through a combined particle and chemical air filter
(Camfil City-Flo combination bag filter, particle filter grade F7 with broad-spectrum carbon
media; Camfil, Stockholm, Sweden, https://www.camfil.com/ (accessed on 1 May 2023)).
The hall is unheated and has been designed to always remain below 20 ◦C, however, the
actual thermal performance has still to be validated by a full year of normal operation.

3.3. Ambient Conditions

The facility is located in a rural area near the small city of Frederikssund, and a
few km from Roskilde Fjord. Danish climate is within a temperate climate zone (Köppen
classification Dfb), and the ambient pollution level of the area is about 60 µg m−3 ozone and
6 µg m−3 nitrogen dioxide annual average (data from the national air pollution monitoring
program at station Risø, 15 km away) [55].

3.4. Collection and Interior

Work started in 2022 to move in collection objects, however, this operation will take
years due to derivative tasks, such as cleaning, pest disinfection procedures, and docu-
mentation along the moving process. At the time of writing (Spring 2023), the facility is
loosely estimated 20% full. The collection contains a large variety of cultural history objects
of many types of materials (wood, metals, painted objects, plastics, etc.). However, the vast
majority are wooden objects. For simplicity in the present modeling study, we regard the
collection items to be a uniform quantity of wooden objects (e.g., furniture, see Figure 3).

The storage is equipped with mobile compact shelves, which allow for storing objects
at a high storage capacity (Figure 3). The shelves are made of powder-coated and galvanized
steel. Other main materials present in the storage areas are concrete (walls and ceiling) and
epoxy paint (floor). In Table 2, the surface area and loading (ratio of surface area to room
volume) are given for each class of materials.

Table 2. Distribution of materials in one section of the storage hall. Materials are assumed to be
equally distributed in all eight sections.

Material Area [m2] Loading [m2 m−3]

Wall and ceiling (concrete) 4300 0.5
Floor (syntetic paint) 1000 0.1

Shelves (metal) 1000 0.1
Objects (wood), now 6500 0.7

Objects (wood), when full 28,000 3.0

4. Methods

The performance of the storage hall with regard to indoor air quality was demonstrated
first for outdoor pollutants by the I/O model, followed by a prediction of indoor air
pollution levels by the IAP model. Both models predict the pollution levels at steady-
state conditions, however, we demonstrate how the steady state will vary at different air
exchange rates. The IAP model was then used as the basis for a series of Monte Carlo
simulations taking possible variations of the input parameters into account.

Several of the parameter values were estimates. The air exchange rate of the storage
hall has not yet been validated by measurement. However, based on previous measure-
ments, probable values were assumed [13]. Data on heritage materials’ emission rates, as
well as deposition rates for organic acids, are scarce. The input values, many of which are
assumptions, were mainly taken from previous model studies [31,32]. Deposition velocity
data for ozone and nitrogen dioxide were given by Grøntoft and Raychaudhuri [30].

The dimensions of the storage area, its interior, ventilation system, and the loading
and nature of objects, were measured and observed at visits onsite, and by consulting

https://www.camfil.com/
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architectural drawings and technical descriptions of the building. The estimation of objects’
loading is subject to some uncertainty, as the museum objects are all different in size and
complex in shape (object types include furniture, household utensils, musical instruments,
wooden sculptures, timber objects for buildings, etc.). For one typical shelf section, we
measured the projected surface area of all objects in great detail. From this, we calculated
the average object surface-area per running meter shelf, which was then multiplied up to
the full storage capacity.

4.1. I/O Model

The I/O ratio was calculated by Equation (2) for the storage hall when full, assuming
an air exchange rate of 0.02 h−1, loading of materials as given in Table 2, and for each
material the deposition velocities given in Table 3. From this, I/O ratios and the distribution
of the pollution loss on the different material surfaces were calculated for ozone and
nitrogen dioxide. For ozone and nitrogen dioxide, it was modeled how the I/O depends on
the air exchange rate. Calculations were performed in Microsoft Excel using Equation (3),
at steps of 0.02 h−1 within the interval 0 < n < 1 h−1 (50 steps).

Table 3. Deposition velocity values at 50% relative humidity. Converted from cm s−1 in the
original source [30].

Material
Ozone

Deposition Velocity (vd)
[m h−1]

Nitrogen Dioxide
Deposition Velocity (vd)

[m h−1]

Fine concrete 0.0612 0.0360
Brick 0.4320 0.2268

Wood-work surface treated 0.0198 0.0108
Metal 0.0050 0.0036

Synthetic floor covering 0.0202 0.0108

4.2. IAP Model

The concentration of organic acids was calculated by Equation (4) for the storage hall
in three general scenarios:

• Sparsely filled with museum objects (as today) at a loading (L) of 0.7 m2 m−3

• Half-filled storage at L = 1.5 m2 m−3

• Full storage at L = 3 m2 m−3.

Only emission from wood was taken into account. The emission of organic acids
directly affects the concentration in the air. As the emission rate is influenced by temperature
(the higher temperature, the higher the emission rate) [10,56,57], the IAP modeling was
carried out for the two extremes, a high summer and a low winter storage temperature.
The model input is given in Table 4.

Table 4. Area-specific emission rate of wood (general), loading of objects, air exchange rate, and
surface removal rate for the storage hall. SER data from [32].

Scenario SER Winter
[µg m−2 h−1]

SER Summer
[µg m−2 h−1]

L
[m2 m−3]

n
[h−1]

S
[h−1]

Sparsely filled storage (today) 50 200 0.7 0.02 2
Half full storage 50 200 1.5 0.02 2

Full storage 50 200 3 0.02 2
Full storage with filter recirculation 50 200 3 0.30 * 2

* Air exchange and filter removal combined.

Following this, it was modeled for each scenario how the organic acid concentration
varied with a change in the air exchange rate (by ventilation or internal filtration). Calcu-
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lations were performed in Microsoft Excel by Equation (4) at steps of 0.02 h−1 within the
interval 0 < n < 10 h−1 (500 steps).

4.3. Monte Carlo Simulation

A Monte Carlo simulation was used to model the indoor air pollution level following
Equation (4). The simulation modeled the concentration based on the probability within
a defined range for each of the four parameters. For simplicity, a uniform probability
distribution was assigned between the minimum and maximum value of each variable of
the pollution mass-balance. It may be that some factors are distributed differently (e.g., air
exchange rate). However, more data are needed in order to verify this. The four parameters
were considered independent.

The simulation was made by 1000 repetitions of Equation (4) where the value of each
input parameter was selected randomly with a linear probability distribution using the
SLUMP function (random number generator) in Microsoft Excel. The input data for the area-
specific emission rate (SER) from wood were taken from a study on the emission from three
heritage wood object samples [10] in winter and summer temperature conditions. Qualified
estimates of possible ranges of L, n, and S were based on previous model studies [31,32].
Model input conditions (parameter intervals) are given in Table 5.

Table 5. Monte Carlo simulation input data. SER ranges from [10]. Intervals of L, n, and S were
estimated based on [31,32].

Input Factor Interval

SER, winter [µg m−2 h−1] 39–108
SER, summer [µg m−2 h−1] 145–303

L, low: Sparsely filled storage [m2 m−3] 0.4–0.9
L, high: Full storage [m2 m−3] 3–5

n [h−1] 0.01–1
S [h−1] 0.2–2

As the organic acid emission from heritage collections depends on temperature, one
simulation was made for winter and one for a summer scenario. Furthermore, a simulation
was first conducted for the present conditions (sparsely filled storage), and then repeated
for a filled storage room. Thus, four scenarios were simulated:

A. Storage hall as now, sparsely loaded with objects, winter temperature.
B. Storage hall as now, sparsely loaded with objects, summer temperature.
C. Storage hall at full capacity, filled with objects, winter temperature.
D. Storage hall at full capacity, filled with objects, summer temperature.

A reservation must be made: Data for temperature-dependent emission rates are scarce,
and it has not been possible to find input values for the exact temperature range in the hall.
Our summer input relates to tests conducted at a standard room test temperature of 23 ◦C.
It is, therefore, possible that the summer conditions will be overestimated, and the resulting
summer concentration must therefore be considered an absolute worst-case scenario.

4.4. Pollution Measurements at Site

The concentration of ozone, nitrogen dioxide, and organic acids (acetic acid and
formic acid) were measured shortly after the storage facility was taken into use. Sampling
was conducted by the use of passive samplers (badge type) supplied and analyzed by
The Swedish Environmental Research Institute IVL (Gothenburg, Sweden, www.ivl.se
(accessed on 1 May 2023)). Sampling was carried out in duplicates for an exposure period
of one month. Indoor samplers were mounted with metal clips on a shelf-end, half-ways
between the floor and the ceiling. Outdoor samplers were mounted at 2 m height under a
rain screen on a pole placed on an open grass lawn. Conditions were not yet representative
of normal storage operation (empty storage hall, start-up adjustment of the ventilation

www.ivl.se
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system, increased traffic through docking gate, etc.), but can be regarded as background
screening. Follow-up measurements will be made in the coming years as the storage is
gradually being filled.

5. Results
5.1. I/O Model Results

For a constant air exchange rate of 0.02 h−1 and a fully loaded storage room (Table 2)
the I/O ratio was for ozone 0.19 and for nitrogen dioxide 0.29. If all collection objects
were removed from the model (bare room with only concrete walls, ceiling, and floor) the
I/O ratio increased to 0.37 for ozone and 0.50 for nitrogen dioxide. The fate of pollutants
which enter the storage is shown in Figure 4, where the distribution of the materials the
pollutants deposit onto are shown, together with the fraction leaving the room again via
the air exchange. For ozone, 53% will deposit on the heritage objects (wood), while for
nitrogen dioxide, only 14% ends up onto the collection. The rest is lost on building surfaces
or removed again by ventilation.

Figure 4. The fate of ozone and nitrogen dioxide in a full storage room (28,000 m2 of wooden objects).
The charts show the percentage distribution between sorption on different materials and removal
by ventilation.

As the I/O ratio strongly depends on the air exchange rate, it is shown in Figure 5 how
the I/O ratio for ozone and nitrogen dioxide will increase if the ventilation rate increases,
and vice versa. This is illustrated for air changes up to 1 h−1. The surface removal rates for
the storage room, as calculated on the basis of Tables 2 and 3, were rather low, for ozone 0.1,
and for nitrogen dioxide 0.05 h−1. As an imaginary example of an indoor environment with
a higher surface removal rate, Figure 5 also shows the I/O ratio for a room with S = 3 h−1,
which is a mid-range condition for typical occupied buildings such as homes, shops, offices,
and museum exhibitions, having a variety of highly sorptive surfaces, such as carpets and
furniture textiles [24].

5.2. IAP Model Results

The span in organic acid concentrations between summer and winter conditions is
shown in Figure 6, assuming an air exchange rate of 0.02 h−1 (1/2 room volume per day)
for the situation of the storage hall today (sparsely filled), and as it will gradually become
filled up (input data from Table 4). For the full storage, the effect of adding the current
filtration system (0.3 h−1 clean air delivery rate) was also tested.
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Figure 5. The I/O ratio of ozone and nitrogen dioxide in the storage hall when full as a function of
the air exchange rate. Also shown is a room with a surface removal rate S = 3 h−1.

Figure 6. Organic acid concentration at winter and summer temperature inside the storage hall at
different degrees of loading with wooden objects. At the top, in red, is shown the full storage with
and without air filtration turned on.

In Figure 7 it is shown how the steady-state concentration of organic acids changes if
the air exchange rate varies. This is illustrated for air changes up to 10 h−1, which covers
a range from solely naturally ventilated buildings up to a high rate of forced ventilation
(with new air and/or by internal filtration). The models are shown for winter and summer
temperature, and at each instance for the three general scenarios: Sparsely filled with
wooden museum objects (as today) at a loading (L) of 0.7 m2 m−3, a half-filled storage
room at L = 1.5 m2 m−3; and a full storage at L = 3 m2 m−3.
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Figure 7. The concentration of organic acids as a function of the air exchange rate at winter tem-
perature (top) and at summer temperature (bottom). For each scenario: Full room (L = 3 m2 m−3),
half-full room (L = 1.5 m2 m−3); sparsely filled room (L = 0.7 m2 m−3).

5.3. Monte Carlo Simulation Results

The distribution of probable organic acid concentrations is given in Figure 8 below. The
output from each of the 1000-iterations model runs was collected into pillars of intervals of
50 µg m−3 in a probability density histogram (0–50, 51–100, 101–150, a.s.o.). The simulation
output presents the likely span of the indoor air pollution level for: (A) Sparsely filled
storage room in winter, (B) sparsely filled storage in summer, (C) full storage in winter,
(D) full storage in summer. The sparsely filled storage reflects the status of the facility at
the time of writing. For each simulation, the median, average, minimum, and maximum
95% confidence interval bounds are shown in Table 6.

Table 6. The minimum and maximum 95% confidence interval bounds, median and average concen-
tration [µg m−3] for each Monte Carlo simulation (1000 iterations).

Simulation 5th Percentile Median Average 95th Percentile

A 15.3 29.3 30.9 51.5
B 53.3 88.5 91.9 144
C 56.0 115 123 215
D 197 360 377 648
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Figure 8. The probability distribution of pollution levels for the storage building as today (sparsely
filled) in winter (A) and summer (B) conditions, and when filled with objects in winter (C) and
summer (D) conditions.

In order to establish the least necessary number of simulation iterations, the result
(average concentration) and the spread (standard deviation) of repeating a simulation ten
times were compared for the modeling scenario C at 10, 100, 1000, and 2000 iterations. At
1000 and 2000 iterations, the results were very similar (average 123.4 and 122.7, both with a
standard deviation of 1), which indicated that 1000 iterations were enough to obtain stable
and reliable results (Figure 9).

Figure 9. The average and standard deviation of 10 repeated simulations of scenario C at 10, 100,
1000, and 2000 iterations.

5.4. Pollution Measurements

The measured concentrations are reported in Table 7. Each value is the average of a
duplicate measurement. Organic acids were only measured indoors.
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Table 7. Passive sampling results for air pollutants indoors and outdoors. The indoor-to-outdoor
ratio is given for ozone and nitrogen dioxide.

Location Ozone Nitrogen Dioxide Organic Acids

Indoor concentration
[µg m−3] 1 0.2 12

Outdoor concentration
[µg m−3] 52 5.1 n.a.

I/O ratio
[dimensionless] 0.02 0.04 n.a.

6. Discussion and Conclusions
6.1. Background Measurements

The pollution measurements by passive sampling, which were performed at the
beginning of the operation of the building, revealed a low concentration of organic acids
indoors (12 µg m−3), and a low ingress of outdoor pollutants (I/O ratio = 0.02–0.04) (Table 7).
The I/O model. However, predicted higher ratios for ozone 0.19, and for nitrogen dioxide
0.29, even had the storage room been full of objects. On the other hand, the low organic
acid concentration reflects well a storage almost without wooden objects.

6.2. Outdoor Pollutants

While we acknowledge that the initial pollution measurement was done at a time
when normal operation routines within the building had not yet come fully into force, the
difference in outdoor pollutants between real measurements and the model calls for a closer
examination. As displayed in Figure 5, the I/O ratio is highly influenced by air change.
Although the air exchange rate of the hall is unknown, it is unlikely that it was much lower
than our estimate of 0.02 h−1. A more likely explanation is that the single-zone model
has limitations if real buildings have a more complicated geometry than just one room.
Perhaps the ingress of air had a more tortuous path into the storage hall than just through
the nearest doors so that adjacent rooms became secondary zones between the storage area
and ambient air. In that case, the indoor pollution level would become a fraction of the
levels in the adjacent zones, which were a fraction of ambient, etc. However, in order to
investigate such behavior in detail, air exchange measurements using several tracer gases
at the same time are required [57], and the ignored influence of internal airflow between
adjacent areas is a general weakness of single-zone models.

Another plausible explanation for the low I/O ratio is the additional effect of air
filtration. Assuming filtration was on full-time, the current filtration system would deliver
0.3 room volumes of clean air per hour. This can be added to Equation (3) as a contributing
loss (Q):

Ci
Co

=
n

n + (S1 + S2 + S3 + . . .) + Q f ilter
(5)

(input parameters: n = 0.02; Stotal-ozone = 0.1; Stotal-NO2 = 0.05; Qfilter = 0.3).
Which, in that case, lowers the I/O ratio to 0.05 for both ozone and nitrogen dioxide, a

level close to the real-life measurements.
An important feature of the I/O model is the illustration of the distribution of pollution

loss. The collection received 53% of the indoor ozone and 14% of the nitrogen dioxide. Had
the collection contained larger fractions of sorptive materials, such as textiles, this would
have received an even higher part of the pollution deposition. This clarifies a dilemma,
which is that storing many collection items will help clean the air. However, it will happen
at the cost of the harmful pollutants’ deposition onto the collection. Deliberate exploitation
of exposing large surface areas is indeed an efficient pollution control strategy, as long as the
sacrificial material is something other than the collection, e.g., sorptive wall covering [58].
In the planning of such actions, the I/O model will be a useful tool for estimating the effect
of applying pollution-scavenging materials in rooms.
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As previously mentioned, another shortcoming of the I/O model is the ignoring of
atmospheric reactions. Studies in museum buildings have demonstrated how ozone and
nitrogen oxide may react indoors and produce nitrogen dioxide beyond what is already
introduced by ventilation, sometimes to a level of I/O > 1 [29]. In an American museum
gallery, three weeks of measurements showed a loss distribution for ozone where surface
uptake accounted for 62%, reactions with nitrogen oxide 31%, nitrogen dioxide 2%, and
sorption on occupants for 5% [43]. In other words, for a model, which only accounts for
surface and air exchange removal, the result may be underestimated by 30–40%, and this
must be taken into account, especially for situations with a high influx of outdoor pollutants
(high air exchange rate).

6.3. Indoor-Generated Pollutants

The IAP model, as run either as a single calculation based on fixed conditions or
by the Monte Carlo simulation based on plausible intervals of each factor, offered a fair
estimate of how the indoor pollution level will react to the continuous filling up of the
storage area with wooden objects. For the storage still only sparsely filled (L = 0.7 m2 m−3),
the most probable concentration levels were within well-defined intervals (0–50 in winter
and 50–100 µg m−3 in summer). For a full storage room (L = 3 m2 m−3), the spread of the
most probable concentration range was much wider, especially in summer (between about
200–500 µg m−3), due to the wider summer intervals of the decisive factor SER.

In general, the difficulties in measuring L and n, as well as the little data available on
SER, add uncertainty to the model. Besides scarce SER values for heritage materials as
such, data are lacking the actual temperature interval of the storage facility. We used data
measured at 10–23 ◦C, as this is what was available in the literature. However, the storage
hall is intended to be cooler (at least below 20 ◦C), although this has not yet been verified
by a full year of measurement. This winter (2022–2023), the lowest indoor temperature was
11 ◦C, and we still have to observe a summer period at normal operation. The uncertainty
of the temperature level may, therefore, lead to an overestimation of the concentration level
in summer. In any case, the model predicts how the organic acid level varies between the
seasons, and while we still need to test the exact values by measurement when normal
operation has been set up, the trend has been laid out. Previous monitoring in another
storage building of The National Museum convincingly illustrated the same behavior [57],
which we, based on the modeling, also expect to observe in the new storage hall (Figure 10).

Figure 10. Organic acid concentration and temperature during one year in the storage room of the
National Museums of Denmark’s Music Museum. Data from [57] (converted from ppb).

6.4. Constant versus Dynamic Conditions

The static nature of steady-state models is a challenge when applied to dynamic
environments. Although we assume a number of factors to be constant, they may, as
discussed in the introduction, in fact, be of a dynamic nature (Figure 1). Examples are the
emission rate, which may vary with the annual seasons due to the influence of temperature,
or the air exchange rate, which may vary due to changes in weather and peoples’ use of
the building. The dynamic nature of an indoor environment can be demonstrated by a
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continuous series of instant ozone measurements performed at yet another of the National
Museum’s storage buildings (Figure 11). When measured at a resolution of 1-h intervals, it
was revealed how the indoor level varied sometimes more than 10 µg m−3 per day, in a
pattern closely following the outdoor ozone level. Over the twelve days shown in Figure 11,
the average I/O ratio was 0.39. However, on a short-term basis, it cycled between 0.25 and
0.70. This would rarely be reflected in a steady-state simple I/O modeling, as the input
values often are long-term average values (e.g., passive sampling measurements carried
out over periods of weeks or longer).

Figure 11. Twelve days of continuous ozone measurements inside and outside The National Museum
of Denmark’s storage facility Ørholm (unpublished data by the authors).

Although Monte Carlo simulations reflect the possible outcomes at steady-state condi-
tions, the spread of results also reflects the possible numerical extent of the short dynamic
variations (however, not necessarily distributed in the same way). Real dynamic condition
modeling would require a large amount of data, and all factors should be available in
time-resolved high resolution in order to show their mutual influence on the concentration
over time. However, as argued previously, for conservation risk management, this is an
unnecessary level of detail when long-time average concentration is sufficient for dose
calculations for the assessment of materials damage risks.

6.5. Practical Implications and Perspectives

For our example, the National Museum’s storage hall in Vinge, modeling showed
that outdoor pollutants are efficiently retarded by the low air exchange of the building.
Furthermore, the additional air filtration rate of 0.3 h−1 provides sufficient control. The
indoor generated organic acids may be expected in a level up to about 300 (plausible range
200–500) µg m−3 in summer, once the storage hall has been filled with objects. However,
should summer temperature turn out to be much lower than 20 ◦C, the concentration will be
correspondingly smaller as well. Wintertime levels are expected to be less than 100 µg m−3.

If desired, the organic acid concentration can be decreased by filtration. However, for
the indoor generated pollutants, the flow rate of the current filtration system is inadequate.
According to Figure 7, the filter recirculation rate (clean air delivery rate) should be 2 h−1

to halve the level at current conditions or 4 h−1 to lower it to one-third. In any case, a
decision to increase filtration should be based on assessing the potential risk for the actual
collection and the question of whether there are particularly susceptible objects present.
Even for the least probable high concentrations predicted by the Monte Carlo simulation,
the level is below the maximum average level of 1000 µg m−3 recommended by ASHRAE
for a general museum collection [16].

As the museum storage hall is still just beginning to be filled up, it will take some time
before true steady-state conditions enter into force. Our planned follow-up monitoring
of the pollution levels over the coming years will reveal how well the models actually
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predicted the reality. More data are needed in order to improve input for the models. The
authors encourage readers to share data from pollution monitoring in heritage buildings,
as well as any experiences in using the I/O and IAP models, in order to refine them and
validate their use.

The models presented here are practical for assessing the impact of indoor and outdoor
pollution loads in a building. Even for fast and overall screening, it will be easy to establish
the order of magnitude estimates, from which it can be decided whether a problem needs
to be addressed in more detail. In our example, the modeling revealed a need to investigate
further the air exchange between adjacent indoor areas, and to establish the overall air
exchange rate. Steady-state models allow, with a minimum of input data, to assess indoor
conditions based on basic properties or as the result of initiated control actions (e.g., in-
creased ventilation, applying filters, etc.), and by this contribute as a tool for better practice
in air quality management in heritage buildings.
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