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particles varies with spatially varying indoor emissions. In a controlled 

environmental chamber with low background particle levels, we monitored 

the time- and size-resolved particle concentrations at multiple locations 

including the subject's breathing zone. We investigated two types of 

particle emissions: (i) controlled releases from several specific indoor 

locations; and (ii) natural release from skin and clothing for a range of 

simulated occupant activities. Findings show that particles released 

proximate to the human envelope caused 7-10 per thousand total inhalation 

intake fraction, which was 1.5-16x higher than the intake fraction for 

other indoor release locations. These outcomes reflect the influence of 

emissions-receptor proximity combined with the efficient transport of 

particles by means of the thermal plume to the breathing zone. The 

results show that the well-mixed representation of an indoor environment 

could underestimate the inhalation intake by 40-90% for various localized 

indoor emissions, and by up to 3x for particles emitted from the human 

envelope. The post-release exposure period contributed substantially to 

total inhalation intake. For particles released naturally from the human 

envelope, inhalation intake fractions varied with activity type and were 

higher for a subject when seated rather than walking. 
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Inhalation intake fraction of particulate matter from localized indoor emissions 

Dusan Licina, Yilin Tian and William W Nazaroff 

 

In this manuscript, we present an experimental investigation of the inhalation intake of airborne 

particles associated with spatially varying indoor emissions. Previous studies have reported 

inhalation intake fractions associated with indoor particle sources, and most of these have relied 

on mathematical modelling approaches and well-mixed representation of indoor spaces. A key 

aspect when considering localized indoor releases of particulate matter is that the spatial 

distribution of indoor pollution is sometimes not well represented by the common approximation 

of perfectly mixed indoor air. Our study adds to previous work by deepening our understanding 

of the inhalation intake fraction metric in relation to different types of localized particle-phase 

indoor pollutants, their spatiotemporal variability, and the influential transport mechanisms. In 

this study, we combine the empirical data from deliberately released localized particle sources 

with results inferred from measurements of exposure to particle releases from the human 

envelope, including skin and clothing. This research contributes to an improved understanding of 

the inhalation intake fraction by elucidating source-receptor relationships. The findings could be 

beneficial for interpreting the health risks associated with indoor sources, for improving accuracy 

in exposure assessment, and for developing improved exposure control strategies. 
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Highlights 

 We study how intake fraction (iF) of airborne particles varies with spatially varying indoor emissions. 

 Source position, thermal plume, and exposure duration considerably influence inhalation iF. 

 Releases near the human cause much higher inhalation iF compared to other indoor release locations. 

 Inhalation iF while walking was considerably lower than iF of a seated person. 

 Well-mixed assumption could underestimate inhalation iF for certain indoor pollutant releases. 
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Abstract 11 

Elevated exposure to airborne particulate matter is linked to deleterious health and well-12 

being outcomes. Exposure assessment can be improved through enhanced understanding of 13 

source-receptor relationships, for example as expressed in the inhalation intake fraction metric. 14 

This study provides new knowledge about how inhalation intake of airborne particles varies with 15 

spatially varying indoor emissions. In a controlled environmental chamber with low background 16 

particle levels, we monitored the time- and size-resolved particle concentrations at multiple 17 

locations including the subject’s breathing zone. We investigated two types of particle emissions: 18 

(i) controlled releases from several specific indoor locations; and (ii) natural release from skin 19 

and clothing for a range of simulated occupant activities. Findings show that particles released 20 

proximate to the human envelope caused 7–10 per thousand total inhalation intake fraction, 21 

which was 1.5–16 higher than the intake fraction for other indoor release locations. These 22 

outcomes reflect the influence of emissions-receptor proximity combined with the efficient 23 

transport of particles by means of the thermal plume to the breathing zone. The results show that 24 

the well-mixed representation of an indoor environment could underestimate the inhalation 25 

intake by 40-90% for various localized indoor emissions, and by up to 3 for particles emitted 26 

from the human envelope. The post-release exposure period contributed substantially to total 27 

*Manuscript
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inhalation intake. For particles released naturally from the human envelope, inhalation intake 1 

fractions varied with activity type and were higher for a subject when seated rather than walking. 2 

Keywords: Inhalation intake, Indoor particles, Source location, Exposure duration, Thermal 3 

plume, Human activity. 4 

1. Introduction 5 

Elevated inhalation exposure to airborne particles is correlated with detrimental health 6 

and well-being outcomes. Accurate assessment, effective control and mitigation of exposure to 7 

airborne particulate matter (PM) require understanding of quantitative relationships between 8 

source emissions and human intake. Indoors, such relationships vary with building-related 9 

factors (e.g. ventilation rate, air distribution and room size) and human-related factors (e.g. 10 

occupancy, activity and inhalation rate), as well as with pollutant attributes (e.g. source strength, 11 

particle transport and transformation) [1]. One metric that incorporates information about all of 12 

the important attributes influencing the source-receptor pathway is the inhalation intake fraction. 13 

This measure can be defined as the inhaled pollutant mass per unit mass released from a source 14 

[2]. Among other important features, the inhalation intake fraction highlights the importance of 15 

emissions from indoor sources contributing to exposure: the inhalation intake fraction for an 16 

indoor emission source can be 2-3 orders of magnitude higher than for an outdoor emission 17 

source [3-4]. 18 

Prominent sources of episodic indoor emissions of PM include smoking [5,6], cooking 19 

[7,8], cleaning [9,10] and resuspension [11,12]. Humans are significant contributors to indoor 20 

loads of coarse aerosol particles, owing in part to particle shedding from skin and clothing, 21 

particularly during vigorous activities [13-16]. Few studies have reported inhalation intake 22 

fractions associated with indoor particle sources, and most of these have relied on mathematical 23 
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modelling approaches. Lai et al. [4] calculated that inhalation intake fractions for emissions in 1 

buildings and moving vehicles vary in the range 1-100‰ (or 1000-100,000 parts per million, 2 

ppm). Values at the lower end of this range were determined in a simulation study of 3 

environmental tobacco smoke in residences [17], for dust particles released from blankets, 4 

pillows, and mattresses [18,19] and for droplets from simulated coughs [20]. 5 

A key aspect when considering localized indoor releases of PM is that the spatial 6 

distribution of indoor pollution is sometimes not well represented by the common approximation 7 

of perfectly mixed indoor air. In particular, for assessing short-term exposures and the resulting 8 

inhalation intake, spatial heterogeneity and finite mixing times play important roles [21-23]. 9 

Nazaroff [1] used a modeling approach to explore how the inhalation intake fraction was 10 

influenced by a combination of building factors, human attributes and pollutant related 11 

characteristics. Specific results in that study were based on the assumption of well-mixed indoor 12 

spaces. Further efforts are needed to deepen our understanding of the inhalation intake fraction 13 

metric in relation to different types of localized particle-phase indoor pollutants, their 14 

spatiotemporal variability, and the influential transport mechanisms. 15 

The empirical study reported here investigates the inhalation intake fraction of PM from 16 

episodic, localized indoor emissions. By measuring the time- and size-resolved particle levels in 17 

the breathing zone, in the exhaust flow from the room, and at stationary locations within the 18 

room, we explore the influence of the location of indoor emissions, the spatiotemporal variability 19 

of PM concentrations, and some important transport processes. To assess the relative importance 20 

of source type, empirical data from deliberately released localized particle sources are combined 21 

with results inferred from measurements of exposure to particle releases from the human 22 

envelope, including skin and clothing. This research contributes to an improved understanding of 23 
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the inhalation intake fraction by elucidating source-receptor relationships. The findings could be 1 

beneficial for interpreting the health risks associated with indoor sources, for improving accuracy 2 

in exposure assessment, and for developing improved strategies for exposure control. 3 

2. Methods 4 

2.1. Study site and mechanical ventilation 5 

Experimental measurements were conducted in an environmental chamber with floor 6 

dimensions of 4.6 m  4.6 m and an interior volume of ~ 50 m
3
. The experimental chamber is 7 

situated within a larger thermally conditioned building, which provided protection from the 8 

influence of weather. The chamber is served by a dedicated heating, ventilating and air 9 

conditioning (HVAC) system that continuously supplies 100% outdoor air. The conditioned air 10 

is discharged into the chamber via two diffusers located at ceiling level and exhausted through a 11 

wall opening at 1.8 m height (Figure 1). During these experiments, the indoor dry-bulb 12 

temperature set point was 21 ± 1.5 °C, and the relative humidity was 40 ± 5%. Interior heat 13 

production from equipment and lighting summed to less than 100 W. The tracer gas decay 14 

method was applied using carbon dioxide to evaluate the air-exchange rate. The average value 15 

was 2.3 ± 0.05 h
-1

 (n = 5), corresponding to a volumetric flow rate of 115 m
3
/h. Spot checks 16 

during the experiments confirmed that the ventilation rate was constant. Intrusion of PM from 17 

external sources into the experimental room was minimal because the supply air was provided 18 

through a particle filter with a manufacturer-specified efficiency of ≥ 95% for 0.3 µm particles. 19 

The only significant sources of PM were those deliberately generated indoors, as confirmed by 20 

measuring low background particle levels in the absence of indoor activities. The hard vinyl 21 

flooring of the chamber was suitable for limiting coarse particle resuspension to very low levels. 22 
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 5 

Prior to the start of experiments and at the end of each experimental day, the chamber flooring 1 

was thoroughly cleaned so as to further reduce uncontrolled resuspension from the floor. 2 

2.2. Experimental design 3 

Basic experiments were designed to probe the influence of two types of particle 4 

emissions: controlled episodic sources released at various indoor locations; and emissions 5 

released naturally from the human envelope (skin and clothing). 6 

For the controlled emissions, the receptor was a custom-built non-breathing thermal 7 

manikin. The manikin (Center for the Built Environment, UC Berkeley, CA) was dressed in long 8 

pants and a T-shirt, and was situated in the center of the room (Figure 1). The manikin has a 9 

complex male body shape, a height of 1.30 m in a seated posture (1.85 m when standing), and 10 

produces a sensible heat loss of 100 W, thus reasonably representing a human during sedentary 11 

office activities. Prior research has shown that the measurement and prediction of airflow 12 

characteristics in spaces occupied with sedentary people can be accurately performed with 13 

thermal manikins [24,25].  14 

Deliberate releases occurred at nine indoor locations (Figure 1): proximate to manikin’s 15 

groin (at 0.5 m height) to resemble particles released from the human body (experiment ID = 1); 16 

near the feet (at 0.1 m height) to represent particles detached from the shoes or from the floor 17 

owing to foot-floor contact by the subject (ID = 2); beneath the supply air diffuser (ID = 3, 18 

distance to diffuser 0.1 m) to mimic intrusion of particulate matter from the outdoor air through 19 

the ventilation duct; 1 m in front of the manikin at four heights (ID = 4 for height = 1.5 m; ID = 20 

5, 1 m; ID = 6, 0.5 m; and ID = 7, 0.1 m) to simulate nearby indoor PM emission at various 21 

heights (e.g., another human body, cooking, smoking, resuspension from surfaces, etc.); and 2 m 22 

behind (ID = 8) and in front of the manikin (ID = 9) at 0.1 m height to represent particles 23 
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 6 

resuspended from flooring close to the seated subject. For each experiment, particles were 1 

released from one position at a constant rate for 10 minutes. Two supplementary experiments 2 

were designed to probe the influence of the thermal plume on the inhalation intake fraction.  In 3 

these experiments, the manikin was not heated and particles were released proximate to the groin 4 

(ID = 10) and feet (ID = 11), respectively. 5 

 6 

Fig. 1. Configuration of environmental chamber, including position of the manikin, source 7 

release and monitoring locations. The breathing zone personal monitor was positioned at 1.1 8 
m height, and the exhaust monitor was placed at 1.8 m height. Stationary monitors 1, 2 and 3 9 
were positioned at the three heights, 0.2, 1.1, and 1.7 m, respectively. 10 

Experiments designed to investigate the inhalation intake fraction of PM released from 11 

human skin and clothing were performed with a human subject in the same experimental facility 12 

and under consistent environmental parameters (similar air-exchange rate, dry-bulb temperature 13 

and relative humidity). This part of the study utilized the measurement data from a related study 14 

[16] investigating the contributions of human envelope shedding to aerosol particle emissions 15 

indoors and to the personal cloud effect. We extend the analysis here by assessing the 16 

quantitative relationships between human PM emission rates and resultant inhalation intakes. 17 

During the experiments involving a human subject, the chamber was furnished with a table, 18 
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 7 

laptop computer and chair, all situated in the core of the experimental room. The male subject 1 

(1.85 m tall and 80 kg mass) followed a set of prescribed procedures prior to and during the 2 

experiments. The effects of PM release from the human envelope on the inhalation intake 3 

fractions were assessed for three activity types: sitting with moderate movement (simulated 4 

computer work, light stretching and combing hair), sitting with intensive movement (simulated 5 

exercising and manipulating imaginary papers and fabric), and walking at 80 steps/min (= 1 m/s). 6 

A detailed description of each activity type is presented in Table S1. Aided by the use of a 7 

metronome, each activity was executed at a constant pace and lasted for 30 minutes. Each 8 

source-active event in this study was followed by a post-release period of 1.5 h to allow 9 

monitoring of particle concentrations until they decayed to their background values. 10 

2.3. Particle generation 11 

To experimentally quantify inhalation intake fractions in the deliberate injection 12 

experiments, it is essential to have an aerosol generation system that produces a consistent, 13 

quantifiable output of particles. A polydisperse aerosol was generated by means of a 6-jet 14 

Collison nebulizer (BGI Inc. Waltham, MA) using a solution of 10% olive oil in isopropyl 15 

alcohol (see schematic in Figure S1). Emissions were maintained at constant conditions for an 16 

interval of 10 minutes. The generated particles were released into the room through a stainless 17 

steel cylinder perforated on the upper side. The range of particle sizes that we focused on 18 

spanned diameters from 0.3 to 10 µm. These particles are respirable and typically include 19 

household dust and smoke, as well as the dominant size mode of airborne bacteria found indoors 20 

[26,27]. 21 

A performance test of the aerosol generation system (n = 5) showed that it produced 22 

consistent emissions. The total PM10 particle emission rate was 348 ± 23 mg/h. The coefficients 23 
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 8 

of variation (COV) for particles with diameters less than 7.5 µm varied 5-8%, while emissions of 1 

larger particles had a COV of 17%. Table S2 provides detailed methods and results for particle 2 

emissions characterization. 3 

2.4. Instrumentation and sampling 4 

To assess the influence of several attributes on the source-receptor pathway, time- and 5 

size-resolved particle concentrations were monitored at multiple locations for both types of 6 

particle emissions (Figure 1): in the breathing zone as a proxy for personal exposure, in the 7 

exhaust vent to approximate room-average concentrations, and at three stationary locations to 8 

assess the degree of particle mixing throughout the room. The personal monitor was mounted on 9 

the subject’s chest, with sampling inlet positioned within 0.15 m from the mouth. 10 

To capture the effects of unsteady, dynamic processes and conditions, the particles were 11 

sampled with a time resolution of 1-min. The breathing zone and room-average levels were 12 

monitored with aerosol spectrometers (models 11-A and 1.108, GRIMM Aerosol Technik 13 

GmbH, Ainring, Germany). The particle number count was resolved in eight size bins based on 14 

optical diameter: 0.3-0.5 µm, 0.5-1 µm, 1-2 µm, 2-3 µm, 3-4 µm, 4-5 µm, 5-7.5 µm, 7.5-10 µm. 15 

Particle concentrations at the three stationary indoor locations were sampled and recorded by 16 

means of optical particle counters (model Met One HHPC 6+, Beckman Coulter Life Sciences, 17 

Palatine, IL, USA). Simultaneous indoor and outdoor CO2 concentrations were monitored with 18 

time-resolved gas analyzers (LI-COR Biosciences, Lincoln, NE, USA). Dry-bulb temperature 19 

and relative humidity monitors were placed in the exhaust vent to sample and record the room-20 

average values, as summarized in Table S3. 21 
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2.5. Data interpretation and intake fraction analysis 1 

For particle number to mass conversion, we utilized a conversion algorithm that relies on 2 

three assumptions [28]: (a) particle density is 1 g/cm
3
; (b) particles have a spherical shape; and 3 

(c) the mass-weighted size distribution is constant within each particle size bin. The estimated 4 

particle mass concentrations per size bin were summed to compute the PM10 mass. The PM10 5 

mass included particles smaller than 10 µm and larger than 0.3 µm, which was the lower 6 

detection limit of our instruments. Particles below 0.3 µm were deemed to contribute negligibly 7 

to PM10 in this study, based on expectations for mechanical generation of particulate matter. 8 

The total inhalation intake fraction is defined as the ratio of the mass inhaled to the mass 9 

released from a source, as shown in equation (1). In this equation, it is assumed that: (a) exposure 10 

begins with the start of the emission event and finishes when particle concentration decays to the 11 

background value (T ∞); (b) the emission event occurs over a finite period, spanning from 12 

time 0 to time Tα; and (c) only one person is exposed. 13 

   
     

    
 

             
 

 

       
  

 

 

 (1) 14 

In evaluating the intake fraction in this study, we assume that Qb = 0.5 m
3
/h is the constant 15 

breathing flowrate for an individual at rest [29]. The parameter Cbz(t) is the time-dependent 16 

particle concentration in the breathing zone; E(t) is the time-dependent source emission rate. In 17 

applying equation (1) experimentally, the breathing zone concentration would be integrated from 18 

time 0 to a later time T >> Tα, which is approximately the same as integrating to ∞ provided that 19 

the concentration resulting from the episodic emission has decayed to a negligible fraction of its 20 

peak value. 21 
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It is useful to decompose the intake fraction into three additive components representing 1 

exposure during three contiguous intervals [21]: the source-active period (the  period, spanning 2 

from time 0 to time Tα); a transitional post-release period with non-uniform concentrations (the  3 

period, from time Tα to time Tβ); and the subsequent post-release period characterized by well-4 

mixed concentrations above the background value (the  period, from time Tβ to time Tγ). The 5 

total inhalation intake fraction is the sum of the three component values. Assuming that 6 

conditions remain unchanged from the previous equation, the total inhalation intake fraction 7 

becomes: 8 

    
                       

                  

                         

 
  

                    
                                                                     

                    9 

 (2) 10 

In applying equation 2 experimentally, we define the transition between the β and γ 11 

periods to occur when the COV of the PM10 mass concentration detected by the three stationary 12 

monitors (Figure 1) declines to 10% of its maximum value [30]. For this set of chamber 13 

experiments, the duration of the β period varied with release duration, but only to a small degree 14 

(Figure S2). On average, the end of the β period occurred 12 min after the source-active period 15 

(Tβ = 12 min). The uncertainty in intake fraction evaluations associated with variable β duration 16 

was estimated to be low, within 6%. That estimate did not influence the results of the partial 17 

intake fraction during the source-active period iFi(Tα), and the total intake fraction iFi. In the 18 

experiments that involved a human subject, we only assessed exposures for the source-active or 19 

α period. 20 
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2.6. Source emission rate estimation 1 

The experiments designed to investigate inhalation intake of the heated manikin and the 2 

human subject were performed under consistent ventilation rate, dry-bulb temperature and 3 

relative humidity. Differences in the two categories of experiments include: particle properties 4 

(olive oil vs. skin flakes, fragments and fibres); room air mixing (ventilation induced air mixing 5 

vs. a combination of ventilation and mixing induced by human motion); source release duration 6 

(10-min vs. 30-min) and furniture (only a chair for the manikin vs. presence of the table, chair 7 

and laptop for the human subject). For both emission types, the size-specific time-averaged 8 

source emission rate during the source-active period was computed based on a mass-balance 9 

model applied to the room-average particle number concentration recorded in the exhaust vent 10 

(Ci,room), as shown in equation (3): 11 

               
 

  
    

                     

 
                                   

 (3) 12 

Here, the time Tα is the source-active period that spans from 0 to 10 min for the manikin 13 

experiments, and from 0 to 30 min for the human subject experiments; V is the volume of the 14 

room; a is the air exchange rate (1/h); and ki is the size-specific particle deposition loss-rate 15 

coefficient (1/h). For both experimental categories, the ki values were empirically estimated 16 

using the 1.5 h post-occupancy particle decay period in the experiments performed with a human 17 

subject. We assumed that the ki values obtained for the sitting activity are equal to the ki values 18 

for deliberate releases. (We lacked robust data to estimate the ki values directly from experiments 19 

involving the thermal manikin and controlled releases.) These ki values, presented in Table S4, 20 

agree reasonably with those reported by Thatcher et al. [31]. For equation (3), we assumed well-21 
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mixed conditions. We also assumed negligible particle penetration from outdoors, as 1 

corroborated with very low background concentrations measured prior to each release event. 2 

In experiments that involved the thermal manikin, we observed two trends associated 3 

with distinct particle fates: particles released near the floor (S4-S6) were largely removed from 4 

the air by means of gravitational settling onto the floor; whereas particles released at other 5 

locations were predominantly removed by ventilation. We interpret the evidence that particles 6 

released proximate to the floor were prone to enhanced gravitational settling because of the small 7 

distance between the source and the floor leading to short characteristic setting times for larger 8 

particles.  9 

For the analyses reported for the manikin experiments in this manuscript, we adopted a 10 

constant source emission rate for each investigated release location, because the aerosol 11 

generation system produced a consistent output of particles (348 mg/h of PM10). In experiments 12 

with the human subject, the emission rates differed for each activity type and were estimated 13 

based on measurements of particle concentrations at the ventilation outlet. 14 

2.7. Quality assurance 15 

We anticipated that the results reported here were independent of the manikin’s 16 

positioning with respect to the location of the air supply and exhaust vent. To assure that results 17 

are relevant to other indoor environments, separate tests were conducted with the manikin 18 

positioned at other location of the chamber and with the particles released near floor level. The 19 

intake fraction results agreed to within 5%, suggesting that the buoyant flows dominated over 20 

momentum driven flows in the breathing zone, and therefore that the results are not contingent 21 

on detailed airflow patterns induced by the ventilation system. 22 
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The CO2 instrument response was confirmed through sampling of calibration gases at 0 1 

and 1000 ppm. Data collected with calibrated stationary optical particle counters were corrected 2 

using adjustment factors from side-by-side tests of instrument performance (Table S5).  3 

3. Results and Discussion 4 

3.1. Intake fraction in a perfectly mixed environment 5 

As a baseline comparison, we utilized the modelling approach to estimate intake fraction 6 

in a perfectly mixed indoor environment. The calculation included both non-depositing and 7 

depositing particles. (In addition to removal by ventilation, particle loss by settling was taken 8 

into account for depositing particles.) Beyond the assumptions made in equations (1) and (2), we 9 

considered an ideal case in which the room air was instantaneously well mixed. As described in 10 

Nazaroff [1], the partial inhalation intake of non-depositing particles over the source-active 11 

period, T ≤ Tα, is given by this expression: 12 

    
  

 
 
  

 
 

 

  
        

   

 
    

 (4) 13 

The intake fraction for an exposure starting at the beginning of an emission event and 14 

extending beyond its completion (i.e., T ≥ Tα) is characterized by the following expression: 15 

    
  

 
   

 

   
     

   

 
          

  

 
   

 (5) 16 

In equations (4) and (5), Q is the room ventilation rate (= 115 m
3
/h for the current 17 

experiments). To account for the size-specific particle deposition loss-rate coefficient (Table S4), 18 

equations (4) and (5) were amended by replacing each term Q with Q + kiV, representing a 19 
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change in which removal by ventilation becomes removal by the sum of ventilation plus 1 

deposition. 2 

Table 1 reports predicted intake fraction results based on a well-mixed assumption for 3 

non-depositing and depositing particles. For this idealized case, the total intake fraction (for T = 4 

100 min, as an approximation to T ∞) for non-depositing particles would be 4.2‰. During the 5 

10 min source-active period (Tα), the partial intake fraction would be only 0.74‰, indicating that 6 

the post-release exposure period would dominate total inhalation intake for these conditions. 7 

Taking into account depositional loss mechanisms means that fewer airborne particles are 8 

available for inhalation exposure. The total predicted intake fraction would be reduced from 9 

4.2‰ to 3.2‰, when incorporating the effects of depositional losses. This result is contingent on 10 

the size-specific particle emission rates reported in Table S2 and associated weighting factors 11 

reported in footnote b of Table 1. 12 

Table 1 Modelled inhalation intake fractions from episodic indoor releases in a well-mixed room 13 

for exposures spanning the duration of the source-active (α) period (10 min) and for exposures 14 

spanning the full monitoring period (100 min). 
a
 15 

Source type 
iF (‰) 

α period 

iF (‰) 

full period 

Non-depositing particles in perfectly mixed environment 0.74 4.2 

Depositing particles in perfectly mixed environment 
b
 0.70 3.2 

a 
The release event began at t = 0 and was continued for 10 min. The pollution was instantaneously mixed in the 16 

space ventilated with the volumetric flow rate of Q = 115 m
3
 h

-1
 in a room of volume V = 50 m

3
. A single occupant 17 

was continuously exposed for indicated period from the beginning of release and inhaled at the breathing rate Qb = 18 
0.5 m

3
 h

-1
. The  period and full period intake fractions were computed by using equations (4) and (5), respectively. 19 

b
 For depositing particles, the estimates of the size-segregated intake fractions were combined into a single 20 

weighted-average intake fraction. The weighting factors, derived from the particle emission rates reported in Table 21 
S2, are the following: 0.3-0.5 µm: 0.05; 0.5-1 µm: 0.12; 1-2 µm: 0.17; 2-3 µm: 0.24; 3-4 µm: 0.18; 4-5 µm: 0.15; 5-22 
7.5 µm: 0.08; 7.5-10 µm: 0.01. The size-specific particle deposition loss-rate coefficients (ki) are from Table S4. 23 
  24 

3.2. Empirical intake fractions: Impact of source location and exposure time 25 

Figure 2 shows measured inhalation intake fractions from nine localized source releases 26 

over the three integration periods for the experiments involving the thermal manikin. Overall, the 27 
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total intake fractions (for T = 100 min, as an approximation to T ∞) ranged between 0.6 and 1 

9.8‰ (600-9,800 ppm). Particles released proximate to the groin and feet of the manikin caused 2 

an inhalation intake over the full monitoring period of 9.8‰ and 6.6‰, respectively, which was 3 

comparable to the upper intake fraction limits reported in sleeping environments [18,19]. The 4 

inhalation intakes for other release locations (S1-S6) were smaller, ranging between 0.6‰ and 5 

6.2‰. The finding of substantially higher material contribution to the inhalation intakes for 6 

releases proximate to the body is likely a combined effect of the proximity of the source to the 7 

manikin [32,33] and the influence of manikin’s thermal plume transporting particles efficiently 8 

to the breathing zone [34-37]. 9 

Particles emitted at the room heights 0.5, 1 and 1.5 m (S1-S3) had higher inhalation 10 

intake fractions (4.4‰ to 6.2‰) compared to releases occurring near the floor (S4-S6, 0.6‰ to 11 

1.6‰). Particles released near the floor were prone to enhanced loss rates owing to gravitational 12 

settling. Also noteworthy, the inhalation intake fraction for particles released at 1 m distance (S4, 13 

1.6‰) was higher than when the release occurred at 2 m distance (S6, 0.6‰). These 14 

observations are qualitatively consistent with the understanding that source-receptor proximity, 15 

airflow patterns and particle attributes are each important factors that can influence the inhalation 16 

intake associated with episodic, localized sources. 17 
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 1 

Fig. 2. Cumulative inhalation intake fraction for nine localized episodic indoor releases 2 
disaggregated into three exposure periods. For these experiments, the exposed subject was a 3 

seated, heated manikin. 4 

Particles emitted at the supply air vent caused an inhalation intake fraction of 3.2‰. This 5 

empirical inhalation intake for the release at the supply vent was consistent with the theoretical 6 

inhalation intake of depositing particles under the well-mixed conditions, as reported in Table 1. 7 

The inhalation intake of particles emitted near the groin or the feet was higher than the inhalation 8 

intake recorded when the release occurred at the supply vent. This observation indicates that an 9 

individual particle with outdoor origin introduced into the room via mixing ventilation system is 10 

less likely to reach the breathing zone than a particle liberated near the envelope of a seated 11 

person. Furthermore, the particles introduced at the supply air vent had lower associated 12 

inhalation intake fractions compared to releases near the manikin at the room heights 0.5, 1 and 13 

1.5 m (S1-S3).  14 

Mage and Ott [21] have reported that if the well-mixed period (Tγ) is much longer than 15 

the sum of the release and unmixed periods (Tα + Tβ), then the well-mixed assumption may not 16 
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result in large errors in predicting exposures. Our findings indicate that this conclusion is 1 

contingent on particle release location. Even for long exposure periods, the well-mixed mass 2 

balance models could substantially underestimate inhalation intake when particle release occurs 3 

at certain indoor locations, in particular when releases occur near the exposed subject.  4 

Furthermore, the well-mixed assumption might overestimate inhalation intake of coarse 5 

particles that are released at floor level away from a human, owing to efficient influence of 6 

gravitational settling across small heights in the absence of strong vertical mixing. On the other 7 

hand, comparing intake fractions when releases occurred in the supply vent and at the floor (S4) 8 

for particles smaller than 1 µm showed negligible difference. These smaller particles do not 9 

settle rapidly, so that the well-mixed model more suitably represents their behavior, as compared 10 

with supermicron particles.  11 

Table 2 presents the quantitative contribution of three integration periods to the partial 12 

and total intake fractions for all examined indoor releases. The partial intake fractions during the 13 

source-active () period ranged between 0.1‰ and 5.5‰. As seen both in Table 2 and in Figure 14 

2, the partial intake fractions observed over the source-active phase exhibited much higher 15 

variability than did the full monitoring period. Particles released proximate to the groin and feet 16 

caused a partial inhalation intake for the  period of 5.5‰ and 3.3‰, respectively, which was 17 

much larger than -period intake fractions for particles released at various other locations, 18 

including the supply air vent (50). This evidence supports a view that errors in exposure 19 

prediction could be larger during source-active periods than during full exposure periods that 20 

would include both source-active and post-release phases. 21 

22 
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Table 2 Summary of manikin experiments: mean ± standard deviation of inhalation intake 1 

fractions during the source-active (α = 10 min) period, unmixed (α + β = 22 min) period and the 2 

full monitoring period (α+β+γ = 100 min). 
a, b

 3 

ID Subject Source 
iF (‰) 

α period 

iF (‰) 

α + β periods 

iF (‰) 

full period 

1 Manikin On Groin 5.5 ± 0.7 7.7 ± 0.8 9.8 ± 0.9 

2 Manikin On Feet 3.3 ± 0.5 5.3 ± 0.7 6.6 ± 0.9 

3 Manikin On Supply 0.1 ± 0.1 1.1 ± 0.1 3.2 ± 0.1 

4 Manikin On S1 (1 m; 1.5 m height) 0.7 ± 0.1 2.5 ± 0.2 5.0 ± 0.2 

5 Manikin On S2 (1 m; 1 m height) 1.3 ± 0.1 3.6 ± 0.2 6.2 ± 0.3 

6 Manikin On S3 (1 m; 0.5 m height) 1.4 ± 0.8 2.7 ± 1.1 4.4 ± 1.4 

7 Manikin On S4 (1 m; 0.1 m height) 0.3 ± 0.1 0.9 ± 0.1 1.6 ± 0.1 

8 Manikin On S5 (2 m behind) 0.3 ± 0.3 0.7 ± 0.4 1.2 ± 0.6 

9 Manikin On S6 (2 m; 0.1 m height) 0.1 ± 0.1 0.3 ± 0.1 0.6 ± 0.1 

10 Manikin Off Groin 0.05 0.1 ± 0.1 1.2 ± 0.2 

11 Manikin Off Feet 0.05 0.1 ± 0.1 0.7 ± 0.3 
a 
For each experiment involving a thermal manikin, there were n = 2 replicates. 4 

b 
Two supplementary experiments (ID = 10 and ID = 11) were conducted when the particles were released proximate 5 

to the groin and feet when there was no body heat (manikin was OFF) to investigate the effect of the thermal plume 6 
on the inhalation intake fraction of PM released from the manikin’s body. 7 

 8 

For episodic indoor releases occurring during occupied periods, exposure time often 9 

exceeds the source emission time. The inhalation intake fraction from such releases would 10 

continue to increase during the post-release period. As seen in Figure 2 and Table 2, for most of 11 

the studied locations, exposure is dominated by the post-release (β + γ) phase rather than the 12 

source-active (α) period. In these experiments, the contribution of the post-release period to total 13 

exposure ranged from 44% (ID=1) to 97% (ID=3). For particles released proximate to the 14 

manikin’s groin and feet, the contributions to total inhalation intake were comparable during the 15 

source-active and post-release periods. For particles released at other indoor locations (S1-S6, 16 

Supply), the post-release period dominated the inhalation intake, contributing 69–97% of the 17 

total inhalation intake. Considering the nine experimental conditions with the manikin heated 18 

(ID=1 to 9), the 12-min unmixed transitional (β) period following the release event contributed 19 

23–37% of the total intake fraction, without strong influence of release location. 20 
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Figure 3 illustrates the evolution of the partial inhalation intake fractions for nine 1 

localized indoor sources considering exposure periods in the range 0-100 minutes, referenced to 2 

the start of the particle release. The total interval includes the duration of the source-active (α) 3 

event (10 min), post-release unmixed (β) period (12 min), and post-release well-mixed (γ) period 4 

(up to 78 min). Particles emitted in the vicinity of the manikin produce a steeply rising inhalation 5 

intake during the source-release period. For the releases nearest to the manikin, the partial intake 6 

slopes diminish with time, indicating that rate of inhalation intake becomes smaller during the 7 

transitional β period and throughout the γ period. For particle releases at the other locations (S1-8 

S6, Supply), the partial intake curves rise more slowly and steadily throughout the early portions 9 

of the exposure period.  All curves exhibit diminishing slopes late in the exposure period as the 10 

emitted particles are lost from indoor air by a combination of ventilation and deposition. A 11 

relatively small variation among inhalation intakes during the well-mixed (γ) phase across all 12 

release locations is displayed in Figure S3. In summary, during the poorly mixed α and β periods, 13 

factors such as source location, proximity of the exposed person and airflow distribution 14 

patterns, are key variables influencing the inhalation intake. During the well-mixed γ stage, these 15 

factors become unimportant, and further contributions to intake depend mainly on factors that 16 

affect room-average concentrations, such as depositional and ventilation loss. 17 
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 1 

Fig. 3. Dynamic evolution of the partial inhalation intake fraction for nine localized episodic 2 

indoor release locations over the exposure period T = 0 to 100 minutes. 3 

 4 

3.3. Empirical intake fractions: Influence of the thermal plume 5 

To investigate the contribution of the buoyant thermal plume to inhalation intake, we conducted 6 

supplemental experiments with the particles released proximate to the groin (ID = 10) and feet 7 

(ID = 11), but with the manikin unpowered so that there was no associated thermal plume. For 8 

both release locations, the thermal plume strongly enhanced inhalation intake. As seen in Figure 9 

4, the total inhalation intake of the heated manikin was 6.6‰ for releases near the feet (ID = 2), 10 

and 9.8‰ for releases near the groin (ID = 1). The corresponding inhalation intake fractions for 11 

the unheated manikin were almost an order of magnitude smaller (0.7‰ and 1.2‰, respectively). 12 

The substantial increase of inhalation intake for the heated manikin is attributed to the tendency 13 

of the thermal plume to draw particles upwards into the breathing zone. Results supporting this 14 

interpretation are also found in Licina et al. [37]. The results also indicate that the thermal plume 15 

can effectively enhance transport of particles in the size range 0.3-10 µm which are emitted 16 
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proximate to the human body. Conversely, in the absence of the thermal plume, particles larger 1 

than 1 µm are prone to enhanced gravitational settling (Figure 4). The influence of the thermal 2 

plume on inhalation intake may vary with various personal factors, such as the metabolic rate, 3 

type of activity, clothing and posture [36] and also with environmental factors, such as the room 4 

air temperature, ventilation rate and airflow distribution pattern [38]. 5 

 6 

Fig. 4. Size-resolved inhalation intake fractions of deliberately released particles as a point 7 
source near (a) feet of a heated (ID = 2) and unheated manikin (ID = 11); and (b) groin of a 8 
heated (ID = 1) and unheated manikin (ID = 10). The mean ± standard deviation (illustrated 9 

by shaded area) across specified particle sizes are reported in both frames. 10 

Experiments conducted with source locations proximate to the groin are intended to be 11 

indicative of coarse particle releases from the human skin and clothing. Similarly, source 12 

locations proximate to the feet are intended to represent particle resuspension from flooring and 13 

shoes while seated. These two mechanisms of occupant-associated coarse particle emissions 14 

contribute to the total aerosol mass indoors [13,16,39]. Humans are also a noteworthy indoor 15 

source of volatile organic compounds [40,41]. Clothing may be a source of airborne 16 

contaminants, e.g., from residual detergents [42] and post-manufacturing hazardous substances 17 

[43]. Ozone interactions with skin oils and personal care products may produce diminished 18 
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ozone concentrations but enhanced concentrations of reaction byproducts in the breathing zone 1 

[44,45]. Such pollutants could also have enhanced personal exposures owing to the thermal 2 

plume. Conversely, in spaces where the source of clean air is supplied near the floor level, the 3 

thermal plume can assist in transporting clean air into the breathing zone. 4 

3.4. Empirical intake fractions for particle release from the human envelope 5 

Humans contribute materially to indoor coarse particle emissions [13]. We reinterpret 6 

here previously reported experimental data using a human subject in the same experimental room 7 

and under the same environmental conditions during 30-minute trials [16]. An aim was to 8 

characterize intake fractions associated with coarse particle generation from skin and clothing as 9 

influenced by normal occupant motions. 10 

Figure 5 reports 30-min mean inhalation intake fractions in relation to PM emissions 11 

from the human envelope for three types of activities: seated with moderate movement 12 

(simulated computer work, light stretching and combing hair), seated with intensive movement 13 

(simulated exercising and manipulating imaginary papers and fabric) and walking at a constant 14 

pace of 80 steps/min (= 1 m/s) (see Table S1). The particle emission rates by mass (0.3-10 µm 15 

diameter range) as a consequence of these three activities are estimated based on equation (3) 16 

and also reported in Figure 5. In these experiments, exposures were assessed only for the 30-17 

minute period that coincided with the generation activities. The reported inhalation intake 18 

fractions only consider exposures that occur during these 30-minute periods. The size-resolved 19 

inhalation intake fractions of particles released from the human subject are presented in Figure 20 

S4. 21 

The three activity levels exhibit distinctive inhalation intake fraction values. For the 22 

sitting occupant performing moderate and intensive bodily movements, inhalation intake 23 
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fractions were 9.0‰ and 5.3‰, respectively. Remarkably, the walking subject had a 1 

significantly lower inhalation intake fraction at 0.9‰. The experimental data indicate, as one 2 

might expect, that the motion of the walking occupant contributes to more rapid mixing of the 3 

emitted particles throughout the room, whereas the thermal plume rising along the seated 4 

occupant contributes to spatial concentration gradients with elevated levels in the breathing zone. 5 

 6 

Fig 5. Inhalation intake fraction (mean ± standard deviation, n=3) during the 30-min mean 7 
source-active period as a result of three distinct occupant activities: seated with moderate 8 
movements, seated with intensive movements, and walking at 80 steps/min. The inset table 9 

indicates the human emission rates by mass for each activity, estimated based on equation 10 
(3). Note that the results reported here are valid for constant breathing flow rates (Qb = 0.5 11 

m
3
/h) across each activity type. We have also applied different breathing flow rates for three 12 

activities: Qb = 0.61 m
3
/h for moderate activity, Qb = 1 m

3
/h for intensive activity (these 13 

values are extrapolated from data reported by USA EPA [46]) and Qb = 0.84 m
3
/h for 14 

walking at 1 m/s (extrapolated from data reported by Adams [29]). For these higher breathing 15 
rates, the inhalation intake fractions would be increased to 11‰ for moderate activity, 10.6‰ 16 
for intensive activity, and 1.4‰ for walking. 17 

Although the walking person generated higher emission rates, the inhalation intake 18 

fraction while walking was considerably lower as compared to a seated person. Similarly, the 19 

seated occupant performing intensive bodily movements caused lower inhalation intake fraction 20 

relative to seated activity with moderate movement, despite higher emission rates. Overall, the 21 

intake fraction influence was more pronounced than the source strength effect, so that seated and 22 
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less vigorous activities were associated with higher inhalation intakes for the perihuman 1 

generation of coarse particles.  2 

4. Conclusions 3 

In a controlled environmental chamber with relatively clean surfaces and low background 4 

particle levels, we found that the source position, manikin thermal plume, and exposure duration 5 

considerably influence inhalation intake to episodically released particles from localized sources. 6 

With controlled releases, total inhalation intake fraction for particles (in the size range 0.3-10 7 

µm) released from the human envelope averaged 7–10‰, considerably higher than for other 8 

indoor release locations. We found that these outcomes reflect the combined influence of the 9 

proximity of the source to the exposed subject and of the tendency of the thermal plume to 10 

transport particles from the lower perihuman environment to the breathing zone. The thermal 11 

plume alone contributed to substantially increased inhalation intake when the particles were 12 

released proximate to the groin or feet. 13 

Relative to the well-mixed environment (intake fraction = 3.2‰ for experimental 14 

conditions of this study), the total inhalation intake increased up to 3 for particles released from 15 

the human envelope, and by 1.4–1.9 for nearby releases occurring at 0.5–1.5 m heights. These 16 

results suggest that the well-mixed representation of an indoor environment could underestimate 17 

the inhalation intake for certain types of indoor pollutant releases. A particular concern arises for 18 

emissions proximate to the body surface, which may more efficiently contribute to personal 19 

exposure than would particle emissions from other indoor locations. The risk of errors in 20 

exposure assessment is amplified during the poorly mixed source-active phase, relative to the 21 

post-emissions period. 22 
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Although exposure to emissions close the human envelope could be underestimated, we 1 

also found that the post-release and post-mixing period (i.e., the  period) contributed 2 

substantially to total exposure. As established by prior research, that contribution is accurately 3 

estimated using the well-mixed room model. For the conditions studied here, with a release of 4 

10-min duration and a post-release mixing time of 12 min at the beginning of a total exposure 5 

period of 100 min, and in a chamber with an air-exchange rate of 2.3 h
-1

, the contribution to total 6 

exposure of well-mixed  period was in the range 20–66%, depending on release location. 7 

This is the first study to experimentally quantify inhalation intake fraction of particles 8 

released from the human skin and clothing. For coincident 30-min activity and exposure periods, 9 

inhalation intake varied primarily in relation to the human activity type, ranging from 0.9‰ for 10 

particles shed during walking to 9‰ for particles released during seated activities. Relative to 11 

walking, spatial concentration gradients were more pronounced when the occupant performed 12 

seated activities. Surprisingly, although particle emissions were stronger for walking and for 13 

vigorous seated activities, the inhalation intake — the product of the intake fraction and the 14 

cumulative emissions — was largest for the subject undertaking moderate activities while seated. 15 

This result reflects the very strong influence of the spatial concentration gradients affecting 16 

exposure for particles released from the human envelope. From a practical standpoint, in rooms 17 

that operate with low air mixing (e.g., with predominantly seated occupants), sensor positioning 18 

proximate to the human breathing zone may be key for accurately assessing inhalation intake. 19 

The inhalation intake fraction metric is useful for elucidating source-receptor 20 

relationships, facilitating quantitative exposure evaluations, and supporting health risk 21 

assessments. The present study advances the understanding of how inhalation intake fraction 22 

varies in relation to spatially dependent episodic indoor emissions and influential transport 23 
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mechanisms, but has not considered variation in other building- and occupancy-related 1 

parameters and pollutant attributes. Further efforts are needed to probe the influences of different 2 

ventilation strategies, variable ventilation rates, higher occupancy levels and neutrally-buoyant 3 

pollution source. These efforts would be beneficial for assessing exposure conditions and 4 

associated health risks applicable in different types of indoor environments. 5 
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Appendix A. Supplementary data 9 

Table S1. Detailed description of the human activity type and duration. 10 

Table S2. Average particle mass emission rates (mean ± standard deviation) obtained with the 11 

aerosol generation system (n = 5). 12 

Table S3. The room-average values (time-averaged mean) of the dry-bulb temperature and 13 

relative humidity for each experimental run. 14 

Table S4. Comparison between empirically derived, size-resolved deposition loss rate 15 
coefficients (mean ± standard deviation, n = 3, units = h

-1
) for sitting and walking activity and 16 

values from Thatcher et al. [1]. 17 

Table S5. Adjustment factors derived for optical particle counters (OPCs, model GRIMM) and 18 

stationary monitors (SM, model Met One) from side-by-side tests with reference instruments 19 

OPC1 and SM3. 20 

Fig. S1. Schematic of the particle generation system that consisted of compressed air, valve, 21 
HEPA filter, pressure gauge, 6-jet Collison nebulizer (18.55 PSA, 3.5 LPM), three dilution 22 

branches with HEPA filters and a stainless-steel single-ended cylinder perforated on the 23 
upper side to allow particle discharge.  24 

Fig. S2. Time-resolved coefficient of variation of the PM10 mass among three stationary 25 

monitors for various release locations. 26 

Fig. S3. Time-resolved coefficient of variation of the partial inhalation intake fraction averaged 27 
across nine experiments, with different source locations (ID = 1 to 9).  28 

Fig. S4. Size-resolved partial inhalation intake fractions of particles naturally released from the 29 
sitting human via (a) moderate and (b) intensive sitting activities and (c) from the walking 30 

human.  31 
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