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ABSTRACT

Three intensive campaigns in spring, summer andewif009 where conducted in the Baroque
Library Hall in Prague, Czech Republic. The numbencentration of particulate matter (PM) was
measured online and simultaneously, both indoodscaidoors with an SMPS (0.014-Quih) and an
APS instrument (0.7-20m). A dynamic mass balance model was introduceithgadkccount particle
penetration from outdoors and indoor losses (déipasiventilation). The model was used to
determine deposition rate k and penetration eficjeP in 13 discrete size intervals. Model
performance was evaluated using the coefficiemtetérmination (8 by selecting different pairs of k
and P. No unique solution found, thus, averagedegabf k and P from the best correlated pairs were
used to estimate infiltration factor. Good agreent@tween infiltration factor and 1/O ratio confiech
that modeled k and P were well-estimated. The déposrate was found to depend strongly on
particle size with higher rates for ultrafine armhise particles. Penetration efficiency, on thesioth
hand, was not clearly related with particle sizZee Tnfiltration factor varied substantially withrtiale
size with less effective removal for accumulatioaction (0.1-0.7um). Higher infiltration factor for
ultrafine particles, compared to coarse partidledicates that enrichment of the library at thizesis
caused by penetration from outdoors. On the otaedhhuman presence during visiting hours found
to contribute significantly to coarse particles ibgreasing the indoor number concentration by a

factor of 3, 3.2 and 2 during spring, summer anatavirespectively.
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1. Introduction

Indoor air quality in cultural heritage buildings a common issue in modern societies. Outdoor
pollution changed considerably the last 50 yea}stlilis, it is crucial to assess the impact of oatd
pollution to the indoor one, as well as indoor pw@hts since they threat the conservation and

preservation of the collections [2].

Particlulate matter can cause soiling by depostiot adsorption, material degradiation or damage by
chemical reactions [3-6]. Indoor pollutants in awd heritage buildings may originate either from

indoor sources or penetrate indoors through thidibgi envelope [4,7-9]. Common indoor sources

include heating, smoking, cleaning or walking. ®e bther hand, penetration depends on particle
dynamics [10]. Particulate matter characteristiesegated indoors are strongly connected with the
primary indoor sources [11,12], whereas, partittest originate from outdoors are determined by

building characteristics, ventilation, transporarticle dynamics and outdoor PM characteristics
[10,13-17].

Numerous studies have already focused on indoarhairacterization of libraries and museums with
regard to chemical pollutants, indoors sourcesmite reactions and environmental factors [4,6-
8,18-23,2,24]. Moreover, the characteristics obmdPM in museums were also studied with regard
to the outdoor environment [7,9,25,26]. These s®idnclude buildings belonging to a complex or
individuals, in suburban or urban areas, with re&tuwr mechanical ventilation and different

construction materials. In all cases, the resutidedine the influence of the indoor environment by
the chemical composition of indoor pollutants, gaitate matter concentration and the contribution
from outdoor sources along with the impact fromoimdhuman presence. Thus, the estimation of
indoor pollutants originating from outdoors alongthwthe impact from indoor sources became a

crucial issue.

Penetration of outdoor particles indoors and bnigdcharacteristics were studied thoroughly. The
relationship of indoor and outdoor particulate matvas examined in several environments [27-32]
and the reported results strongly associated tleomPM concentration with the outdoor one. In
respect to particle dynamics and using mass balamméels, the authors managed to determine
deposition indoors and penetration from outdodibpagh the variability of the results indicatea th
strong dependence on assumptions, different mekbgies and building characteristics [33-41].
However, all studies provided insight to particiemdmics indoors and associated both deposition and

penetration with particle size.



The present study examined the particle numberactenistics in Baroque Library Hall (BLH) in
Prague, Czech Republic. A former study on indooflummts and indoor/outdoor pollutants
relationship can be found in [22]. The BLH is auratly ventilated building, which, along with the
controlled access from the visitors, provided a darg site appropriate for determining the
infiltration of outdoor originated particles andr@stigation of the visitor's impact on indoor Pivhel
contribution of the present study is that it emglawpfiltration characteristics with size resolved
analysis in a cultural heritage building as mosttioé studies in the topic involve domestic
environments (houses). The objective was to evalpatticulate matter characteristics indoors with
respect to outdoors, to estimate penetration adamrt particles and deposition rates indoors using a
dynamic mass balance model, to determine theratiitih factor and its dependence on particle size

and finally to investigate the contribution of tisitors to the indoor particle concentration.

2. Experimental and methodology
2.1 Sampling site

The Baroque Library Hall of the National Librarypart of Clementinum Historical Complex and is
located in the Vltava River valley, right in thestarical center of Prague. The intensity of caffitran
this area is approximately 24,200 cars per day. [@&mentinum, built on an area of 2 hectaredyas t
second largest and the most historic complex dtlimgjs in Prague. The Hall, situated in the cenfer
the Clementinum on the second floor, holds appreatéfy 20.000 theological books dating from the

16th century until recent times and stored in oaagjivooden shelves.

Figure 1 presents the internal scheme of the lbraris 39 m long and 9.4 m wide with an arched
ceiling in the lowest point at 8.3 m and in theHagt point 9.5 m high. There are 8 double glass
windows covered by curtains along the western asticen side and 4 entrance doors, 2 on the north
side and 2 on the south side. The doors on thér midle lead from the hallway, which serves as a
storage room and as entrance used by librariansemtorers. The doors on the south side lead from
foyer of the Hall and serve as an entrance andfexihe visitors. The library is naturally ventgéal

with all windows closed, while, the doors open ofdy visiting purposes. The visitors enter the Hall
in groups of maximum 25 people with the guide aod only along the south site of the Hall.
Sightseeing tours took place every day from 10 aoh started every half-hour during weekend and
every hour during the rest of week. A detailed dpsion of the library can be found in [43]. Any

other activities (e.g. cleaning) in the indoor @amiment were very limited.

Figure 1: Scheme of the library and position ofitistruments.

2.2 Measurment campaigng/l nstrumentation



The campaign was conducted during sprind”@07" March), summer (1%- 21" July) and winter
(22" November - ¥ December) 2009. Indoor and outdoor particle numimercentrations were
measured by a Scanning Mobility Particle Sizer (SVifodel 3934C, TSI, U.S.A.) consisted of a
Differential Mobility Analyzer (DMA, model 3081), £€ondensation Particle Counter (CPS, model
3775) and an Aerodynamic Particle Sizer (APS, m88&0, TSI, U.S.A.). Both instruments sampled
from both inside and outside BLH simultaneouslyngsits own sampling train provided with an
electrically actuated three-way ball valve connét¢tea common programmable controller that used a
CPC voltage (controlling the high voltage on thetca rod of the DMA) as a signal for switching.
The SMPS sampled with a flow rate at 0.3 I/min, suesmg particle number concentration in the size
range of 0.014-0.7 um in 110 channels. The APSapasated with 5 I/min flow rate and measured
particles in the effective size range 0.7-20 undinchannels. The SMPS used 3 min upward scan,
followed by one minute downward scan with one nmeéndelay necessary to separate samples and
wash sampling train after valve switching. Everljualvo five-minute sampling cycles for indoor
sampling followed by two five-minute cycles for dabr sampling. The experimental set up of the
instruments is shown in Figure 2. Data from bo#trimments were collected using Aerosol Instrument
Manager software (AIM v.1.0, TSI, U.S.A.), wherarticle losses inside sampling trains were
incorporated. In addition temperature, relative hlitpy and CQ concentration were measured by
Indoor Air Quality Monitor PS32 (Sensotron, Poland)

Figure 2: Experimental set up of the instruments.

2.3 Estimation of air exchangerate

Measurements of C{@oncentration revealed periodical increase andedser of CQlevels indoors.
The concentrations started to grow daily at theirygg of the visiting hours, reached maximum at
the end of the visiting hours and followed by adyga decrease to the original values. The increase
resulted from carbon dioxide exhaled by visitord][And the decrease from air exchange between

indoors and outdoors.

Hence, the air exchange rate of the library waisnaséd from the decay in G@oncentration during

night-time. CQ concentration followed an exponential decay witketby [44]:
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where, a is the air exchange rate {) t and t, are the end and beginning of the decay curv8,(h

respectivelyC and C, are the C@concentrations (ppm) measured at tihasdt,, respectively and



Cout (ppm) is the outdoor concentration at timeThe air exchange rates, estimated for all three

campaigns are given in Table 1.

Seasonal variation in air exchange rate indicaiffserent ventilation of the library through the
building envelope for different seasons. In naturaentilated buildings, the airflow is driven by
temperature or pressure differences [45]. It ieljikthat the variation of the ventilation insides th
Baroque Library Hall is driven by temperature difleces [22]. Table 1 provides the average
indoor/outdoor temperature during visiting and m@iting hours. The numbers strongly suggest that

the temperature inside the library depends on @ntdonditions.

Table 1: a) Estimated air exchange rates for eagipkng period and b) average (+ SD) temperature

inside and outside the library for visiting and nasiting hours for the three seasons.

a) Spring Summer Winter
Air exchange rate (h 0.13 0.11 0.15
b) Temperature
Indoor Visiting hours 13.4 (£ 0.6) 24.1 (£ 0.3) 23+ 1.6)
Non-visiting hours 13.0 (x 0.5) 24.0 (£ 0.3) 18£30.5)
Outdoor Visiting hours 8.4 (x1.7) 23.9 (+ 4.6) @23.1)

Non-visiting hours 6.7 (+ 1.6) 19.5 (x3.7) 8.248)

2.4 Indoor mass balance moded

The indoor particle concentration for a well-mixa@d volume can be described using a dynamic mass

balance model:

9C _pac, —aC, —kC, +> (2
dt V

where, G, is the indoor particle concentration (&nCo. is the outdoor particle concentration (©m

P is the penetration efficiency is the air exchange rate™fh k is the deposition rate th S is the
emission rate of particlesth, V is volume of the area under study ®mand t is the time (h). The
equation (2) assumes that the indoor particle aur&gon is a result of particle penetration from
outdoors, deposition on indoor surfaces, air exghdnom indoors to outdoors and emissions from
indoor sources. Condensation and coagulation obdndgarticles are considered negligible. The
assumption of the well-mixed volume was confirmgdekamining the spatial variability of the indoor

air inside the library. The results indicated ttiat well-mixed assumption was reasonable.



Indoor particle concentration can be determinedguisiquation (2) for a given time period. For each
time step of the specified period, the indoor cotregion is estimated using a numerical backward

difference:

C, (t) = PaC,, (t —1)dt +[1- (a+ k)dt]C,, (t-1) +V§dt 3)

out

Under the condition where no sources are preseiobns the last term of the above equation can be

neglected, and equation (3) is transformed into:
C,, (t) = PaC, (t ~1)dt + [1- (a+k)dt]C,, (t ~1) (4)

Hence, equation (4) can be used to estimate inclmacentration by selecting the appropriate values
for deposition and penetration, when the air exghamrate and the outdoor concentration are known.
Both variables (k and P) depend substantially ortigh@ size and characteristics of the building

envelope.

Moreover, considering steady state conditions esiee building and no presence of indoor sources

equation (2) yields the infiltration factor:

aP
a+k ®)

The infiltration factor, F;, is a function of air exchange rate penetration efficiencyP, and
deposition ratk. Therefore, F; is dimensionless and represents the fraction dithes that penetrate
from outdoors and remains suspended indoors. Thatieq (5) also demonstrates that the infiltration

factor is equivalent with the I/O ratio under steathte conditions.

3. Results and discussion
3.1 Indoor and outdoor particle characteristics

The total average particle number concentratioth(lredoors and outdoors) for the three seasons is
presented in Table 2. Additionally, Table 2 compaitee particle number concentration at different
size fractions. The SMPS data were separatedwuasize fractions, where, the first one includes th
particles between 0.014-Ouim (nucleation fraction) and the second one inclyskaticles between

0.10-0.71um (accumulation fraction). On the other hand, tHeSAdata were separated to the fine



fraction corresponding to particles in the sizegerof 0.7-3um and to the coarse fraction

corresponding to particles at the size range d 3.

Table 2: Indoor and outdoor particle number conegioin (cnt’) for the three seasons. Comparison
between the average (+SD) total concentration hadaterage (+SD) concentration at different size

fractions.

Total Total
(0.014-0.71um) 0.014-0.1um 0.10-0.7lum (0.7-20um)

a) Spring
Indoor 2,301 + 742 1,616 £ 526 686 + 253 92+6.235+22 0.005 + 0.004
Outdoor 5,130+2,751 3,950 + 2,152 1,180+ 774 52926.8 12.4+10.2 0.07 £ 0.06

0.7-3um 3-20um

b) Summer

Indoor 2,382 + 836 1,565 + 549 817 + 333 1.7+0.6 .8 0.2 0.01 + 0.009
Outdoor 6,379+4,232 5,079+ 3,444 1,299 + 940 #2790 2212 0.07 £ 0.05
c) Winter

Indoor 2,608 + 1,201 1,653 + 713 955 +534 11.681 4.0+3.1 0.009 + 0.008
Outdoor 5,489+3,414 3,948+2,431 1541+1,1227.0228.1 10.1+9.3 0.08 £ 0.06

Higher outdoor concentration observed in all trseasons. The average indoor concentration in the
particle size 0.014 - 0.7dm varied between 2,301 - 2,608 'ﬁmiuring the three seasons, whereas, the
average outdoor concentration for the same partide ranged between 5,130 - 6,379°cifihe

numbers indicate higher outdoor concentration 8 &ders of magnitude than the indoor number

concentration. The same characteristic was obsdovdiigger particles (0.7-20m).

Table 2 also suggests that particles at lower fsamtions (0.014-0.1um, 0.7-3pm) present higher
ambient concentration both indoors and outdooem) tarticles at higher fractions (0.10-0y¢th, 3-

20 um). Additionally, particle number concentration fzes > 3um was negligible both indoors and
outdoors. Similar characteristic was found in [®]a study at Plantin-Moretus museum in Antwerp,

Belgium.

Moreover, it was found that during several peritidsindoor particle concentration is highly affette
by the outdoor one. Figure 3 presents such a pemdebre, the indoor and outdoor particle
concentrations are plotted during a 4-days penodiinter season. It is demonstrated that the teatpor
fluctuations of outdoor concentration contributgndicantly to the indoor ones resulting in a
considerable increase of indoor particle conceptrdor both low (0.014-0.7m) and high (0.7-20
um) particle sizes. Similar periods, where the terapfiuctuations of outdoor concentration affected

the indoor concentration found in all three seasanslerlying that the particulate matter inside the



library is strongly affected by outdoor conditioriadoor-outdoor relationship of ambient PM is

reported in other studies dealing with museum emvirents [7,18,21,25,46].
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Figure 3: Total indoor and outdoor number concdiotneof particles in the size range: a) 0.014 410.7
um and b) 0.7 - 2@m during 28/11/2009-02/12/2009 in winter period.

3.2 Indoor/Outdoor Ratio

In general, I/O ratio maintained values lower tian, indicating that there was no significant indoo
source (Figure 4). Although, Figure 3 suggeststti@indoor concentration is considerably influehce
by the outdoor, the relatively low I/O ratio (< P.inderlay that the building envelope obstructs a

significant fraction of outdoor particles penetratdoors.

Figure 4 also indicates that the 1/O ratio depesitgngly on particle size. Higher ratios (0.4-0.7)
observed in the accumulation fraction (0.1-Quh) for all three seasons suggest that particle
infiltration is more effective at this size rangamwer ratios obtained mainly for ultrafine (0.014-0
um) and coarse (1-20m) particles. Diffusion due to Brownian motion foltrafine particles and
gravitational settling for coarse particles canlaixpthe lower ratios at these size fractions [47].
Similar dependence of I/O ratio with particle sigeeported in other studies [35,39,48]. Additidyal

averaged higher ratio of ultrafine particles (0.88mpared to coarse particles (0.27) suggests that



particles at the size range of 0.014-0m penetrate easier through cracks and leaks itisedibrary.

On the other hand, coarse particles are more afédcremoved due to their size [10].

No seasonal variation of /O ratio observed, sifegure 4 indicates similar ratios through the
different seasons. However, it is worth to notedbereased I/O ratio for ultrafine particles (0@L%

um) during summer and increased for coarse partide20 um) in respect to spring and winter
season. It is possible that ultrafine particlesene slightly higher values during spring and wirtee

to higher exchange rate, whereas, the effect fl@rptesence of people in summer season contributes

to higher I/O ratios for coarse particles in theason.
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Figure 4: Averaged I/O ratio versus particle siaethe three seasons. Error bars represent standard

deviation.

3.3 Modeling of theindoor particle concentration
3.3.1 Method for estimating deposition rate andgteation efficiency

Indoor particle concentration was modeled for dife size intervals using equation (4). Since dine
exchange rate of the library was estimated by @®asurements, the only requirements in equation
(4) is to find the appropriate values for depositi@te k and penetration efficiencl? using the

continuous outdoor particle concentration.

Particle number concentration in the range 0.0Z4t0n was evaluated using 9 size intervals,
whereas, particle number concentration betweer?@.dm was evaluated using 4 size intervals.

Particle size distribution above j@m was not divided into smaller size intervals beeaindoor

9



number concentration aboveuh was usually close to zero. In total 13 discréte itervals were
used to cover the full size range of the measumddistribution. The deposition rate and penedrati
efficiency were evaluated in each size intervaldbbrthree seasons, thus, 3 possible values fdr eac
variable in order to obtain an independent reMatid values for P were considered inside the rahge

< P < 1, whereas, k was evaluated for positive amlin order to diminish the possible acceptable
values for deposition, a lower limit was used basedhe air exchange rate of each season. The lower
limit was obtained considering an initial value,igf) corresponds to the lowest positive number of
the same order of magnitude for each air exchaage(e.g. for air exchange rate 0.0022 “hiine
initial value was selected at 0.0001 MinThe above method was used in equation (4) ierotal
ensure that the deposition rate retains mathenfigtggnificant value. The time step used in equiti

(4) was selected the same with the time intervadus the measurement, thus, 5 minutes. Hence, the
deposition rate was originally obtained in unitsvfnand the modeled values were exactly same in
number as the measured data. The modeled was gueaim time for a selected value of k and for the
full range of P. The time step for penetration whesen 0.01, whereas, for deposition 0.0005'min
(or 0.03 ht).

The aim was to find the best fit between the messurdoor concentration and the obtained modeled
indoor concentration. This was succeeded by findivegpair of values (k, P) that generate the best
fitted curve. For this purpose, coefficient of detmation (R) was used as a criterion. Nevertheless,
in many cases more than one pair of k and P resintaearly equal values ofRThe same problem

is reported in similar studies dealing with infiltion in houses [39,40]. The methodology followed t
overcome this problem was to find one pair thaiegates a curve with the highest\Rilue. Then, the
highest value of Rwas selected, and only thé Walues higher than the 95% of the best generated R
were considered valid. Any pair of k and P corresfieg to a valid Rwas selected to determine the
averaged k and P for each size interval. Thusfitla deposition and penetration was obtained from
several valid pairs of k and P. Table 3 lists thpasition rate k and penetration efficiency P iohea

size interval for the 3 seasons.

The above method resulted in one unique value ofvfh highest correlation for every tested
deposition rate in the range of the penetratioitieffcy (0.01-0.99). Plotting every one of these R
values with deposition, we obtain a U-shaped cwiwdglar to the one Bennett and Koutrakis [39]
found (Figure 5a). The U-shaped curve suggeststhiea¢ was always one? Ralue, which gave the
best correlation between the measured and the ewbdehcentration but also indicates the presence
of other almost equal values. Thus, highlights tlb@-unique solution of k and P and reflects the
variability of the results with all possibly accable values. Furthermore, using the P value that
corresponds to the previously found\Re obtain a proportional relationship between & Bn Figure

5b plots the k and P pairs for two selected sitrwals (0.014 - 0.08m, 0.03 - 0.04um) for the three

10



seasons. The values of P in each case represehesheorrelation (] for each deposition rate in
each size interval. It is demonstrated that k amdtonly depend proportionally but are characestiz

by a linear relationship. The same characterisiund in all cases for all three seasons. Henas, it
highlighted that the two model parameters are md¢pendent, rather than, when deposition increases
(higher settling) model formulation requires anreased penetration efficiency (higher fraction of
outdoor particles penetrate indoors) in ordernd fhe best fit between the measured and the nobdele

concentration.

Moreover, in order to avoid the influence of tharshg point, any local maximum of the indoor

concentration at the beginning of the dataset veagented. Such a local maximum was found at the
beginning of winter, where, the data from the fi2ét hours were excluded from the calculations.
Additionally, in summer season it was generally esleed that the modeled values presented a
significant underestimation of indoor concentratiomly at the end of the dataset. Hence, it was
concluded that the starting point (which presemegdarkably high indoor concentration compared to
the rest of the data) influences the results ardddta were modeled at different starting points. N

underestimation of indoor concentration was obtiimdien the starting point was located at the
middle of the data set (18/07/2009). All subsequahtulations were computed using the previously

found starting point.
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Figure 5: a) Highest generated fer each deposition rate at two selected sizeniate (0.014 - 0.03
um, 0.03 - 0.04im), b) Penetration efficiency (that correspondsithest K) versus deposition rate

for the same selected size intervals.
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Measured data and modeled concentration were iargem good agreement. Higif Ralues were

usually found (> 0.7) with good correlation betwdbe compared values. Figure 6 provides, as an
example, a comparison between the measured indogentration and the modelled one for two size
intervals in each season. It can be seen that plesimass balance model accounting particle
infiltration, exchange rate with the outdoor enmimeent and deposition losses is suitable enough to
reproduce the observed concentration. High coioelaR’) suggests good agreement between the

measured data and the modelled values.

In some cases, however, the model could not achiegle levels of confidence, although, the
generated curve was similar to the profile of tha@oor concentration. The low?Rvas mainly due to

strong fluctuations of indoor and outdoor concdiiraand was observed mainly during summer
season. However, the estimated k and P were ntidedtin order to compare it with averaged /0

ratio.
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Figure 6: Comparison between measured indoor ctratem (©) and modeled indoor concentration
(=) using the best fitted values of k and P for twee sntervals (0.014-0.im, 0.7-1um) and all three
season. Plots a, ¢ and e correspond to particléxe a&ize range 0.014-0uin for spring, summer and
winter respectively. Plots b, d and f correspongaoticles at the size range 0.7 for spring,
summer and winter respectively. The pairs of k Bndre taken from Table 3. The correlatior)(R

between the measured data and modeled value®ipraisented.

Finally, in the size interval 3-20m the correlation between the measured data anadkeled values
was substantially lower than the other tested sitervals. It was found that the model failed to
generate several peaks of indoor particle condgmraAlthough, the indoor concentration of coarse

particles at the size interval 3-20n was negligible in all three seasons, it was assuthat this
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fraction of particles is mostly affected by the g@ece of visitors inside the library. Other studies
dealing with air pollution in museums reported ithituence of visitors on the indoor concentratian a
coarse particle fraction [7-9,26,49]. Thus, in ortte determine appropriate values of k and P for
coarse particles, the indoor concentration was eoetpin parallel with the outdoor. We then isolated
time periods, where, the indoor concentration feédd similar temporal fluctuations as the outdoor
and investigated only these selected periods taimmbtalues for deposition and penetration.
Originally, only the night data of each season wexamined but no good correlation was found

because the evaluation of only the night data teduin shorter tested periods, which were not

representative enough.

Table 3: Estimated values of deposition and petietrausing equation (4) and area-averaged

deposition velocityV, . The values represent the average and standaratidev(mean + SD) of k

and P in each size interval.

Size interval gm) k (HY P V, (mis) (-10)
Spring
0.014 -0.03 0.22 £0.09 0.75+0.15 6.04
0.03-0.04 0.12 £0.07 0.74 £0.15 3.29
0.04 - 0.05 0.05+0.04 0.69 £0.15 1.37
0.05 - 0.07 0.03+£0.02 0.63 £0.08 0.82
0.07-0.1 0.03 £0.02 0.68 £ 0.08 0.82
0.1-0.15 0.02 £0.01 0.68 £ 0.06 0.55
0.15-0.2 0.02 £0.01 0.72 £0.05 0.55
0.2-04 0.03 £0.02 0.65 £ 0.07 0.82
04-0.7 0.03 £0.02 0.58 £ 0.08 0.82
0.7-1 0.15+0.10 0.60 £0.17 4.12
1-2 0.11 £0.07 0.54+0.14 3.02
2-3 0.35+0.15 0.51£0.15 9.61
3-20 1.04 £0.39 0.46 £0.13 28.58
Summer
0.014 -0.03 0.24 £0.08 0.77 £0.13 6.60
0.03-0.04 0.06 £0.05 0.70 £0.17 1.65
0.04 - 0.05 0.04 £0.02 0.65x0.11 1.10
0.05 - 0.07 0.03+£0.02 0.70 £0.09 0.82
0.07-0.1 0.03 £0.02 0.82 £0.09 0.82
0.1-0.15 0.009 £ 0.004 0.80+£0.03 0.02
0.15-0.2 0.009 £ 0.004 0.83+£0.02 0.02
0.2-04 0.006* 0.76 £0.02 0.02
04-0.7 0.006* 0.76 £0.03 0.02
0.7-1 0.03£0.01 0.69 £ 0.07 0.82
1-2 0.06 £0.05 0.76 £0.15 1.65
2-3 0.08 £0.04 0.48 £0.07 2.20
3-20 0.70 £0.07 0.70 £ 0.06 19.24
Winter
0.014 -0.03 0.27 £0.10 069 £ 0.15 7.42
0.03-0.04 0.20 £ 0.07 0.74+£0.15 5.50
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0.04 - 0.05 0.11 +0.07 0.73+0.15 3.02
0.05-0.07 0.05 +0.04 0.72+0.15 1.37
0.07-0.1 0.05+0.03 0.75+0.14 1.37
0.1-0.15 0.04 +0.02 0.77 +0.13 1.10
0.15-0.2 0.04 £0.02 0.79+0.11 1.10
0.2-04 0.04 +0.02 0.77 +£0.13 1.10
04-0.7 0.04 £0.02 0.74+£0.13 1.10
0.7-1 0.15+0.08 0.73+0.16 412
1-2 0.17 £0.09 0.71 £0.17 4.67
2-3 0.41 +£0.17 0.67 £0.19 11.27
3-20 1.09 +0.27 0.76 £0.14 29.95

* no standard deviation. Deposition determined/drdm one value of k.

3.3.2 Averaged values of k and P

The deposition rate varied substantially with @detsize. The highest rates were obtained for garti
size 3-20um (1.04, 0.70 and 1.09'Hor spring, summer and winter respectively). Higparticle size

is associated with higher deposition rates dudramg gravitational settling that characterizesrsea
particles. A similar trend but with lower rates walsserved for ultrafine particles. High deposition
rates (0.22-0.27H were obtained for nucleation fraction 0.014-008 in all three seasons caused
mainly by Brownian diffusion. On the other handpdsition for particles at accumulation fraction
(0.1-0.7um) preserved nearly the same values (0.02-0708 Bpring, 0.006-0.009hin summer and
0.04 K in winter). The above findings are in agreementthwiother studies
[13,14,34,35,39,40,44,50,51] where deposition wasd to depend considerably on particle size. The

values also indicate nearly similar rates for tiree¢ seasons.

Although, deposition was found to depend on partiike, penetration efficiency, on the other hand,
was not clearly related with particle size. Higimeeation (0.6 - 0.8) was found in most size indésy
The numbers suggest that outdoor particles peeegasily inside the library independent of the
particle size. High penetration (0.8-0.9) in ulitnaf particles is also reported in literature [16,3fut
coarse particles are usually characterized withetopenetration factors due to their size, which,
prevents them from entering the building [52]. Altigh, such a trend is observed in spring season,
penetration during summer (0.70) and winter (Osé&@sons retained high estimates at coarse particles
Higher estimates of penetration efficiency thanested (in particle sizes > m) are reported in
[13,53]. It is likely that high penetration is dte the building envelope. Experiments conducted in
laboratories associated the increased values vwgtiehpressure difference or larger crack heighi.[1
Additionally, geometry of the cracks has been fotmdonsiderably affect penetration factors [54]. A

possible reason since the library corresponds tmdanonstruction.

Figure 7 presents a comparison of the averageddkPaim the present study with values from the

literature corresponding in real environments. émeral, our estimates are comparable with litegatur
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values. However, it is observed that depositiondocumulation fraction (0.1-0.dm) presents the

lowest rates than literature values. Different aebteristics of the indoor environments (volume, air
flow turbulence, surface texture roughness, miximgchanisms) influence the results considerably
[55]. An easy way to interpret and compare theltgss to introduce the area-averaged deposition

velocity (Table 3). Using the relatiod, = k(V /ZS) [55], whereV, is the area-averaged deposition

velocity, V represents the volume of the library’iend S the surface area?jniThe surface area was
determined including all books and shelves andaserto volume ratio was found at 1.0%.rthus,

the deposition rate k was transformed into the-axesaged deposition veloc\t_y . Likewise higher
velocities were obtained for ultrafine and coaraetiples. Table 3 suggests that deposition velocity
inside the library ranged between®®00* m/s, which is in full agreement with literaturdwes (10°-

10° m/s [55]).
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Figure 7: Comparison between averaged depositienaiad penetration efficiency in this study with
studies from literature [13,35,36,53,56,57] in re@lironments.

3.4 Infiltration factor and comparison with I/O ratio

The infiltration factor for each size interval waalculated using deposition and penetration values

provided in Table 3 and the corresponding air erghaate for each season (Table 1). Evaluation of
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the estimated k and P was achieved comparingratfih factor with 1/O ratio. Figure 8 compares the
infiltration factor with I/O ratio at each size @mvval for the three seasons. It should be notadith
the case of coarse fraction (3-2@) the 1/O ratio presented in Figure 8 correspdodsie calculated
I/O ratio from the number concentration data ofghkected periods, used to determine k and Pt thi

size range.

Infiltration factor was equal to I/O ratio in mastses. Figure 9 plots the infiltration factor ver$t®

ratio for all size intervals and seasons. Goodeagent with 1/O ratio ensures that the averageddk an
P represent at a high confidence level the partelgosition rate and penetration efficiency in each
size interval. By extend it also confirms the setecof the starting point in summer data and the

selected periods that were used in 3t80size interval to determine k and P for coarséiqles.

The infiltration factor ranged between 0.24-0.76darticles in the size range 0.014-Qm, whereas,

in the size range 0.7-20m F,; ranged between 0.05-0.56. Sincgy; Fepresents the fraction of
particles that reaches the indoor environment foutdoors and remains suspended, it indicates that
infiltration of ultrafine particles is higher comeal to coarse particles and that enrichment offire
particles inside the library was caused by peretrarom outdoors. It also confirms that particle
dynamics (deposition, penetration) depend on partize. Similar dependence of;Rvith particle

size was found in other studies [39,40,51].
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Figure 8: Comparison between infiltration facte) @nd I/O ratio ¢) in each size interval for a)

spring, b) summer and c) winter seasons.
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Figure 9: Infiltration factor versus I/O ratio fatl size intervals for the three seasons. The (y)

correlates the two variables.

3.5 Influence of visitorsinsidethelibrary

Periodical increase and decrease of indoor pacaheentration that could not be modeled, was found
in the size range between 3-20n in all three seasons. Figure 10 presents theomdamber
concentration of coarse particles for spring seasotomparison with modeled concentration is also
shown. Although, modeled concentration successf@presents the indoor concentration at periods
outside the visiting hours, there are several teaipmdoor fluctuations that the model could not
generate. These temporal fluctuations were assacisith the presence of visitors inside the library
since all of them were located during visiting leoundoor concentration of coarse particles may be
elevated for different reasons: transport of dustnf outside, resuspension of the deposited pasticle
on the floor, fabric fibers or material emissiorSther studies related the increased indoor

concentration at coarse fraction with human preseiucing the visiting hours [4,9,25,46].
However, a significant deviation of the modeled aanmtration from the measured data outside the

visiting hours was observed at the end of the se@®/07/09 19:00 until the end). This deviatiorswa

due to the averaged procedure that was used teedinae averaged values for k and P. In particular,

18



evaluation of the model at this period (16/07/0900until the end) provided with lower values of P.
Thus, modeling the indoor concentration of coaraetigdes during spring with the averaged P,
resulted in higher modeled values than the measatr@tie end of season. A limitation due to the

evaluation of the indoor number concentration @frse particles in selected time periods.

In order to determine the impact of human presensie the library, the periods during visiting
hours were isolated and compared with periods afi-wisiting hours. Table 4 presents the
concentration of coarse particles during visitimgl anon-visiting hours for all three seasons. Indeed
during visiting hours the indoor concentration ofrse particles increased by a factor of 3, 3.22and
for spring, summer and winter respectively, sugggsthat human presence influences substantially

indoor concentration at this size range (3129).

Additionally, Figure 11 presents a comparison Gf fAtios between visiting and non-visiting houts. |
is demonstrated that /O ratios maintain higheueal during visiting hours for all three seasons.
Moreover, it is observed that higher I/O charagtsisummer, which is directly associated with more
people visiting the library and longer visiting st this season. The"percentile in summer was

0.24, whereas, for spring and winter season tflgpBécentile was 0.11 and 0.14 respectively.
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Figure 10: Comparison of indoor measured conceotralvith modeled concentration of coarse

particles (3-2Qum) in spring season. Colored areas representngdiimurs (10:00-17:00).
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Table 4: Averaged number concentration of indo@rse particles (3-20m) during visiting and non-

visiting hours.

Number concentration (ch

Visiting hours Non-visiting hours Increase factor
Spring (10:00-17:00) 0.009 0.003 3
Summer (10:00-20:00) 0.016 0.005 3.2
Winter (10:00-16:00) 0.014 0.007 2
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0.8 | _ i

o %er il
<
o
— 04 -

02 [ [ [ -

| 7 ) )

0.0 -I- 4 I T |

Spring Summer Winter

Figure 11: Comparison of 1/O ratio of coarse p&tiq3-20um) for visiting and non-visiting hours.
The box plots represent the™&nd the 78 percentile values, mean value and the horizomal the

median (58 percentile) value. Outliers are excluded.

4. Conclusions

Particle number concentration was measured insidatarally ventilated building during different
seasons (spring, summer, winter). It was found itiddor concentration was substantially influenced
by outdoor fluctuations in all three periods. Nasmnal variation of I/O ratio between the same
particle size suggests similar behavior in termgatfticle dynamics and building characteristics. A
mass balance model was used to evaluate the astidridfrom outdoors assuming no indoor sources,
were the deposition rate and penetration efficiemeye evaluated at each size interval for the three

seasons.

The present method provided several valid pairdeposition and penetration at each size interval,
suggesting that there is no unique solution andligigting the variability of k and P. Each size

interval was examined separately and averaged valik and P were finally used to determine

20



infiltration factor. The infiltration factor was igood agreement with I/O ratio ensuring the well-
estimated values for deposition and penetratiogaah size interval. It was also evident that the F

was size dependent with less effective removal @urmaulation fraction. Therefore, indoor

concentration was dominated by ultrafine partichekjch were associated with penetration from
outdoors due to higher infiltration factor. Coarsaticles, on the other hand, were associated with
human presence due to low confidence level betweedeled and measured concentration. In
addition, the contribution of the visitors was exaed separately, where higher 1/O ratio and indoor

concentration during visiting hours confirmed th#uence from indoor sources.
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Indoor/outdoor particle concentration was measured in a naturally ventilated building.
A mass balance model was used to model indoor concentration.

Deposition rate k and penetration efficiency P determined in 13 size intervals.
Infiltration of outdoor particles and contribution from indoor sources was eval uated.
Infiltration factor was in agreement with 1/O ratio.



