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ABSTRACT 
 
Three intensive campaigns in spring, summer and winter 2009 where conducted in the Baroque 

Library Hall in Prague, Czech Republic. The number concentration of particulate matter (PM) was 

measured online and simultaneously, both indoors and outdoors with an SMPS (0.014-0.7 µm) and an 

APS instrument (0.7-20 µm). A dynamic mass balance model was introduced taking account particle 

penetration from outdoors and indoor losses (deposition, ventilation). The model was used to 

determine deposition rate k and penetration efficiency P in 13 discrete size intervals. Model 

performance was evaluated using the coefficient of determination (R2) by selecting different pairs of k 

and P. No unique solution found, thus, averaged values of k and P from the best correlated pairs were 

used to estimate infiltration factor. Good agreement between infiltration factor and I/O ratio confirmed 

that modeled k and P were well-estimated. The deposition rate was found to depend strongly on 

particle size with higher rates for ultrafine and coarse particles. Penetration efficiency, on the other 

hand, was not clearly related with particle size. The infiltration factor varied substantially with particle 

size with less effective removal for accumulation fraction (0.1-0.7 µm). Higher infiltration factor for 

ultrafine particles, compared to coarse particles, indicates that enrichment of the library at this size is 

caused by penetration from outdoors. On the other hand, human presence during visiting hours found 

to contribute significantly to coarse particles by increasing the indoor number concentration by a 

factor of 3, 3.2 and 2 during spring, summer and winter respectively. 

 

*Address correspondence to Chatoutsidou Sofia Eirini, Norwegian Institute for Air Research (NILU), 
Instituttveien 18, 2007, Kjeller, Norway, Tel.: +47 6389 8167   
E-mail address: SofiaIrini.Chatoutsidou@nilu.no 
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1. Introduction 
 
Indoor air quality in cultural heritage buildings is a common issue in modern societies. Outdoor 

pollution changed considerably the last 50 years [1], thus, it is crucial to assess the impact of outdoor 

pollution to the indoor one, as well as indoor pollutants since they threat the conservation and 

preservation of the collections [2].  

 

Particlulate matter can cause soiling by deposition and adsorption, material degradiation or damage by 

chemical reactions [3-6]. Indoor pollutants in cultural heritage buildings may originate either from 

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

include heating, smoking, cleaning or walking. On the other hand, penetration depends on particle 

dynamics [10]. Particulate matter characteristics generated indoors are strongly connected with the 

primary indoor sources [11,12], whereas, particles that originate from outdoors are determined by 

building characteristics, ventilation, transport, particle dynamics and outdoor PM characteristics 

[10,13-17].  

 

Numerous studies have already focused on indoor air characterization of libraries and museums with 

regard to chemical pollutants, indoors sources, chemical reactions and environmental factors [4,6-

8,18-23,2,24]. Moreover, the characteristics of indoor PM in museums were also studied with regard 

to the outdoor environment [7,9,25,26]. These studies include buildings belonging to a complex or 

individuals, in suburban or urban areas, with natural or mechanical ventilation and different 

construction materials. In all cases, the results underline the influence of the indoor environment by 

the chemical composition of indoor pollutants, particulate matter concentration and the contribution 

from outdoor sources along with the impact from indoor human presence. Thus, the estimation of 

indoor pollutants originating from outdoors along with the impact from indoor sources became a 

crucial issue. 

 

Penetration of outdoor particles indoors and building characteristics were studied thoroughly. The 

relationship of indoor and outdoor particulate matter was examined in several environments [27-32] 

and the reported results strongly associated the indoor PM concentration with the outdoor one. In 

respect to particle dynamics and using mass balance models, the authors managed to determine 

deposition indoors and penetration from outdoors, although the variability of the results indicated the 

strong dependence on assumptions, different methodologies and building characteristics [33-41]. 

However, all studies provided insight to particle dynamics indoors and associated both deposition and 

penetration with particle size.  
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The present study examined the particle number characteristics in Baroque Library Hall (BLH) in 

Prague, Czech Republic. A former study on indoor pollutants and indoor/outdoor pollutants 

relationship can be found in [22]. The BLH is a naturally ventilated building, which, along with the 

controlled access from the visitors, provided a sampling site appropriate for determining the 

infiltration of outdoor originated particles and investigation of the visitor’s impact on indoor PM. The 

contribution of the present study is that it employs infiltration characteristics with size resolved 

analysis in a cultural heritage building as most of the studies in the topic involve domestic 

environments (houses). The objective was to evaluate particulate matter characteristics indoors with 

respect to outdoors, to estimate penetration of outdoor particles and deposition rates indoors using a 

dynamic mass balance model, to determine the infiltration factor and its dependence on particle size 

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

 

2. Experimental and methodology 
 
2.1 Sampling site 
 
The Baroque Library Hall of the National Library is part of Clementinum Historical Complex and is 

located in the Vltava River valley, right in the historical center of Prague. The intensity of car traffic in 

this area is approximately 24,200 cars per day [42]. Clementinum, built on an area of 2 hectares, is the 

second largest and the most historic complex of buildings in Prague. The Hall, situated in the center of 

the Clementinum on the second floor, holds approximately 20.000 theological books dating from the 

16th century until recent times and stored in original wooden shelves.  

 

Figure 1 presents the internal scheme of the library. It is 39 m long and 9.4 m wide with an arched 

ceiling in the lowest point at 8.3 m and in the highest point 9.5 m high. There are 8 double glass 

windows covered by curtains along the western and eastern side and 4 entrance doors, 2 on the north 

side and 2 on the south side. The doors on the north side lead from the hallway, which serves as a 

storage room and as entrance used by librarians and restorers.  The doors on the south side lead from 

foyer of the Hall and serve as an entrance and exit for the visitors. The library is naturally ventilated 

with all windows closed, while, the doors open only for visiting purposes. The visitors enter the Hall 

in groups of maximum 25 people with the guide and run only along the south site of the Hall. 

Sightseeing tours took place every day from 10 am and started every half-hour during weekend and 

every hour during the rest of week. A detailed description of the library can be found in [43]. Any 

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

Figure 1: Scheme of the library and position of the instruments.  

 

2.2 Measurment campaigns/Instrumentation 
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The campaign was conducted during spring (10th - 17th March), summer (14th - 21th July) and winter 

(22th November - 2nd December) 2009. Indoor and outdoor particle number concentrations were 

measured by a Scanning Mobility Particle Sizer (SMPS, model 3934C, TSI, U.S.A.) consisted of a 

Differential Mobility Analyzer (DMA, model 3081), a Condensation Particle Counter (CPS, model 

3775) and an Aerodynamic Particle Sizer (APS, model 3320, TSI, U.S.A.). Both instruments sampled 

from both inside and outside BLH simultaneously using its own sampling train provided with an 

electrically actuated three-way ball valve connected to a common programmable controller that used a 

CPC voltage (controlling the high voltage on the central rod of the DMA) as a signal for switching.  

The SMPS sampled with a flow rate at 0.3 l/min, measuring particle number concentration in the size 

range of 0.014-0.7 µm in 110 channels.  The APS was operated with 5 l/min flow rate and measured 

particles in the effective size range 0.7-20 µm in 51 channels. The SMPS used 3 min upward scan, 

followed by one minute downward scan with one minute delay necessary to separate samples and 

wash sampling train after valve switching. Eventually two five-minute sampling cycles for indoor 

sampling followed by two five-minute cycles for outdoor sampling. The experimental set up of the 

instruments is shown in Figure 2. Data from both instruments were collected using Aerosol Instrument 

Manager software (AIM  v.1.0, TSI, U.S.A.), where particle losses inside sampling trains were 

incorporated. In addition temperature, relative humidity and CO2 concentration were measured by 

Indoor Air Quality Monitor PS32 (Sensotron, Poland). 

 

Figure 2: Experimental set up of the instruments. 

 

2.3 Estimation of air exchange rate 
 
Measurements of CO2 concentration revealed periodical increase and decrease of CO2 levels indoors. 

The concentrations started to grow daily at the beginning of the visiting hours, reached maximum at 

the end of the visiting hours and followed by a gradual decrease to the original values.  The increase 

resulted from carbon dioxide exhaled by visitors [24] and the decrease from air exchange between 

indoors and outdoors.  

 

Hence, the air exchange rate of the library was estimated from the decay in CO2 concentration during 

night-time. CO2 concentration followed an exponential decay with time by [44]:  
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where, a  is the air exchange rate (h -1), �	and	�� are the end and beginning of the decay curve (h -1), 

respectively, C and C0 are the CO2 concentrations (ppm) measured at times t and t0 , respectively and 
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Cout (ppm) is the outdoor concentration at time t. The air exchange rates, estimated for all three 

campaigns are given in Table 1.  

 

Seasonal variation in air exchange rate indicates different ventilation of the library through the 

building envelope for different seasons. In naturally ventilated buildings, the airflow is driven by 

temperature or pressure differences [45]. It is likely that the variation of the ventilation inside the 

Baroque Library Hall is driven by temperature differences [22]. Table 1 provides the average 

indoor/outdoor temperature during visiting and non-visiting hours. The numbers strongly suggest that 

the temperature inside the library depends on outdoor conditions.   

 

Table 1: a) Estimated air exchange rates for each sampling period and b) average (± SD) temperature 

inside and outside the library for visiting and non-visiting hours for the three seasons. 

a)  Spring Summer Winter 

Air exchange rate (h-1) 0.13 0.11 0.15 

b)   Temperature    

Indoor Visiting hours 13.4 (± 0.6) 24.1 (± 0.3) 13.2 (± 1.6) 

 Non-visiting hours 13.0 (± 0.5) 24.0 (± 0.3) 13.3 (± 0.5) 

Outdoor Visiting hours 8.4 (± 1.7) 23.9 (± 4.6) 9.2 (± 3.1) 

 Non-visiting hours 6.7 (± 1.6) 19.5 (± 3.7) 8.2 (± 2.8) 
 

2.4 Indoor mass balance model 
 
The indoor particle concentration for a well-mixed air volume can be described using a dynamic mass 

balance model: 

 

V

S
kCaCPaC

dt

dC
ininout

in +−−=  (2) 

 

where, Cin is the indoor particle concentration (cm-3), Cout is the outdoor particle concentration (cm-3), 

P is the penetration efficiency, a  is the air exchange rate (h-1), k is the deposition rate (h-1), S is the 

emission rate of particles (h-1,), V is volume of the area under study (cm-3),  and t is the time (h). The 

equation (2) assumes that the indoor particle concentration is a result of particle penetration from 

outdoors, deposition on indoor surfaces, air exchange from indoors to outdoors and emissions from 

indoor sources. Condensation and coagulation of indoor particles are considered negligible. The 

assumption of the well-mixed volume was confirmed by examining the spatial variability of the indoor 

air inside the library. The results indicated that the well-mixed assumption was reasonable. 
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Indoor particle concentration can be determined using equation (2) for a given time period. For each 

time step of the specified period, the indoor concentration is estimated using a numerical backward 

difference: 

 

[ ] dt
V

S
tCdtkadttPaCtC inoutin +−+−+−= )1()(1)1()(  (3) 

 

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

neglected, and equation (3) is transformed into: 

 

[ ] )1()(1)1()( −+−+−= tCdtkadttPaCtC inoutin   (4) 

 

Hence, equation (4) can be used to estimate indoor concentration by selecting the appropriate values 

for deposition and penetration, when the air exchange rate and the outdoor concentration are known. 

Both variables (k and P) depend substantially on particle size and characteristics of the building 

envelope.   

 

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

equation (2) yields the infiltration factor: 
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The infiltration factor, Finf, is a function of air exchange rate a, penetration efficiency P, and 

deposition rate k. Therefore, Finf is dimensionless and represents the fraction of particles that penetrate 

from outdoors and remains suspended indoors. The equation (5) also demonstrates that the infiltration 

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

 

3. Results and discussion 
 
3.1 Indoor and outdoor particle characteristics 
 
The total average particle number concentration (both indoors and outdoors) for the three seasons is 

presented in Table 2. Additionally, Table 2 compares the particle number concentration at different 

size fractions. The SMPS data were separated into two size fractions, where, the first one includes the 

particles between 0.014-0.1 µm (nucleation fraction) and the second one includes particles between 

0.10-0.71 µm (accumulation fraction). On the other hand, the APS data were separated to the fine 
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fraction corresponding to particles in the size range of 0.7-3 µm and to the coarse fraction 

corresponding to particles at the size range of 3-20 µm. 

 

Table 2: Indoor and outdoor particle number concentration (cm-3) for the three seasons. Comparison 

between the average (±SD) total concentration and the average (±SD) concentration at different size 

fractions. 

 
Total  

(0.014-0.71 µm)  
0.014-0.1 µm 0.10-0.71 µm 

Total 
(0.7-20 µm)  

0.7-3 µm 3-20 µm 

a) Spring       

Indoor 2,301 ± 742 1,616 ± 526 686 ± 253 9.2 ± 6.2 3.5 ± 2.2 0.005 ± 0.004 

Outdoor 5,130 ± 2,751 3,950 ± 2,152 1,180 ± 774 29.5 ± 26.8 12.4 ± 10.2 0.07 ± 0.06 

b) Summer       

Indoor 2,382 ± 836 1,565 ± 549 817 ± 333 1.7 ±0.6 0.8 ± 0.2 0.01 ± 0.009 

Outdoor 6,379 ± 4,232 5,079 ± 3,444 1,299 ± 940 4.5 ± 2.9 2.2 ± 1.2 0.07 ± 0.05 

c) Winter       

Indoor 2,608 ± 1,201 1,653 ± 713 955 ± 534 11.6 ± 10.0 4.0 ±3.1 0.009 ± 0.008 

Outdoor 5,489 ± 3,414 3,948 ± 2,431 1,541 ± 1,122 27.0 ± 28.1 10.1 ± 9.3 0.08 ± 0.06 

 

Higher outdoor concentration observed in all three seasons. The average indoor concentration in the 

particle size 0.014 - 0.71 µm varied between 2,301 - 2,608 cm-3 during the three seasons, whereas, the 

average outdoor concentration for the same particle size ranged between 5,130 - 6,379 cm-3. The 

numbers indicate higher outdoor concentration by 2-3 orders of magnitude than the indoor number 

concentration. The same characteristic was observed for bigger particles (0.7-20 µm).  

 

Table 2 also suggests that particles at lower size fractions (0.014-0.1 µm, 0.7-3 µm) present higher 

ambient concentration both indoors and outdoors, than particles at higher fractions (0.10-0.71 µm, 3-

20 µm). Additionally, particle number concentration for sizes > 3 µm was negligible both indoors and 

outdoors. Similar characteristic was found in [9] in a study at Plantin-Moretus museum in Antwerp, 

Belgium.  

 

Moreover, it was found that during several periods the indoor particle concentration is highly affected 

by the outdoor one. Figure 3 presents such a period, where, the indoor and outdoor particle 

concentrations are plotted during a 4-days period in winter season. It is demonstrated that the temporal 

fluctuations of outdoor concentration contribute significantly to the indoor ones resulting in a 

considerable increase of indoor particle concentration for both low (0.014-0.71 µm) and high (0.7-20 

µm) particle sizes. Similar periods, where the temporal fluctuations of outdoor concentration affected 

the indoor concentration found in all three seasons, underlying that the particulate matter inside the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 

 

library is strongly affected by outdoor conditions. Indoor-outdoor relationship of ambient PM is 

reported in other studies dealing with museum environments [7,18,21,25,46].  

 

Figure 3: Total indoor and outdoor number concentration of particles in the size range: a) 0.014 - 0.71 

µm and b) 0.7 - 20 µm during 28/11/2009-02/12/2009 in winter period. 

 

3.2 Indoor/Outdoor Ratio 
 
In general, I/O ratio maintained values lower than 0.7, indicating that there was no significant indoor 

source (Figure 4). Although, Figure 3 suggests that the indoor concentration is considerably influenced 

by the outdoor, the relatively low I/O ratio (< 0.7) underlay that the building envelope obstructs a 

significant fraction of outdoor particles penetrate indoors.  

 

Figure 4 also indicates that the I/O ratio depends strongly on particle size. Higher ratios (0.4-0.7) 

observed in the accumulation fraction (0.1-0.7 µm) for all three seasons suggest that particle 

infiltration is more effective at this size range. Lower ratios obtained mainly for ultrafine (0.014-0.1 

µm) and coarse (1-20 µm) particles. Diffusion due to Brownian motion for ultrafine particles and 

gravitational settling for coarse particles can explain the lower ratios at these size fractions [47]. 

Similar dependence of I/O ratio with particle size is reported in other studies [35,39,48]. Additionally, 

averaged higher ratio of ultrafine particles (0.38) compared to coarse particles (0.27) suggests that 
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particles at the size range of 0.014-0.1 µm penetrate easier through cracks and leaks inside the library. 

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

 

No seasonal variation of I/O ratio observed, since Figure 4 indicates similar ratios through the 

different seasons. However, it is worth to note the decreased I/O ratio for ultrafine particles (0.014-0.1 

µm) during summer and increased for coarse particles (1-20 µm) in respect to spring and winter 

season. It is possible that ultrafine particles present slightly higher values during spring and winter due 

to higher exchange rate, whereas, the effect from the presence of people in summer season contributes 

to higher I/O ratios for coarse particles in this season. 

 

 

Figure 4: Averaged I/O ratio versus particle size for the three seasons. Error bars represent standard 

deviation. 

 

3.3 Modeling of the indoor particle concentration  
 
3.3.1 Method for estimating deposition rate and penetration efficiency 
 
Indoor particle concentration was modeled for different size intervals using equation (4). Since, the air 

exchange rate of the library was estimated by CO2 measurements, the only requirements in equation 

(4) is to find the appropriate values for deposition rate k and penetration efficiency P using the 

continuous outdoor particle concentration.  

 

Particle number concentration in the range 0.014-0.7 µm was evaluated using 9 size intervals, 

whereas, particle number concentration between 0.7-20 µm was evaluated using 4 size intervals. 

Particle size distribution above 3 µm was not divided into smaller size intervals because indoor 
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number concentration above 5 µm was usually close to zero. In total 13 discrete size intervals were 

used to cover the full size range of the measured size distribution. The deposition rate and penetration 

efficiency were evaluated in each size interval for all three seasons, thus, 3 possible values for each 

variable in order to obtain an independent result. Valid values for P were considered inside the range 0 

< P < 1, whereas, k was evaluated for positive values. In order to diminish the possible acceptable 

values for deposition, a lower limit was used based on the air exchange rate of each season. The lower 

limit was obtained considering an initial value, which, corresponds to the lowest positive number of 

the same order of magnitude for each air exchange rate (e.g. for air exchange rate 0.0022 min-1 the 

initial value was selected at 0.0001 min-1). The above method was used in equation (4) in order to 

ensure that the deposition rate retains mathematically significant value. The time step used in equation 

(4) was selected the same with the time interval used in the measurement, thus, 5 minutes. Hence, the 

deposition rate was originally obtained in units min-1 and the modeled values were exactly same in 

number as the measured data. The modeled was running each time for a selected value of k and for the 

full range of P. The time step for penetration was chosen 0.01, whereas, for deposition 0.0005 min-1 

(or 0.03 hr-1). 

 

The aim was to find the best fit between the measured indoor concentration and the obtained modeled 

indoor concentration. This was succeeded by finding the pair of values (k, P) that generate the best 

fitted curve. For this purpose, coefficient of determination (R2) was used as a criterion. Nevertheless, 

in many cases more than one pair of k and P resulted in nearly equal values of R2. The same problem 

is reported in similar studies dealing with infiltration in houses [39,40]. The methodology followed to 

overcome this problem was to find one pair that generates a curve with the highest R2 value. Then, the 

highest value of R2 was selected, and only the R2 values higher than the 95% of the best generated R2 

were considered valid. Any pair of k and P corresponding to a valid R2 was selected to determine the 

averaged k and P for each size interval. Thus, the final deposition and penetration was obtained from 

several valid pairs of k and P. Table 3 lists the deposition rate k and penetration efficiency P in each 

size interval for the 3 seasons.  

 

The above method resulted in one unique value of R2 with highest correlation for every tested 

deposition rate in the range of the penetration efficiency (0.01-0.99). Plotting every one of these R2 

values with deposition, we obtain a U-shaped curve similar to the one Bennett and Koutrakis [39] 

found (Figure 5a). The U-shaped curve suggests that there was always one R2 value, which gave the 

best correlation between the measured and the modeled concentration but also indicates the presence 

of other almost equal values. Thus, highlights the non-unique solution of k and P and reflects the 

variability of the results with all possibly acceptable values.  Furthermore, using the P value that 

corresponds to the previously found R2 we obtain a proportional relationship between k and P. Figure 

5b plots the k and P pairs for two selected size intervals (0.014 - 0.03 µm, 0.03 - 0.04 µm) for the three 
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seasons. The values of P in each case represent the best correlation (R2) for each deposition rate in 

each size interval. It is demonstrated that k and P not only depend proportionally but are characterized 

by a linear relationship. The same characteristic found in all cases for all three seasons. Hence, it is 

highlighted that the two model parameters are not independent, rather than, when deposition increases 

(higher settling) model formulation requires an increased penetration efficiency (higher fraction of 

outdoor particles penetrate indoors) in order to find the best fit between the measured and the modeled 

concentration. 

 

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

concentration at the beginning of the dataset was neglected. Such a local maximum was found at the 

beginning of winter, where, the data from the first 20 hours were excluded from the calculations. 

Additionally, in summer season it was generally observed that the modeled values presented a 

significant underestimation of indoor concentration only at the end of the dataset. Hence, it was 

concluded that the starting point (which presented remarkably high indoor concentration compared to 

the rest of the data) influences the results and the data were modeled at different starting points. No 

underestimation of indoor concentration was obtained when the starting point was located at the 

middle of the data set (18/07/2009). All subsequent calculations were computed using the previously 

found starting point.  

 

 

Figure 5: a) Highest generated R2 for each deposition rate at two selected size intervals (0.014 - 0.03 

µm, 0.03 - 0.04 µm), b) Penetration efficiency (that corresponds to highest R2) versus deposition rate 

for the same selected size intervals. 
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Measured data and modeled concentration were in general in good agreement. High R2 values were 

usually found (> 0.7) with good correlation between the compared values. Figure 6 provides, as an 

example, a comparison between the measured indoor concentration and the modelled one for two size 

intervals in each season. It can be seen that a simple mass balance model accounting particle 

infiltration, exchange rate with the outdoor environment and deposition losses is suitable enough to 

reproduce the observed concentration. High correlation (R2) suggests good agreement between the 

measured data and the modelled values. 

 

In some cases, however, the model could not achieve high levels of confidence, although, the 

generated curve was similar to the profile of the indoor concentration. The low R2 was mainly due to 

strong fluctuations of indoor and outdoor concentration and was observed mainly during summer 

season. However, the estimated k and P were not excluded in order to compare it with averaged I/O 

ratio. 
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Figure 6: Comparison between measured indoor concentration (○) and modeled indoor concentration 

(─) using the best fitted values of k and P for two size intervals (0.014-0.1 µm, 0.7-1 µm) and all three 

season. Plots a, c and e correspond to particles at the size range 0.014-0.1 µm for spring, summer and 

winter respectively. Plots b, d and f correspond to particles at the size range 0.7-1 µm for spring, 

summer and winter respectively. The pairs of k and P are taken from Table 3. The correlation (R2) 

between the measured data and modeled values is also presented. 
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fraction of particles is mostly affected by the presence of visitors inside the library. Other studies 

dealing with air pollution in museums reported the influence of visitors on the indoor concentration at 

coarse particle fraction [7-9,26,49]. Thus, in order to determine appropriate values of k and P for 

coarse particles, the indoor concentration was compared in parallel with the outdoor. We then isolated 

time periods, where, the indoor concentration followed similar temporal fluctuations as the outdoor 

and investigated only these selected periods to obtain values for deposition and penetration. 

Originally, only the night data of each season were examined but no good correlation was found 

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

representative enough.    

 

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

deposition velocity, dV . The values represent the average and standard deviation (mean ± SD) of k 

and P in each size interval. 

Size interval (µm) k (h-1) P dV (m/s) (·10-5) 

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 - 0.4 0.03 ± 0.02  0.65 ± 0.07  0.82 
0.4 - 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 0.65 ± 0.11 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 - 0.4 0.006* 0.76 ± 0.02 0.02 
0.4 - 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 - 0.4 0.04 ± 0.02 0.77 ± 0.13 1.10 
0.4 - 0.7 0.04 ± 0.02 0.74 ± 0.13 1.10 
0.7 - 1 0.15 ± 0.08 0.73 ± 0.16 4.12 
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 only from one value of k. 

 

3.3.2 Averaged values of k and P 
 
The deposition rate varied substantially with particle size. The highest rates were obtained for particle 

size 3-20 µm (1.04, 0.70 and 1.09 h-1 for spring, summer and winter respectively). Higher particle size 

is associated with higher deposition rates due to strong gravitational settling that characterizes coarse 

particles. A similar trend but with lower rates was observed for ultrafine particles. High deposition 

rates (0.22-0.27 h-1) were obtained for nucleation fraction 0.014-0.03 µm in all three seasons caused 

mainly by Brownian diffusion. On the other hand, deposition for particles at accumulation fraction 

(0.1-0.7 µm) preserved nearly the same values (0.02-0.03 h-1 in spring, 0.006-0.009 h-1 in summer and 

0.04 h-1 in winter). The above findings are in agreement with other studies 

[13,14,34,35,39,40,44,50,51] where deposition was found to depend considerably on particle size. The 

values also indicate nearly similar rates for the three seasons.    

 

Although, deposition was found to depend on particle size, penetration efficiency, on the other hand, 

was not clearly related with particle size. High penetration (0.6 - 0.8) was found in most size intervals. 

The numbers suggest that outdoor particles penetrate easily inside the library independent of the 

particle size. High penetration (0.8-0.9) in ultrafine particles is also reported in literature [16,35], but 

coarse particles are usually characterized with lower penetration factors due to their size, which, 

prevents them from entering the building [52]. Although, such a trend is observed in spring season, 

penetration during summer (0.70) and winter (0.76) seasons retained high estimates at coarse particles. 

Higher estimates of penetration efficiency than expected (in particle sizes > 1 µm) are reported in 

[13,53]. It is likely that high penetration is due to the building envelope. Experiments conducted in 

laboratories associated the increased values with higher pressure difference or larger crack height [16]. 

Additionally, geometry of the cracks has been found to considerably affect penetration factors [54]. A 

possible reason since the library corresponds to an old construction.    

 

Figure 7 presents a comparison of the averaged k and P in the present study with values from the 

literature corresponding in real environments. In general, our estimates are comparable with literature 
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values. However, it is observed that deposition for accumulation fraction (0.1-0.7 µm) presents the 

lowest rates than literature values. Different characteristics of the indoor environments (volume, air 

flow turbulence, surface texture roughness, mixing mechanisms) influence the results considerably 

[55]. An easy way to interpret and compare the results is to introduce the area-averaged deposition 

velocity (Table 3). Using the relation ( )SVkVd Σ= / [55], where dV  is the area-averaged deposition 

velocity, V represents the volume of the library (m3) and S the surface area (m2). The surface area was 

determined including all books and shelves and surface to volume ratio was found at 1.01 m-1. Thus, 

the deposition rate k was transformed into the area-averaged deposition velocitydV . Likewise higher 

velocities were obtained for ultrafine and coarse particles. Table 3 suggests that deposition velocity 

inside the library ranged between 10-6-10-4 m/s, which is in full agreement with literature values (10-6-

10-3 m/s [55]). 

 

 

Figure 7: Comparison between averaged deposition rate and penetration efficiency in this study with 

studies from literature [13,35,36,53,56,57] in real environments. 

 

 

3.4 Infiltration factor and comparison with I/O ratio 
 
The infiltration factor for each size interval was calculated using deposition and penetration values 

provided in Table 3 and the corresponding air exchange rate for each season (Table 1).  Evaluation of 
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the estimated k and P was achieved comparing infiltration factor with I/O ratio. Figure 8 compares the 

infiltration factor with I/O ratio at each size interval for the three seasons.  It should be noted that in 

the case of coarse fraction (3-20 µm) the I/O ratio presented in Figure 8 corresponds to the calculated 

I/O ratio from the number concentration data of the selected periods, used to determine k and P at this 

size range.  

 

Infiltration factor was equal to I/O ratio in most cases. Figure 9 plots the infiltration factor versus I/O 

ratio for all size intervals and seasons. Good agreement with I/O ratio ensures that the averaged k and 

P represent at a high confidence level the particle deposition rate and penetration efficiency in each 

size interval. By extend it also confirms the selection of the starting  point in summer data and the 

selected periods that were used in 3-20 µm size interval to determine k and P for coarse particles. 

 

The infiltration factor ranged between 0.24-0.76 for particles in the size range 0.014-0.7 µm, whereas, 

in the size range 0.7-20 µm Finf ranged between 0.05-0.56. Since, Finf represents the fraction of 

particles that reaches the indoor environment from outdoors and remains suspended, it indicates that 

infiltration of ultrafine particles is higher compared to coarse particles and that enrichment of ultrafine 

particles inside the library was caused by penetration from outdoors. It also confirms that particle 

dynamics (deposition, penetration) depend on particle size. Similar dependence of Finf with particle 

size was found in other studies [39,40,51].  
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Figure 8: Comparison between infiltration factor (●) and I/O ratio (○) in each size interval for a) 

spring, b) summer and c) winter seasons.   

 

 

Figure 9: Infiltration factor versus I/O ratio for all size intervals for the three seasons. The line (y=x) 

correlates the two variables. 
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on the floor, fabric fibers or material emissions. Other studies related the increased indoor 

concentration at coarse fraction with human presence during the visiting hours [4,9,25,46].  
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evaluation of the model at this period (16/07/09 19:00 until the end) provided with lower values of P. 

Thus, modeling the indoor concentration of coarse particles during spring with the averaged P, 

resulted in higher modeled values than the measured at the end of season. A limitation due to the 

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

 

In order to determine the impact of human presence inside the library, the periods during visiting 

hours were isolated and compared with periods of non-visiting hours. Table 4 presents the 

concentration of coarse particles during visiting and non-visiting hours for all three seasons. Indeed, 

during visiting hours the indoor concentration of coarse particles increased by a factor of 3, 3.2 and 2 

for spring, summer and winter respectively, suggesting that human presence influences substantially 

indoor concentration at this size range (3-20 µm).   

 

Additionally, Figure 11 presents a comparison of I/O ratios between visiting and non-visiting hours. It 

is demonstrated that I/O ratios maintain higher values during visiting hours for all three seasons. 

Moreover, it is observed that higher I/O characterizes summer, which is directly associated with more 

people visiting the library and longer visiting hours at this season. The 50th percentile in summer was 

0.24, whereas, for spring and winter season the 50th percentile was 0.11 and 0.14 respectively. 

 

 

Figure 10: Comparison of indoor measured concentration with modeled concentration of coarse 

particles (3-20 µm) in spring season. Colored areas represent visiting hours (10:00-17:00). 

 

 12:00 0:00  12:00  0:00  12:00  0:00  12:00  0:00  12:00  0:00  12:00  0:00 12:00  0:00
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

 measured concentration
 modeled concentration

17/03/0916/03/0915/03/0914/03/0913/03/0912/03/09

 

 

N
um

be
r 

co
nc

en
tr

at
io

n 
(c

m
-3
)

Date
11/03/09



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 

 

Table 4: Averaged number concentration of indoor coarse particles (3-20 µm) during visiting and non-

visiting hours. 

 Number concentration (cm-3) 
 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 

 

 

 

Figure 11: Comparison of I/O ratio of coarse particles (3-20 µm) for visiting and non-visiting hours. 

The box plots represent the 25th and the 75th percentile values, mean value and the horizontal line the 

median (50th percentile) value. Outliers are excluded. 

 

4. Conclusions 
 
Particle number concentration was measured inside a naturally ventilated building during different 

seasons (spring, summer, winter). It was found that indoor concentration was substantially influenced 

by outdoor fluctuations in all three periods. No seasonal variation of I/O ratio between the same 

particle size suggests similar behavior in terms of particle dynamics and building characteristics. A 

mass balance model was used to evaluate the contribution from outdoors assuming no indoor sources, 

were the deposition rate and penetration efficiency were evaluated at each size interval for the three 

seasons. 

 

The present method provided several valid pairs of deposition and penetration at each size interval, 

suggesting that there is no unique solution and highlighting the variability of k and P. Each size 

interval was examined separately and averaged values of k and P were finally used to determine 

0.0

0.2

0.4

0.6

0.8

1.0

 visiting hours
 non-visiting hours

Summer Winter

 

 

 

I/O
 r

at
io

Spring



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 

 

infiltration factor. The infiltration factor was in good agreement with I/O ratio ensuring the well-

estimated values for deposition and penetration at each size interval. It was also evident that the Finf 

was size dependent with less effective removal at accumulation fraction. Therefore, indoor 

concentration was dominated by ultrafine particles, which were associated with penetration from 

outdoors due to higher infiltration factor. Coarse particles, on the other hand, were associated with 

human presence due to low confidence level between modeled and measured concentration. In 

addition, the contribution of the visitors was examined separately, where higher I/O ratio and indoor 

concentration during visiting hours confirmed the influence 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 evaluated. 
• Infiltration factor was in agreement with I/O ratio. 

 


