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• Optical counters are useful in the charac-
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The good conservation of cultural patrimony depends on the quality of the indoor environment where collections and
artifacts are kept, being suspended particles one of the key parameters. Among the various methods to study indoor
pollution, portable optical counters appear as effective instruments to measure indoor pollution due to their specifica-
tions (low visual and acoustic impact). However, it is still one of the least common approaches when assessing the con-
servation quality in heritage buildings. Therefore, the present study focuses on developing a methodology that uses
portable particle counters to monitor particulate matter inside historic buildings and assess indoor conservation qual-
ity. Long-term and spatial analyseswere conducted using this type of equipment to identify causes of pollution in a case
study, the Joanina Library in Coimbra, Portugal. Estimation of night concentrations was carried out as a complemen-
tary approach to the monitoring. A new conservation method of classifying indoor pollution was proposed as an alter-
native to the most common standards. This classification determines four conservation classes (A, B, C, and
D) according to particulate matter and the respective percentage of time that measurements are within such classes.
As a result, the measurements showed a poor indoor environment quality meeting the requirements of low-level clas-
ses, which are those with a greater risk of degradation (Classes C and D). The continuous long-term campaign of four
years was decisive for the identification of the main sources and environmental conditions of higher pollution: the ex-
terior pavement, the number of tourists, the use of carpets, and the absence of rain. The spatial results depend on the
diameters of the particles and the space's height where the assessment is made. Thus, this type of device and the devel-
oped methodology could be used by curators as an effective tool for long-term and spatial assessment in this building
typology.
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Nomenclature

A Area of surfaces, m2

ACH Air changes per hour, h−1

ACHr Air-changes-per-hour ratio, –
BRI Biological Risk Index, %
C Mass concentration, μg·m−3

CFD Computational Fluid Dynamics
CNi

Particle counts per volume of size channel i, μg·m−3

COuti Outdoor mass concentration, μg·m−3

Di Mean diameter of size channel i, μm
i Size channel (0.3, 0.5, 1, 2.5, 5, 10), –
IAQ Indoor Air Quality
IEC Indoor Environmental Conditions
I/O Ratio Indoor/Outdoor ratio, –
Ki Deposition rate of size channel i, h−1

LSE Least Squares Error, %
mi Mass of one particle of size channel i, μg
N Particle counts, –
n Number of resuspension events, –
nClass Counts for a specific conservation class, –
nTotal Total number of measurements, –
PCI Particle Conservation Index, %
PM Particulate Matter, μg·m−3

Pi Penetration factor of size channel i, –
R2 Coefficient of determination, –
R Reduction coefficient, –
t Timestep, h
TGM Tracer Gas Method, –
TPM Total Particulate Matter, μg·m−3

V Volume of the space, m3

vi Deposition velocity of size channel i, m·s−1

Vs Sample volume, m3

x Measurement, μg·m−3

xday Daily running average of measurement x, μg·m−3

ρ Particle density, μg·m−3
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1. Introduction

Historic buildings classified as world heritage play a key role in
nowadays society. Unique places that keep passing on values, memo-
ries, and experiences from their cultural context and collections. Many
of these buildings house historic museums or libraries with very specific
IEC to ensure adequate conditions for the preservation of the
collections.

Considering the ten agents of deterioration proposed by Brokerhof et al.
(2017), four are key parameters of a good environment for conservation:
contaminants; light, temperature, and relative humidity. Contaminants,
for example, can affect collections cumulatively and irreversibly, depend-
ing on the composition and sensitivity of the materials. Not only do these
promote chemical reactions (acidification, corrosion, etc.), but can also
cause physical damage to collections (abrasion, color fading, or disintegra-
tion) (Nazaroff and Cass, 1991). Surface soiling and darkening have also
been observed in several studies, leading to irreversible deterioration
(Anaf et al., 2013). In addition, particles can be the cause of moistening
due to their hygroscopic behavior (Anaf et al., 2015), which accelerates
the degradation process of the collections'materials. Therefore, the urgency
to avoid any degradation of cultural objects due to poor IAQ motivates the
study of particles in heritage buildings. In this context, several studies have
been developing and applying different methods to monitor indoor air pol-
lution – additional details on these studies can be found in Table S2 of the
Supplementary Material (Saraiva et al., 2023).
2

From the review of studies on Particulate Matter (PM) in historic build-
ings using the Scopus database, a total of 79 studies were foundwhose titles
met the following query: “particle or particulate” AND “historic OR heri-
tage OR museum”. From this list, 43 were analyzed to produce Fig. 1,
which shows the categorization of different types of methodologies found.

The study of particles in historic buildings can be divided into two main
areas: airborne and deposited particles. Airborne particles are usually mea-
sured with polytetrafluoroethylene (PTFE) or quartz filters installed in venti-
lation systems (Cao et al., 2011; Mašková et al., 2020) or recurring to particle
counters (Peter et al., 2012; Roshanaei and Braaten, 1996). When the parti-
cles are collected at the filter level, the mass and chemical concentrations
can be evaluated using different techniques (gravimetry (Cavicchiolia et al.,
2014), X-ray emission (Gysels et al., 2002), or ion chromatography (Bartl
et al., 2016), for example). When counting particles, the mass concentrations
for each size channel can be estimated by knowing or assuming the composi-
tion of the particle samples (Mašková et al., 2015). There are also analytical
approaches to calculate indoor mass concentrations using various mass
models (Mašková et al., 2016; Mleczkowska et al., 2017), where several var-
iables must be calculated (infiltration, penetration, and deposition). Formore
details, the authors recall the review study of Chen and Zhao (2011). Finally,
Computational Fluid Dynamics (CFD) approaches are rarely used in this kind
of study (Grau-Bové et al., 2016; Grau-Bové et al., 2019). Deposited particles
can also be measured or estimated. The measurement of deposited particles
requires the use of passive collectors, which accumulate dust deposited on
the surfaces of the building (Anaf et al., 2015; Ozga et al., 2009). Samplers
may be taken to a laboratory to have their chemical composition evaluated
(López-Aparicio et al., 2011). Furthermore, other methodologies examine
the loss of gloss of glass tiles to quantify the deposition in buildings (Adams
et al., 2002; Ford and Adams, 1999; Smith et al., 2011). As for analytical ap-
proaches, deposition flux and velocity are usually estimated in some studies
(Nazaroff et al., 1990; Chatoutsidou and Lazaridis, 2019). There are even
studies where both analyses, airborne and deposited, were carried out simul-
taneously (Bartl et al., 2016).

Those methodologies added an important contribution to identifying the
causes of indoor pollution. Themain causes of indoor pollution are associated
with human activities, inmost cases: tourism (Lazaridis et al., 2018), cleaning
(Xiu et al., 2015), and operation, followed by the building itself (collections
(Barbosa et al., 2021) and furniture (Wang et al., 2015)) and its envelope (in-
filtration and openings (Bertolin et al., 2018; Marcelli et al., 2020)), and/or
the outdoor environment (pollution (Mašková et al., 2020; Mleczkowska
et al., 2017), rainfall (Injuk et al., 2002), wind (Fermo et al., 2020)).

In summary, Fig. 1 shows the common focus of the literature on monitor-
ingmass concentrations of airborne particles in historic buildings. In contrast,
particle counting is one of the least usedmethods for analyzing indoor air pol-
lution. However, this approach could be particularly useful in heritage build-
ings where there are no centralized systems for ventilation and air
conditioning, and where dust can be collected. Therefore, there is a recog-
nized need to further explore the contribution of particle counters as a tool
for the continuous monitoring of particles in historic buildings and how
they can be used to assess conservation conditions. Is this type of equipment
suitable for long-term and spatial analyses? There are still doubts on how
monitoring should be exploited as a successful contribution to the preserva-
tion, in particular on the conservation assessment of conditions. Thus, the
first objective of this study is to conduct a long-term analysis of indoor air pol-
lution using particle counters in a heritage building. For this purpose, a mon-
itoring campaign was conducted in a case study to evaluate the results in
identifying the causes of pollution. At the same time, spatial analysis was con-
sidered in addition to temporal measurements when identifying pollution
sources using particle counters, such approaches are usually resource-
intensive in terms of equipment (Bulletins, 2021). This motivates the second
objective of the present study: to understand the benefits of conducting spatial
monitoring for conservation purposes for this particular type of equipment.
Thus, the present study provides the opportunity to propose a methodology
that combines long-term and spatial monitoring and how both complement
each other in the assessment of conservation status. It adds a contribution
to the need for pollution monitoring using particle counters to assess the



Fig. 1. Synthesized summary of the typology of studies regarding the Particulate Matter (PM) in heritage buildings based on Table S1 (Saraiva et al., 2023).
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preservation quality and identify the main causes and sources of pollution in
historic buildings. Each objective is targeted by measuring particles within a
case study. The first objective involved long-term monitoring in the Joanina
Library at the University of Coimbra (Portugal) and the second involved spa-
tial monitoring of particles with multiple instruments for one month in the
same library.

2. Material and methods

2.1. Case study

2.1.1. Joanina Library, University of Coimbra
As part of theWorld Heritage Site classified byUNESCO, the Joanina Li-

brary is the most visited monument in Coimbra, due to its historical and
Fig. 2. The Noble Floor o
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artistic value – over 500,000 visitors in 2017 (RTP, 2018). The construction
of the building began in 1717 and was completed in 1728. It is divided into
threefloors, with the noblestfloor, a Baroque-style space, being the focus of
this study. It is richly decorated with wooden shelves painted with frescoes
and gold leaf, making it one of the most unique libraries in the world –
Fig. 2. The Noble Floor houses 40,000 books, mainly from the 16th and
18th, consisting of leather cases and paper, in the two-story bookshelves
separated by a balcony, inaccessible to tourists.

Until the COVID-19 pandemic, tourism management was based on the
intense presence of visitors with a high daily demand that allowed up to
60 visitors every 20 min between 09h00 and 19h00 (summer) and 09h00
and 17h00 (winter). Each group of tourists enters the building through
the lower floor, The Prison Floor, then the visitors pass through the inter-
mediate floor, which is referred to as Basement in this study, and finally
f the Joanina Library.
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reach the Noble floor, where they stay for 10 min. The tour ends with the
tourists leaving the Noble Floor through the main door in direct contact
with the outdoors.

Previous studies of short campaigns, two-week-long in 2017, showed
high levels of indoor PM (Pereira et al., 2017) – 228.76 ± 239.00
μg·m−3, which motivated the continuous study of particle dispersion in
this building.

2.2. Monitoring

The monitoring methodology was divided into two main tasks/strate-
gies: long-term monitoring (I.), and spatial monitoring (II.). Each task was
aligned with the proposed objectives of this study. The details of each
task can be found in Table 1.

Task (I.) - Long-term monitoring: this task included four years of mea-
surements using particle counters on the Nobel floor and Basement. A sen-
sor was placed in Space 1 (S1F) as shown in Fig. 3. This space is the busiest
visiting area of the historic library, where tourists enter the main floor and
stay the longest, and then leave through themain door. Besides tourism and
door openings, during the pandemic COVID-19, the windows were usually
open for ventilation purposes, especially in the summertime.

As a way to improve this long-term monitoring, a particle counter was
used in several places. At the beginning of the monitoring campaign, a de-
vice was positioned on the floor from which tourists come to the Noble
Floor, the Basement. It was located there until the end of October 2018,
when it was moved to Space 2 (S2F) until September 2019 (Fig. 3). Finally,
the same device was positioned in Space 3 (S3F) until the end of the study,
covering periods when the building was closed to tourism due to the pan-
demic restrictions. The building was closed from March 18 to May 22,
2020, and from January 15 to May 31, 2021. Data were collected at each
of these three locations (Basement, S2F, and S3F) for almost a year.

All devices were placed at the same height (1.2 m above the floor). In
total, Space 1 was monitored for four years (since 1st September 2017), and
the other spaces (Basement and Spaces 2 and 3) were monitored for one
year long.

Task (II.) - The spatial monitoring: the number of devices was increased
to expand the spatial coverage of air pollution assessment within and
around the case study. As the building is located at the heights of the city
hill, attached solely on the northern side, it was suspected that each façade
of the building is exposed to different exterior wind and dust conditions.
Therefore, outdoor monitoring was also conducted by placing the devices
placed on each building's façade with openings (doors and/or windows),
represented by ON, OS, and OE. Those devices were installed outside in
front of each façade, being placed at the windowsills of the glazing systems
(ON and OS) and on the main door frame (OE). Additionally, more devices
were also distributed in each one of the three indoor spaces of the historic
library (S1F, S3F, S1B, S2B, and S3B). Vertical distribution was also evalu-
ated by placing the devices on the balcony. A total of seven devices were
Table 1
Summary of the two monitoring tasks carried out.

Task Period Equipment Timestep

I. Long-term monitoring
Fixed position 1st Sep 2017

1st Sep 2021
S1F 10 min

Changing positiona 3rd Nov 2017
22nd Oct 2018

Basement

22nd Oct 2018
06th Sep 2019

S2F

21st Sep 2019
1st Sep 2021

S3F

II. Spatial monitoring
2nd Jul 2021
6th Aug 2021

Fixed positions:
5 (indoor)
3 (outdoor)

5 min

a One of the devices changed position several times over the monitoring period.
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used, as depicted in Fig. 3. It is noteworthy that the electric power was
shut down every night. Even though all devices were equipped with a bat-
tery, monitoring could not be extended more than 2 h after the shutdown
(the equipment battery autonomy).

2.3. Workflow

Theworkflowof the present study followed the sequentialmethodology
shown in Fig. 4. The measurement phase included particle counting, as the
main assignment of the present work, and auxiliary tasks such as the build-
ing survey, CO2, and outdoor monitoring.

When planning monitoring campaigns using portable optical particle
counters it is important to consider memory and number of cycles, auto-
start, and good reliability. For the purpose of this study, devices should
have an automatic turning on with a timestep of 5 and 10 min between mea-
surements and a considerable storingmemory. Considering the given require-
ments, Lighthouse Handheld 3016 IAQ optical particle counters were used as
presented in Table 1. According to the manufacturer's manual, these devices
have a counting efficiency of 50 % for particles with diameters up to 0.3
μm, and 100 % for particles with diameters > 0.45 μm complying with the
ISO 21501-4 standard. Such devices operate with a sampling airflow rate of
2.83 l/m and store up to three thousand records in memory. In addition,
they start automatically electrical energy is supplied. The devices were set
up to takemeasurements every 10min (or 5min depending on the task), sam-
pling for 1 min (2.83 l) and waiting 9 min (or 4 min).

To ensure the regular quality of measurements, a cleaning routine was
carried out in each device whenever data were collected (every two
weeks). Following the manufacturer's recommendation, a purge filter was
then connected to the sample inlet for 30 min to clean each device from
any residual particles. Moreover, an official brand representative calibrated
all equipment in the middle of the experimental campaign (two years).

All records were analyzed and processed, having the data filtered and
reordered, with time steps rounded to the nearest 5 or 10-min period de-
pending on the task.

Apart from particles, two other monitoring activities were carried out si-
multaneously: indoor CO2 concentrations and outdoor environmental condi-
tions (temperature, relative humidity, rain, and wind – direction and speed).
Indoor CO2 was monitored as a tracer gas at the S1F location using an Onset
HOBOMX1102 data logger. CO2measurementswere used to estimate theAir
Exchange perHour (ACH) of each space. Themeteorological parameterswere
measured using a Davis Instruments Vantage Pro 2 weather station, located
near the case study building. A summary of the outdoor conditions during
the period of study can be found in Fig. S1 (Saraiva et al., 2023). Relative hu-
midity andprecipitationwere used to assess eventual correlationswith indoor
pollution. Hourly outdoor PM concentrations were collected from 2017 to
2019 fromanother station also in Coimbra from theQualAr project of the Por-
tuguese Agency for the Environment (APA - Agência Portuguesa do
Ambiente, 2021). A time-series graph of the evolution of the outdoor PM10

is presented in Fig. S2 (Saraiva et al., 2023).

2.3.1. Conversion
The conversion phase comprises the calculation of C and PM of the re-

corded particle counts. Given the N by each device, the following method-
ology was adopted to estimate C, which was adapted from Peter et al.
(2012). In sum, Ci can be estimated by the following equations:

CNi ¼ Ni=Vs (1)

Ci ¼ CNi=mi (2)

mi ¼ 1=6∙π∙Di
3 ∙ρ (3)

PMi ¼ PMi�1 þ Ci�1 (4)

CNi
– particle counts per unit of volume of size channel i [m−3];Ni – par-

ticle counts of size channel i; Vs – sample volume, 0.0028 [m3]; Ci – mass



Fig. 3. Floor plans of the Joanina Library with the distribution of equipment in red markers and respective measuring directions. Task (I.): S1F, S2F, and S3F; Task (II.): S1F,
S1B, S2F, S3F, S3B ON, OS, and OE.
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concentration of size channel i [μg·m−3]; mi – mass of one particle of size
channel i [μg]; Di – mean diameter of size channel i [μm]; ρ – density,
2.2·1012 [μg·m−3]; PMi – particulate matter [μg·m−3]; i – size channel
(0.3, 0.5, 1, 2.5, 5, 10).

All instruments provide measurements for six channels (i): 0.3, 0.5, 1,
2.5, 5, and 10 μm, resulting in mean diameters of 0.4, 0.75, 1.75, 3.75,
7.5, and 10 μm, respectively. It was assumed that the density of the particles
was constant, 2.2·1012 μg·m−3 based on the preliminary analysis of the
measurement results where it was concluded that the courtyard was the
main source of indoor PM in the case study. The outdoor pavement consists
of a combination of a reactive binder with a calibrated natural gravel. So,
the adopted density of particles was specified by the manufacturer's techni-
cal data sheet for this type of pavement material.

2.3.2. Estimation
To tackle the lack of measurements during the night, size-fractioned

mass concentrations (C) were calculated for each day in the estimation
phase. The analytical solution of the indoor mass balance model
5

(Mašková et al., 2016)was used to predict the particle concentration during
the night for each size channel – represented by Eq. (5). The mass balance
model considers deposition, penetration, and emission of particles over
time. During the night, it was assumed a well-mixed air environment with
all doors and windows closed in each space (the building closes after
17h00/19h00 during the winter/summer).

C tj
� � ¼ Cout tj

� �
∙Pi ∙ACHr ∙Rþ C tj � 1

� �
∙ 1 � Rð Þ

ACHr ¼ ACH
Ki þ ACH

R ¼ 1 � exp � Ki þ ACHð Þ∙ tj � t j � 1
� �� �

(5)

Ctj –mass concentration for a given time tj [μg·m−3]; R – Reduction co-
efficient; ACHr – air changes per hour ratio; ACH – air changes per hour for



Fig. 4.Workflow of the study.
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a specific day/season [h−1]; Pi – Penetration factor; COuti(tj) – outdoor mass
concentration for a given time tj [μg·m−3]; Ki – Deposition rate [h−1]; i –
size channel (0.3, 0.5, 1, 2.5, 5, 10); tj – timestep of record j [h].

The estimation of night concentrations using Eq. (5) required a set of as-
sumptions to simplify the approach. Firstly, the emission of new particles
was neglected (Si = 0) since no significant indoor sources were identified
in the building. Then, it was assumed that the outdoor mass concentration
Couti was constant for each night instead of varying over time and the indoor
air volume was fully renovated overnight. Such assumptions were needed
in order to overcome the study limitation of having only indoormonitoring:
the limited resources of the study did not allow to have simultaneous mon-
itoring of indoor and outdoor pollution. As such, Couti was considered equal
to (i) the first record of the next day, or (ii) the following record of a peak
first reading since a common phenomenon was noticed – the air movement
induced by the cleaning personnel in the morning was leading to very high
first readings. This value could not be used as Couti for the estimation during
the previous night. Instead, whenever this phenomenon happened, the sec-
ond record of the next day was used to avoid mispredictions.

The remaining inputs, air changes per hour (ACH), penetration factor
(Pi), and deposition rate (Ki), were estimated. In the study of the airtight-
ness of each space, the Noble Floor and Basement, CO2 measurements
were used to estimate the ACH through the tracer gas method (TGM) and
its decay during the night (unoccupied period). This method is fully de-
scribed in ISO 12569:2017 (ISO, 2017). ACHs were computed for each
day and stored whenever a Coefficient of Determination (R2) of 0.80 was
achieved. Whenever it was not possible to estimate ACH using the CO2

tracer method on a specific day of Space 1 and Basement, average seasonal
ACHs were used instead.

The deposition rate (Ki) was estimated considering the approach pro-
posed by Zhao and Wu (2007), by estimating Ki for each space (1, 2 and
3), considering its volume, and the areas and roughness of surfaces. A sen-
sitivity analysis was carried out by changing roughness values from very
smooth to very rough. Such sensitivity analysis contributes to the under-
standing of the impact of roughness on the calculation of Ki and Pi in the
several spaces. However, for the conservation analysis described in
Subsection 2.3.3, a very rough environment was considered for all spaces
on the Noble floor (Space 1, 2 and 3), and a rough one for the Basement.
This assumes that all surfaces are extremely detailed with contours that in-
crease the overall roughness of the library's inner surfaces.
6

The deposition rate (Ki) is directly proportional to the deposition veloc-
ity (vi) and a constant ratio between the area of all surfaces (A) and the
space volume (V) (Lai and Nazaroff, 2000). Deposition velocities depend
on the particle size, following the values pointed out by Zhao and Wu
(2007), and density, being then corrected according to a review study
(Grau-Bové and Strlič, 2013).

The penetration factor (Pi) could be calculated if outdoor concentrations
(Couti) were known (Chen and Zhao, 2011). Since Couti was assumed, an al-
ternative approach needed to be followed. An iterative process using Eq. (5)
was done to estimate the indoormass concentrations [C(t)] and, at the same
time, compute the Pi. For this purpose, all data between 17h00 and the last
record's timewas used to validate the best combination of the two variables
that were progressively changed in Eq. (5). The variables were the Pi and
the initial point of the temporal evolution (C(t=0)). For each cycle, the Pi
ranged from 0 to 1, with increments of 0.05, and the initial point C(t=0)

was the u-th minimum (for particles of 0.3 and 0.5 μm of diameter) or max-
imum (for the remaining particles) of that period for further estimation.
The initial point changed at least 10 times (u = 10), as the first, second,
and so on, until the tenth, minimum/maximum value between 17h00 and
the final day record. This totalized 200 combinations for every cycle. The
best combination was chosen based on the lowest Least Squared Error
(LSE) and the highest Coefficient of Determination (R2). Then, it was used
to estimate concentrations during the night giving a continuous trend to
the on-site measurements required for the conservation assessment.

2.3.3. Analysis
The continuous data set for themeasured locationswere used to analyze

and evaluate the results regarding the quality of conservation of collections
during the monitoring period. For the assessment of the conservation con-
ditions, the present study proposes a newmethodology to classify PMmea-
surements in historic buildings from the point of view of preservation
considering the survey of themost used conservation norms and thresholds,
as detailed in the Supplementary Material (Saraiva et al., 2023). Due to dif-
ferences between norms' maximum PM thresholds, it was recognized the
need to develop a standardized method for classifying pollution conditions
to fill this gap. Moreover, norms refer only to static conditions at a given
time, t, neglecting the effects of a continuously poor environment on pres-
ervation. Only Tétreault (2003) included in the analysis the temporal as-
sessment of measurements and their consistency. This way, it is defined a



Table 2
Thresholds for the conservation methodology.

Degradation risk Class A Class B Class C Class D

PM [μg·m−3] Low Moderate High Extremely high
PM2.5 thresholds Measurement (x) < 1 10 50 > 50

Daily running avg (xday) < 0.5 5 10 > 10
PM10 thresholds Measurement (x) < 10 30 75 > 75

Daily running avg (xday) < 5 10 30 > 30
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new classification systemwith two input parameters, the PMmeasurement,
x, and the daily moving average of PM, xday . Less strict values of the stan-
dards were used as a reference for each conservation class of x, while
more restrictive thresholds were used for the classification of xday . This in-
dicator xday is an average value calculated from the previous 24 h for a
given time, t, to assess the quality of indoor air pollution over time. Maxi-
mum values for each parameter are presented in Table 2, while the logical
sequence to classify the conditions in a givenmoment is presented in Fig. 5.
Fig. 5. PCI classificati

7

The authors named Performance Conservation Index (PCI) to the pre-
sented methodology, which includes an analysis of peak events, whenever
the xday complied with the class thresholds but PM concentrations, x, in a
specific time, t, was double the x of the next timestep, t + 1, a count n is
made to register a peak event. In this case, the conservation class should
not be affected if it is for a very short period. This is a similar approach to
the existing one for the IAQ assessment for health reasons (Portaria n.o
353-A/2013, 2013). In otherwords, themaximumvalues can be punctually
on methodology.
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exceeded if the daily average remains below the referenced limit. This
methodology emphasizes the significance of the indoor pollution stability
over a day rather than a punctual measurement during the day. Nonethe-
less, it does not mean peaks should be neglected as they are also important
to identify patterns and relations to activity events. This categorization is
not intended to be compulsory, but it may be used to help conservators
Fig. 6. Average Pi in (a) Task (I.), long-term analyses, and (b) T

8

and curators interpretmeasurements in amore standardizedway as an aux-
iliary tool to recommended values in conservation norms.

The Performance Conservation Index (PCI) was estimated for each of
the conservation classes, which represent the risk of degradation and
range from A (low) to D (extremely high). This corresponds to the compli-
ance of the measurements according to the respective maximum values
ask (II.), spatial analysis, for each size channel in all spaces.
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recommended by the standards in Table 2. In other words, PCIs represent
the percentage of time that measurements are within a specific conserva-
tion class as expressed in Eq. (6).

PCI ¼ nClass=nTotal ∙100 (6)

PCI – Performance Conservation Index [%]; nClass – counts for a specific
conservation class; nTotal – total number of measurements in the monitoring
campaign.

The last part of this study includes the calculation of the I/O Ratios using
both concentrations (indoor and outdoor), expressing the relationship be-
tween the indoor and outdoor environment. Though there are recognized
limitations,mainly to quick variations of this estimator since it is influenced
by several circumstances (Chen and Zhao, 2011), it was assumed a steady-
state condition of the indoor environment for each timestep (Mašková
et al., 2020).

3. Results

3.1. (I.) Long-term monitoring

The building airtightness was characterized by seasonal averages of
ACH of 0.32, 0.38, 0.42, and 0.34 h−1 for the Winter, Spring, Summer,
and Autumn periods, respectively. Such values resulted from the estimation
of ACH in 540 days through the night decay of CO2 that was carried out
along with the particle counting – please consider Fig. S3 (Saraiva et al.,
2023).

Deposition rates (Ki) were estimated for Space 1, 2, and 3 and the Base-
ment considering different roughness according to the sensitivity analysis
described in Subsection 2.3.2. It was assumed that Space 1 and 3 had sim-
ilar deposition contexts, since they are identical spaces, while Space 2
varies in terms of area. Ki varied from 0.002 to 0.234, 0.004 to 0.201,
0.009 to 0.203, 0.05 to 0.301, 0.199 to 0.541, and 0.840 to 1.540 for the
respective size channel (0.3, 0.5, 1, 2.5, 5 and 10) depending on the
adopted roughness. A graphical representation of Ki is shown in Fig. S4
(Saraiva et al., 2023). Maximum Ki were found for the roughest, while
the minimum were registered for smoother surfaces.

The estimation of the Pi along with the sensitivity analysis in Fig. 6 pre-
sents the results regarding the average Pi for each size channel in both tasks.
Fig. 7. Statistical analysis for particlemeasurements per size-channel in the Joanina Libra
70,282 estimated), S2F (18,224 measured and 17,474 estimated), and S3F (48,077 mea
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The estimated values during the night of a very rough environment for
the Noble floor rooms and rough for the Basement were used in the analysis
ofmass concentrations and the respective conservation assessment. The dis-
tribution of particles (measured and estimated) was analyzed in terms of
size within the building as presented in Fig. 7.

In general terms, particles with an aerodynamic diameter of 5 μmwere
the most common followed by the 2.5 μm-diameter size ones. The biggest
disparity in mass concentrations occurs for particles with diameters of 1
μm that fit within the PM2.5 size channel. Another considerable increase
in mass concentrations is noticed between size channels of 0.5 and 1 μm.
This is in concordance with what was reported in the literature (Grau-
Bové and Strlič, 2013), meaning that, in heritage buildings, it is relevant
to analyze PM1, especially when this type of building is visited as smaller
particles are more dangerous to human health.

The complementary monitoring of three different locations (Basement,
S2F, and S3F)within the Joanina Librarywas carried out in different periods
to compare the mass concentrations with the reference zone in Space 1
(S1F). Therefore, the statistical analysis shows that in the contiguous spaces
of the Noble Floor (S1F, S2F, and S3F), themass concentrations (C) were not
the same for all channels. The most polluted room was Space 2 (S2F),
followed by Space 1 (S1F), then Space 3 (S3F, and S3F), and the Basement.
If the analysis is focused on each size channel, results differ depending on
the aerodynamic diameter of particles from space to space. S2F was more
polluted with particles with diameters > 1 μm, while the Basement had
more particles with smaller diameters (< 1 μm).

For conservation purposes, size-fractioned mass concentrations were
converted to PM for two size channels, PM2.5 and PM10, along with the re-
spective PCIs. Fig. 8 shows in detail the distribution of each measurement
using the PCImethodology, which was developed in this work. The compli-
ance with other conservation norms is presented in Table S4 (Saraiva et al.,
2023).

In general terms, the compliance with PCIwas rarely adequate, regard-
less of the particle size and space location since Class A had very low PCIs,
being Class C (PM2.5) and Class D (PM10) the most common. This highlights
the poor quality of the indoor environment for conservation purposes
within the case study. While fine particles (PM2.5) are less frequent, thus
presenting higher compliance with better conservation classes, coarse par-
ticles are much more common reflecting on the poorest conservation clas-
ses. Punctual resuspension events (n) are highlighted in red in Fig. 8,
ry: Basement (23,388measured and 13,637 estimated), S1F (100,110measured and
sured and 29,460 estimated).



Fig. 8. PCImatrices for (a) PM2.5, and (b) PM10 in the four locations. The points corresponding to punctual resuspension events (n) are highlighted in red.
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occurring only a few times compared to the number of measured points.
Notwithstanding, the new conservation assessment method PCI pro-
vides a steadier classification of indoor pollution considering a temporal
analysis without jeopardizing resuspension events. Therefore, this
method can be used as an alternative classification to other norms'
when analyzing the conservation of collections from a preventive
preservation point of view.

Daily average data from the nearby weather station was used to esti-
mate I/O Ratio of the daily averages of PM10 in Space 1 (S1F). The calcu-
lated I/O Ratio showed that the indoor concentrations were always
higher than outdoors, as it was always > 1 (I/O Ratio > 1) during the
10
total monitoring period. Within this period, 33.3 % of the time the I/O
Ratio of the daily averages ranged between 1 and 3, 50 % between
values of 3 and 10, and 16.7 % higher than 10 (> 10). Such results indi-
cate some accumulation and/or resuspension were occurring inside the
building since PM concentrations were always higher indoors than out-
doors. However, it was not possible to estimate I/O Ratio for the several
size channels. This was discussed in the literature as a relevant aspect of
indoor pollution characterization since I/O Ratio strongly depends on
particle size (Chatoutsidou et al., 2015). Adding to this, the nearby
weather station is not located exactly in the same place as the case
study. So, combining the need of measuring different size channels



Fig. 9. Size-fractioned mass concentrations of the spatial monitoring.
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with the on-site outdoor monitoring campaign, the second part of the
present study targeted this opportunity. In Task (II.) an outdoor moni-
toring campaign in front of each façade of the building was performed
for one month, which allowed estimating the I/O Ratio for each size
channel with on-site outdoor measurements.
Fig. 10. 3D spatial representation of the equipment with the re
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3.2. (II.) Spatial monitoring

The dedicated monitoring of the spatial distribution of particles gave a
simultaneous perspective of the vertical and horizontal gradients along
the library. To correctly compare concentrations in terms of spatial
spective ranking of pollution for PM2.5 and PM10 channels.
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distribution, all measurementswere synchronized by timestep to ensure the
same quantity of data in every location. The overall results are presented in
the form of cumulative distributions of the size-fractioned mass concentra-
tions (Ci) in each space for each one of the monitored size channels. The set
of graphs in Fig. 9 presents the results of size-fractioned mass concentra-
tions (Ci) during this campaign.

In terms of size-fractioned mass concentrations (Ci), particles with 0.3
and 0.5 μm of diameter presented low values of pollution, not exceeding
10 μg·m−3. For 1-μm diameter particles, mass concentrations reached 20
μg·m−3, while channels 2.5 and 10 did not exceed 100 μg·m−3. Larger
Fig. 11. Results of the Task (II.): (a) Distribution of percentages among ranges of I/O
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concentrations were mostly found at the 5-μm channel, reaching up to
240 μg·m−3.

In terms of the horizontal gradient at the floor level, Space 1 (S1F) is
more polluted than Space 3 (S3F), except for the 10-μm size channel.
While at the balcony level, Space 3 (S3B) is the most polluted as shown in
Fig. 9. These conclusions are generally observed regardless of the size of
the particles. In terms of vertical gradient, the size of particles interferes
with the distribution of particles since the same pattern is identified in
both Spaces 1 and 3. The floor level (S1F and S3F) is more polluted than
the balcony (S1B and S3B) for size channels 0.3 and 2.5, while the opposite
ratio values; and (b) averages of I/O ratios for each location and size channel.
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occurs for particles with diameters of 0.5, 1, and 10. The only difference be-
tween the vertical gradient between both spaces is in the 5-μm size channel
where in Space 1 (S1F) it is more polluted than in the balcony, and in Space
3, the balcony is more polluted (S3B). For these differences, no correlation
was found between the vertical gradient and the size of particles. Still, it can
be noted that S1F has amajor source of pollution that has an evident impact
on this size channel (5-μm), which is precisely the most polluted size-
fractioned channel of all locations in the long-term campaign— the causes
of pollution are discussed in the following section.

Regarding outdoor concentrations, the three façades presented similar
results except for the 1-μm size channel — check Fig. 9. It was expected
that particle concentrations on the East side of the building (OE) would be
higher than in the other orientations since this façade is facing the open-
air sanded courtyard without any obstructions. However, size-fractioned
mass concentrations of OE are only greater for small particles: 0.3, 0.5,
and, with major differences, in 1-μm channels. This could indicate that in-
filtrations through the eastern façade and its openings could have a greater
impact on indoor pollution on the 1-μm channel rather than on others.
Nonetheless, when comparing indoor and outdoor concentrations, it is ob-
served (Fig. 9) that indoor pollution is usually higher than outdoors, except
for the 0.3-μm size channel. On the contrary, particles sized equal to 5 and
10 μm on the three outdoor devices registered concentrations considerably
low, probably due to the fact that these bigger particles are heavier and de-
posited, being less common in suspension in the outdoor environment.
Converting mass concentrations into PM, it was possible to plot the average
results of PM2.5 and PM10 size channels according to their location within
the library as shown in Fig. 10.

PM concentrations were then used to calculate I/O Ratio. The discrimi-
nated percentages of the I/O Ratio within certain ranges for each location
are presented in Fig. 11. Regardless of the device location, the most com-
mon bin of I/O Ratio varied between 1 and 3. This points out that the indoor
environment is commonlymore polluted than the outdoor one. It is also no-
ticeable that I/O Ratio tends to increase with the increase in particle size,
which indicates that there are larger accumulations of bigger particles in-
doors. PM0.5 and PM1 were the only channels that had I/O Ratio below 1
Table 3
Comparison of PMmeasurements (averages ± standard deviation) of Task (I.) with oth

Literature Averages
[μg·m−3]

Basement

PM1

Mašková et al. (2020) 1.4–9.4 5.7 ± 4.1
Mašková et al. (2015) 0.2–12
Krupińska et al. (2013) 5–12
Deering et al. (2019) 8–42

PM2.5

Anaf et al. (2013) 8–17 10.6 ± 5.7
Cao et al. (2011) 108.4–242.3
Cavicchiolia et al. (2014) 3.5–5.8
Marcelli et al. (2020) 9–9.8
Krupińska et al. (2013) 12–32
Deering et al. (2019) 10–50
Lazaridis et al. (2015) 28–52

PM10

Anaf et al. (2013) 12–31 72.9 ± 87.7
Mašková et al. (2020) 2–10.3
Cavicchiolia et al. (2014) 8.6–11.2
Mašková et al. (2015) 0.2–25
Mašková et al. (2016) 4–30
Lazaridis et al. (2018) 19–44
Marcelli et al. (2020) 11–15
Krupińska et al. (2013) 10–18
Deering et al. (2019) 21–82
Lazaridis et al. (2015) 32–62

TPM
Cao et al. (2011) 172.4–312.5 87.1 ± 107.4
Hu et al. (2009) 220.6
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most of the time depending on the location, which is aligned with what
was presented in the last paragraph.

Averages are also presented in the last graph of Fig. 11. On average, I/O
Ratio ranged between 0.5 and 4.5, though reached up to 6 in S1F for PM10

and Total ParticulateMatter (TPM) channels. The increase of I/O Ratiowith
the increase of PM size channel is highlighted by the ladder shape presented
in Fig. 11. Lower ratios were estimated for PM0.5 and PM1, while higher ra-
tios were for PM10 and TPM.

4. Discussion

The validation of the indoormass balancemodel, using records after the
closing time of the building, converged to the Penetration factor (Pi) with
the best performance for each time step t for each roughness considered.
The threshold of 0.70 to R2 as a good agreement between predictions and
measurements of particulate matter (Saraiva et al., 2021). With this refer-
ence value in mind, the compliance between the measured and estimated
values shows a satisfactory performance of the indoor air mass model,
which resulted in R2 values of 0.73, 0.70, 0.70, 0.71, 0.70, and 0.69 for
all size channels of PM concentrations in the Basement, S1F, S2F, and S3F,
respectively. Nevertheless, the approach implemented to estimate concen-
trations tends to underpredict concentrations as can be seen in Figs. S7 to
S10 (Saraiva et al., 2023).

The sensitivity analysis points out that Pi are usually higher on rough
models than on smoother ones regardless of the space and task, with the ex-
ception of size channel 10 μmwhere the pattern is inverted. For both tasks,
differences between Pi for different values of roughness are almost constant
suggesting a linear correlationwhere Pi increasewith the increase of rough-
ness. Moreover, such differences have the same dispersion for Task (I.), but
in the second task, S1F presents a different increase of Piwith the increase of
roughness for size channel 2.5 and 5 μm,which is related to the bigger con-
centrations monitored in this space.

The only possible comparison of Pi results between both tasks is done for
S1F and S3F locations. The longer campaign gives a more representative
idea of the penetration of particles to spaces since it has a more complete
er case studies.

S1F S2F S3F

4.9 ± 3.7 5.3 ± 3.7 4.1 ± 3.3

12.5 ± 8.8 16.2 ± 9.8 9.5 ± 5.9

136.7 ± 180.7 268.2 ± 261.8 60.6 ± 67.2

180.8 ± 262.5 309.8 ± 307.7 65.7 ± 79.3
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dataset, even though, dynamic outdoor concentrations (Couti) were used in
the estimation of penetration factors (Pi) for the spatial task. Generally, Pi
results were different when comparing the same locations for the different
tasks. For S1F, the second task presented greater Pi values, while S3F pre-
sented much smaller values in the second task.

In Task (I.) the Basement presented the biggest Pi values, while the re-
maining spaces presented a similar pattern. The Basement has a smaller
area where particles can deposit comparing to the Noble floor, which is
highly decorated with details and edges. Therefore, the Basement has
lower Ki and, in return, increased Pi values to compensate estimation algo-
rithm of the indoor air balance model. S2F was the space with lower differ-
ences when changing roughness values. The remaining location presented
similar results for Pi.

In Task (II.), it is possible to evaluate differences within the same space
but at different heights. Differences aremore noticeable in Space 1where at
the floor level (S1F), Pi are bigger than on the balcony level (S1B). On Space
3 results are identical. It is also perceived that the balcony results have sim-
ilar patterns.

Regardless of the task, Pi of particles with diameters of 10 μm are the
only values that are outside of the literature range. In fact, In the literature,
Pi tends to diminish as the diameter of particles increases, so it was expect-
able that results for this size range would follow the downtrend of Pi (de-
creasing with the increase of the size of particles). This is related to the
faster deposition of larger particles, which are mostly settled in this specific
size channel, which forces bigger Pi during the iterative process. However,
the results do not show this downtrend, Pi increases for particles with diam-
eters of 10 μm in both tasks. For the long-term part of the study, it may be
justified by the assumption of having the outdoor concentrations constant
and equal to the first value in each day indoor for the long-term task. If
this outdoor value registered was lower (most of the particles are/were set-
tled) Pi needed to increase in the indoor mass balance model to converge to
the measured indoor measurement for the estimation phase. For the spatial
task, instead of using a constant value during the night in Eq. (5), dynamic
outdoor concentrations (Couti) were used in the estimation of penetration
factors (Pi). However, very few particles with that diameter were counted
during the campaign, indicating that those particles were settled and,
such as in the first task, the best performance value for Pi to compensate
Fig. 12. Long-term analysis of the particle concen
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for measured indoor concentrations. Mašková et al. (2020) had already re-
ported difficulties related to the Pi of bigger particles.

In terms of PM, measurements led to the confirmation that the indoor
environment was: i) polluted through the characterization of mass concen-
trations; and, consequently, ii) more polluted indoors than the outdoor
through the estimation of I/O Ratio using PM; reflected in iii) the poor
IAQ for conservation of cultural patrimony. In this way, PM concentrations
measured at Joanina Library in Task (I.) can be compared to the results
found in other case studies — please consider Table 3.

From Table 3, for size channels PM1 and PM2.5, results were within
those found in the literature. However, for PM10 Joanina Library has larger
measured averages compared to other case studies. Total ParticulateMatter
(TPM) is only presented in Table 3 to show the only case study where PM
measurements were within the same range as those found in Joanina Li-
brary. The Emperor Qin's Terracotta Museum (Cao et al., 2011; Hu et al.,
2009) presents a similar range of values, which also has a sanded pavement
like the Joanina Library courtyard. It is important to highlight that Task (II.)
was carried out during a period of less touristic presence due to the COVID-
19 pandemic. Thus, the reduction of visitors affected PM measurements,
diminishing the obtained values to similar ranges in other case studies.
Even so, the different context and operation of Joanina Library justify the
larger measurement of particles compared to the other case studies. The
unique combination of factors related to the building itself led to the high
measurement of indoor particles.

Source: courtyard— A punctual PMmeasuring in other buildings, that
surround the Joanina Library and share the same courtyard, showed that in-
door pollution is related to its sanded pavement: the same size pattern was
identified in all the buildings that surround the courtyard as evidenced in
Fig. S5 (Saraiva et al., 2023). When tourists walk over the sanded court-
yard, the thin gravel is smashed into dust, and, then, brought indoors
(Fig. S6 (Saraiva et al., 2023)). In literature, problems related to the outdoor
pavement have rarely been addressed in touristic sights (Hu et al., 2009),
being this specific case study a relevant contribution to raising awareness
of its negative impact on this type of building.

Transportation: tourists – It was observed that particles, which were
adhered to the footwear and clothing of visitors as they walked through
the sanded courtyard, were then brought inside. Since tourists were the
tration by size channel in the Joanina Library.
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main transportation means between the outdoor and the indoor, the oppor-
tunity left by the lockdown due to the COVID-19 pandemic allowed to eval-
uate this concern. In this way, Fig. 12 evidences that indoor pollution
reduced abruptly with the lockdown, clarifying that the increase of parti-
cles is related to tourism. The correlation coefficients between measure-
ments and daily tourism rates were 0.02, 0.17, 0.60, 0.72, 0.71, and 0.74
for each size channel (0.3, 0.5, 1, 2.5, 5, and 10 μm, respectively). This in-
dicates a strong correlation for particles with diameters > 1 μm. Similarly,
other studies have been reporting tourism as amajor driver of indoor pollu-
tion, promoting resuspension (Chatoutsidou et al., 2015) and bringing dust
adhered to their clothes (Bertolin et al., 2018). In this library, the strong
correlation between tourists and dust ends up reflecting the improvement
of the conservation conditions during the lockdown. Where PM2.5 and
PM10 were reduced by 64.6 % and 28.5 %, respectively.

Deposition: carpet – Particles transported indoors were accumulated
on the building since.

I/O Ratio indicates amore polluted environment indoors. Another agent
of pollution that the literature points out is textiles (Marcelli et al., 2020).
Carpets can act as a deposit of particles that when walked by tourists en-
hanced resuspension (Injuk et al., 2002). The analysis of time-series plot-
ting (Fig. 12) showed that when the carpet was removed from the
Basement floor on May 28th 2018, when concentrations dropped consider-
ably. This proved that a considerable amount of dust was being deposited
on the carpet, and then, resuspended. Thus, a week-long trial without the
long-red carpet on the Noble Floor allowed to confirm the positive impact
of not having carpets on intensely visited buildings as highlighted in
Fig. 13.

Resuspension: carpet and tourists — Visitors were responsible for
transporting particles indoors and the carpet acted as a deposit. However,
the combined effect of having tourists walking on carpets enhanced resus-
pension (Serfozo et al., 2014; Rosati et al., 2008). This is the sole reason
why mass concentrations present similar trends every day. PM peaks oc-
curred before lunchtime, and then, in the afternoon, before the closing
time due to tourism activity. Whenever a new visit is entering the noble
floor, new particles are being deposited and the already deposited ones
are resuspended. This ends up increasing dust particles (between 2.5 and
10 μm). Then, this duo “carpet-tourists” is the major contributor to indoor
pollution. Therefore, the use of textile carpets on the floor is discouraged
Fig. 13.Average values of daily PM concentrations, rain rates, relative humidity, and tour
precipitation (blue area) and pollution is also notorious.
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(Wang et al., 2015), and literature recommends using vinyl carpets instead
(Camuffo, 1996) on heritage buildings that are highly visited.

Another resuspension type of event was noticed since occasionally the
first readings on a day were very high. This was related to the cleaning per-
sonnel movement, which has also been discussed in other studies (cleaning
procedure activities boost resuspension, such as opening andmoving books
(Deering et al., 2019), or cleaning the buildings (Xiu et al., 2015)).

Other patterns can be investigated, e.g., a seasonal pattern is noticed
over the years (Fig. 12), especially for bigger particles, associated with
the outdoor conditions. The diminishing of particle concentrations when-
ever it rains has been reported in other studies (Prajapati, 2003; Sánchez
de la Campa et al., 2011), as particles settle when watered. Fig. 13 shows
the explicit effect of rain on PM reduction. Drought has also been related
to the increase in particle suspension (Fermo et al., 2020). Regarding the re-
lation between indoor pollution and the wind speed measured at the
weather station, no noticeable patterns were found probably due to the dis-
tance of the station to the case study.

Some other studies registered higher concentrations during the winter
(northern hemisphere), justifying the seasonal variability due to an increase
in outdoor pollution (Cao et al., 2011; Fermo et al., 2020) – but thatwas not
the case. Likewise, the presence of fungi or mold could be contributing to
the increase of particles, especially for particles with diameters up to 10
μm (PM10). For this purpose, the authors followed the methodology pre-
sented in another study (Schito et al., 2018), where the risk of mold growth
was assessed using the same case study. Therefore, the estimation of the Bi-
ological Risk Index (BRI) was done for the long-term analysis in S1F and S3F
where hygrothermal data loggers were placed. However, results indicate a
low biological risk of mold growing and spore germination, as for S1F, S2F,
and S3F, percentages were 1.39 %, 0.03 %, and 5.90 %, respectively. Nev-
ertheless, a microbiological sampling should be done to evaluate and con-
firm the presence of fungi and/or mold.

Fig. 14 presents the evolution of PM concentrations in the outdoor and
indoor environments allowing an evaluation of the outdoor results and
their impact on the indoor environment.

Fig. 14 illustrates the greater impact of the outdoor environment on the
indoor pollution of PM2.5 than on PM10 since the daily evolution of indoor
concentrations follows the outdoor ones of the former size channel.
Marcelli et al. (2020) have already reported that indoor particles usually
istic rates in periodswith andwithout carpet (red box). The inverse relation between



Fig. 14. Daily graph of the spatial monitoring.
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follow the outdoor trends but for both PM2.5 and PM10. But herein, on the
contrary, PM10 trends show that an increase of particles is more related to
resuspension due to tourism as it was discussed previously as a driving
source of pollution. This affects the I/O Ratio calculated on both tasks,
where the analysis is done for each channel. Task (II.) allowed a closer anal-
ysis of the I/O Ratio since outdoor pollution was being measured exactly on
the building location, it was done for the 6 size channels and with smaller
timesteps than those used on Task (I.).

For channel PM10 in S1F, results were similar between both tasks (33.3
% and 24.8 % for I/O Ratio between 1 and 3, 50.0 % and 62.9 % between 3
and 10, and 16.7 % and 11.5 for values > 10, for Task (I.) and (II.), respec-
tively). Comparatively, the I/O Ratio for PM10 in four case studies in a sim-
ilar study (Mašková et al., 2020) did not exceed 0.07, 0.19, 0.18, and 0.33 –
these values are very different from those registered in the present study. In-
deed, the results obtained during the second campaign, point out the higher
differences between the indoor and outdoor on particleswith diameters> 1
μm (PM2.5). From one point of view, those I/O Ratio are usually bigger as
there is a lot of transportation and deposition of particles within the case
study. But from the other, some extreme peaks of I/O Ratio are related to
temporary and punctual occasions of resuspension during the day – as ob-
served in Fig. 14. This has already been discussed as a drawback of I/O
Ratio analysis when quick variations of this parameter were influenced by
punctual events (Chen and Zhao, 2011), which do not characterize indoor
pollution in global terms.

I/O Ratio were calculated using measurements of OE as it was the most
potential pollution source. But, from the evaluation of the indoor monitor-
ing and the outdoor measurement in each façade, it was verified that there
was no need for more than one outdoor device. One device is sufficient to
effectively characterize outdoor concentrations and estimate I/O Ratio, as
the results were similar for the three monitored façades.

Finally, it is critical to reflect on the importance of spatialmonitoring for
the characterization of particle distribution using portable optical counters.
Dust collection at filters is suitable to evaluate dust composition. However,
there are many buildings without centralized systems to ventilate and col-
lect dust. Thus, portable optical particle counters are useful alternatives to
characterize the indoor environment for a long-term or spatial assessment
of the conservation conditions as it was demonstrated in the present
work. Continuous monitoring allows the allowed to identify the relation
of events with the fluctuation of particles. Therefore, the characterization
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of the indoor pollution presented for Joanina Library using optical particle
counters gave sufficient insight for an effective long-term and spatial assess-
ment of the indoor environment, especially for conservation purposes. This
idea is reinforced for heritage buildings that have several restrictions (re-
sources, visual impact, etc.) as such devices are relatively small, produce
less noise, and can be easily moved. Even so, some limitations can be ac-
knowledged as the forced shutdown of energy during nighttime (counters
were not running), which limited the analysis of indoor pollution during
that period. Even though, this limitation was overcome by predicting the
night decay concentrations, estimated using the indoor mass balance
model. This model is grounded on CO2monitoring to use the TGM allowing
the estimation of Air Changes per Hour (ACH), then, the calculation of De-
position rates (Ki), and the iterative process to estimate Penetration factors
(Pi) with lower errors,R2 and LSE. Such concentrationswere required to im-
plement the proposed classification of indoor pollution from a conservation
perspective. This approach can be easily replicated in other case studies for
the conservation assessment.
5. Conclusion

One of the greatest challenges for historic buildings that are intensively
visited by tourists is themaintenance of environmental conditions and their
compatibility with heritage conservation.

In the context of preventive conservation, particles and dust are among
the most common threats to conservation leading to careful attention and
evaluation. Commonly, monitoring and simulation approaches are the
mainly usedmethodologies. Of all the variety of methods, particle counting
is one of the least used. Therefore, the present research focuses on investi-
gating how portable optical counters can be used for the long-term and spa-
tial monitoring of particles in historic buildings.

To achieve this goal, two monitoring campaigns were divided into dif-
ferent tasks: (I.) four-year data collection with two instruments; (II.) spatial
distribution of particles with seven instruments in the Joanina Library of
the University of Coimbra.

Thesemeasurements were used to estimatemass concentrations, partic-
ulate matter (PM), I/O Ratio, and to assess the preservation quality. A new
approach to classify PMwas developed and applied as an alternative to the
prevailing preservation standards. In this way, the use of such devices
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proved to be useful for pollution sources and typical pattern identification,
when compared to other studies following different approaches.

The results supported the characterization of particle suspension within
the case study, particularly the particles coming from the courtyard, their
transportation (tourists), deposition indoors (carpet), and the reason for
their resuspension (carpet and tourists). Measurements indicated high par-
ticle suspension, particularly for particles > 1 μm throughout the long-term
monitoring, reflecting poor compliance with the best conservation classes.
Consequently, the optical counter data indicated a polluted indoor environ-
ment, most of which conformed to Class C and D thresholds given the novel
classification used in this work.

Regarding the spatial distribution, airborne particles and their suspen-
sion depend on the size channel evaluated. In terms of vertical distribution,
the balcony level was always less contaminated than the floor level for the
0.3, 2.5, and 5 μm size channels, and more contaminated for the 0.5, 1, and
10 μm channels. The horizontal distribution depends on the level at which
the particles were measured.

Considering the constraints that apply to some heritage buildings (visi-
bility, noise, and operation) and the characterization of indoor pollution
using optical particle counters, such equipment can be a useful alternative
to other approaches for long-term and spatial purposes. Therefore, the pro-
posed methodology adapts the use of these devices so that they can be used
in other case studies.
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