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A B S T R A C T

Inhalation of aerosols produced during showering exposes people to chemical and microbial contaminants 
present in the water. To improve quantitative estimates of exposure and to inform the efficacy of potential in
terventions to reduce exposures, the number and size distributions of aerosols generated during showering events 
were monitored and a mass balance model of the generated aerosols was developed. The aerosol generation rates 
were calculated through calibrating the model with the measured aerosol data. Specifically, aerosol count 
concentrations and size distributions were measured with an aerodynamic particle sizer over the duration of 
mock showering events under various conditions, including different water temperatures and different show
erhead types (conventional and rain showers). The empirical data were then used to fit a mass balance model to 
obtain aerosol generation rates and decay rates for each aerosol size class through least square fitting. An initial 
high peak concentration of aerosols was observed under hot water conditions relative to cold water conditions 
which resulted in a rapid increase in aerosol exposure during the first 1–2 min of showering. This suggests that 
people showering in hot water conditions will have a potentially increased exposure during the first 1–2 min. The 
model-fitted values suggest large inter-experiment variation in estimated aerosol generation and decay rates, 
even among triplicates of the same showering conditions. Current exposure assessment approaches assume 
constant aerosol concentrations during showers which might lead to miscalculated cumulative risk for microbial 
hazards because of their uneven distribution in building plumbing systems and biofilm detachment process 
during flushing. Thus, considering aerosol dynamics is beneficial during shower exposure assessments to inform 
risk management interventions. The data set and associated modeling results provided can support this, as they 
can be readily integrated into microbial risk assessments for waterborne pathogens such as Legionella spp., 
nontuberculous Mycobacteria (NTM) and Pseudomonas aeruginosa.

1. Introduction

Waterborne pathogens in drinking water systems such as Legionella 
spp., Mycobacterium spp. and Pseudomonas aeruginosa increase risks for 
respiratory diseases during daily activities, such as showering and toilet 
flushing [14,24]. Inhalation of contaminated aerosols is the major route 
of exposure, with showers perceived to be of particular concern due to 

the generation of, and resultant exposure to, high concentrations of 
inhalable aerosols [19,25,44]. Understanding fate and transport of 
aerosols in showers can provide insights into exposure pathways leading 
to respiratory diseases and contribute to the design of effective 
interventions.

Estimates of aerosol concentrations, fate, and transport in showers 
are driven by data collected empirically. Parameters related to aerosol 
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concentrations were usually identified as one of the most sensitive pa
rameters for risk assessment [49]. Empirical studies have quantified 
shower aerosol generation rates and identified factors that influence the 
aerosol concentration and distribution profile such as water flow rate, 
water temperature, water pressure, humidity, showerhead characteris
tics, and ventilation conditions [12,18,35,38,52,56]. Some studies, 
primarily focused on chemical exposure assessment, collected data on 
aerosols equal to or smaller than 2.5 μm, a size class particularly relevant 
due to its deposition in the alveoli and bronchi [52,55]. For aerosols 
larger than 2.5 μm, many current studies applied general aerosol gen
eration rates or partitioning coefficients (ratio of pathogen in air relative 
to water) for the respirable fraction [12,18,35,56]. Aerosols ranging 
between 1 and 10 μm are normally large enough to encapsulate mi
croorganisms and small enough to deposit at alveoli. Submicron aerosols 
may also contain cellular fragments but these fragments were not 
considered as viable cells and therefore less likely to cause infections 
[2]. Submicron aerosols may also contain viruses, as demonstrated in 
wastewater treatment plants and public fountains (Deere & Ryan, 2022; 
Heida et al., 2024; Pasalari et al., 2022). For this study which focuses on 
building plumbing systems serving treated water, bacterial pathogens 
capable of growing in the system after treatment were the primary focus 
[49]. Aerosols larger than 5 μm are significantly less likely to deposit at 
alveoli compared to smaller aerosols according to the International 
commission on radiological protection (ICRP) lung deposition model [3,
54]. However, bacteria such as Legionella spp. partitioning into aerosols 
larger than 5 μm could account for 48% of total airborne bacteria [2]. 
Therefore, size-resolved generation rates for aerosols within the range of 
1–10 μm are needed for reliable microbial risk assessments.

Microbial risk assessments rely on aerosol concentration modeling 
approaches including volumetric estimation or partitioning coefficient 
approaches to model exposure to respiratory pathogens for shower 
scenarios [24,25,42]. Most studies applying these approaches typically 
measure either aerosols or microorganisms as data input [18,27,55]. 
Comparatively, few studies investigate both aerosol size distribution and 
microorganisms in air using impactor cultures for shower-like systems 
[2,3]. These approaches typically assume constant aerosol concentra
tion over the entire shower duration. A consequence of constant aerosol 
concentration estimation is the potential to overestimate or underesti
mate risk, because assumed constant aerosol concentration corresponds 
to steady state, while aerosol concentration at the increase state (period 
when aerosol concentration is continuously increasing) is usually 
ignored. An alternative to volumetric estimation and partitioning coef
ficient approaches is mass balance model approach, which can incor
porate multiple aerosol transport process such as deposition and 
ventilation following the conservation of mass principle, and therefore 
be more generalizable. Previous studies focusing on chemical exposure 
assessment have shown that one compartment models can properly 
describe dynamic changes of aerosol concentrations [12,55]. Through 
fitting the mass balance model to experimental measured aerosol data, 
aerosol generation rates ranging from 44 to 5682 μg/min were obtained 
depending on different aerosol size classes and showerhead character
istics [12,52,55]. However, constant aerosol generation rates were 
assumed by these studies and therefore the dynamic change of aerosol 
concentrations especially for hot showers was not addressed [52,55]. 
The initial high concentrations of aerosols were ignored by these studies 
which could be influential on the waterborne pathogen risk assessments 
considering they were mainly present in the first liter water during 
flushing due to biofilm detachment [45].

In this study, empirical data collection and modeling of aerosols in 
showers were advanced. Specifically, (1) the temporal variation of 
aerosol concentration and size distribution of aerosols under selected 
conditions with shower experiments were investigated, 2) size-resolved 
parameters for aerosol generation rates that can be directly used in 
exposure and risk assessment models were estimated, and (3) a mass 
balance model that describes temporal variations of aerosol concentra
tions and corresponding exposures for people showering was developed.

2. Methods

2.1. Experimental overview

Empirical measurements of aerosol concentration and size distribu
tion were collected in the bathroom of a fitness center in Dübendorf, 
Switzerland (Figure S1). The shower stall had a dimension of 0.9 m 
(length) × 1.2 m (width) × 2.3 m (height). The shower stall was closed 
with a glass door, and air exchange was measured for each experiment 
and was influenced by a ventilation system installed at the top of the 
shower stall. A conventional showerhead and a rain showerhead (Arwa, 
Switzerland), both made of stainless steel, were installed in the shower 
stall. Both types of showerheads were operated at a water pressure of 3 
kPa, with a nozzle diameter of 1 mm. The conventional showerhead 
contained 65 nozzles, whereas the rain showerhead had 210 nozzles. 
The rain showerhead was installed on the ceiling at a height of 2.3 m 
above the ground. To ensure aerosols were emitted at the same position, 
the conventional showerhead was fixed at the same position of the rain 
showerhead. A mannequin with a height of 1.75 m was positioned right 
below the rain and conventional showerhead to simulate the presence of 
a person during the shower and to account for secondary formation of 
aerosols due to water splashing onto human skin. The mannequin had a 
shoulder width of 0.4 m, a chest circumference of 0.81 m, a waist 
circumference of 0.61 m and a hip circumference of 0.86 m. The man
nequin’s surface was smooth and made of hydrophobic polyethylene 
plastic.

Two water temperatures (moderately cold at 25–28 ◦C and moder
ately hot at 39–41 ◦C) and two showerhead types (conventional and 
rain) were tested to assess aerosol concentration and size distribution. 
The water flow rates were 10 L/min for the rain showerhead and 8 L/ 
min for the conventional showerhead when the fixture handle is fully 
open by the user. Water flow rates were kept constant throughout the 
duration of the shower. The aerosol size distributions and concentra
tions were measured with an aerodynamic particle sizer (APS; 3321, TSI 
Inc, U.S.A.). Aerosols were sampled using tubes connected to the inlet 
port of APS with a total flow rate of 5 L/min (1 L/min for aerosol 
sampling and 4 L/min for sheath air). Considering longer tubing can 
cause particle loss due to inertial impaction, diffusional deposition, 
gravity deposition and thermophoretic deposition, a location 1 m above 
ground within the shower stall was chosen for aerosol sampling and 
further exposure modeling. The APS was placed on a table and con
nected with a 0.1 m tube. In addition, two other locations (1.8 m above 
ground and 2.2 m above ground) were sampled with longer tubes (1.2 m 
and 1.5 m in length) to investigate the spatial variations of aerosol size 
distributions. The outputs of APS are size distribution normalized by 
aerosol size and aerosol count for each aerosol size class, which included 
32 channels within the size range of 0.5 to 20 μm. Aerosol data collec
tion was performed using Aerosol Instrument Manager software (AIM 
10.3, TSI Inc, U.S.A.), with measurements recorded every 20 s. The data 
collected by AIM software were raw counts of aerosols in different size 
bins at a sampling flow rate of 1 L/min (i.e., 0.33 L of air was sampled for 
each 20 second interval). The number concentrations were obtained by 
dividing the raw counts by sampled air volume (0.33 L). These number 
concentrations were then converted to mass concentrations, considering 
that the equipment measured aerodynamic diameter under the 
assumption of a particle density of 1 g/cm³ and a spherical particle 
shape.

Measurements were collected for 5 min prior to the shower being 
turned on to measure the background aerosol concentration. Then, the 
shower was turned on for 10 min to mimic a typical shower length [30,
46]. Following this, the shower was turned off but aerosols were 
continuously measured for an additional 5 min to allow measurements 
of the decay of aerosol concentrations back to the background. To 
measure the ventilation rate, carbon dioxide (CO2) was used as a tracer 
gas [8]. CO2 was injected from a compressed gas cylinder into the 
shower stall until an initial concentration of 3000–4000 ppm was 
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reached. This concentration was well below the American Conference of 
Governmental and Industrial Hygienists’ recommended 8-hour Time 
Weighted Average Threshold Limit Value [6] while also being suffi
ciently above background to enable estimation of ventilation rate. 
Before CO2 concentration measurements were taken, a fan was used to 
ensure thorough mixing of air. The decay of CO2 concentration was then 
recorded using Vitales 501 CO2 monitor (Vitales 501, Vitales, 
Switzerland). Through fitting an exponential decay model to the 
measured concentrations over time, the ventilation rate was estimated 
[55]. The CO2 monitor also recorded relative humidity and temperature 
every 20 s.

2.2. Aerosol concentration modeling

2.2.1. Mass balance model
To estimate exposure for a person enclosed within a shower stall, a 

mass balance model was used [54]. Assuming a closed system following 
the principle of mass conservation and accounting for the generation 
rate from the shower and decay from ventilation, deposition, and other 
processes, the mass concentration of aerosol was predicted as follows: 

Vm
dci

dt
= −

(
Q+

∑
vi,jSj + λiVm

)
⋅ci + Gi (1) 

where Vm is the volume of the shower stall (m3), ci is the mass concen
tration of aerosol of size i (μg/m3), t is the exposure duration (min), Q is 
the ventilation rate or air flow rate (m3/min); Sj is the area of vertical, 
upward-facing, and downward-facing surface j within the shower stall 
(m2); vi,j is the deposition velocity of aerosol of size i for the surface j (m/ 
min) which is predominantly driven by gravity forces for micro-sized 
aerosols; λi is the aerosol residual decay rate caused by other removal 
process excluding deposition and ventilation rate for aerosol of size i (1/ 
min) (e.g., evaporation, inertial impaction and interception); G is the 
generation rate of aerosol of size i (μg/min).

The deposition velocities were calculated following the method 
proposed by Lai and Nazaroff [32].

2.2.2. Model calibration
The mass balance model was fitted to measured aerosol concentra

tions for each aerosol size class using the least squares method [34]. 
Aerosol generation rate and aerosol decay rate were treated as unknown 
parameters during the model fitting. The fitting process was conducted 
using the differential equations solver Berkeley Madonna (version 9.1. 
19, University of California at Berkeley, U. S. A.) with the Rosenbrock 
algorithm for stiff differential equations.

2.2.3. Estimating exposure to the respirable fraction of aerosols
The potential inhalation dose of aerosols for a single shower event 

was calculated using the following equation: 

D =

∫t2

t1

∑

i=1
Caer,iDiBdt (2) 

where D is the inhalation dose of aerosols (g), Caer,i is the mass con
centration of aerosols of size i (g/m3), B is the inhalation rate for average 
of male and female (m3/min) [17,47], and Di is the deposition fraction of 
an aerosol of size i at human alveoli, t1 is the time when people enter 
shower stall and t2 is the time when people leave shower stall (min). The 
detailed calculation of deposition fraction Di was provided in supporting 
information.

Exposure modeling, including estimating uncertainty and variability 
of model output, was conducted using Monte Carlo simulations in R 
(v4.4.1, Bell Laboratories Inc, U. S. A.) and RStudio (v2024.04.2 + 764, 
Posit PBC, U. S. A.) (www.rproject.org), based on 10,000 iterations. 
Distributions of all relevant aerosol and exposure parameter values were 
provided in Table S1.

2.2.4. Statistical analysis
All statistics were conducted using R (v4.4.1, Bell Laboratories Inc, 

U. S. A.) and RStudio (v2024.04.2 + 764, Posit PBC, U. S. A.). A t-test 
was used to compare geometric mean diameters of aerosols produced 
and aerosol generation rates at different selected conditions (i.e. hot 
shower vs cold shower, conventional showerhead vs rain showerhead).

3. Results

3.1. Aerosol size distribution

Aerosol size distributions were generally consistent throughout the 
shower. No significant change was observed regarding the geometric 
mean diameter of aerosols generated from the start of the shower (1 min 
after turning on shower) and end of the shower (1 min before turning off 
shower) (Table 1) (p = 0.6, t-test), but differences were observed when 
comparing the geometric mean diameters between the cold-water sce
narios and hot water scenarios (p = 6.7 × 10–9, t-test). Geometric mean 
diameters for aerosols generated using the conventional showerhead at 
the 1st and 10th minutes were similar to the geometric mean diameters 
generated using the rain showerhead (p = 0.7, t-test). For cold water 
scenarios, the majority of aerosols generated by the two types of 
showerheads were smaller than 5 μm and smaller aerosols accounted for 
a higher fraction of total number concentrations (Fig. 1). Comparatively, 
aerosols generated by hot water showers were larger than aerosols 
generated by cold water showers and were characterized by a bimodal 
distribution (Fig. 1 and Table 1).

3.2. Concentration of aerosols over time

The concentration profile of aerosols generated during and after the 
shower can be divided into 3 phases: 1) increase state (1–2 min after the 
shower was turned on), 2) steady state (1–2 min after shower is turned 
on), and 3) decay state (after the shower was turned off). For cold water 
scenarios, the concentration of aerosols increased exponentially during 
the increase state (Figs. 2,3). In many scenarios, a plateau in aerosol 
concentrations indicating steady state was reached. In other scenarios, 
the aerosol concentrations continuously increased until the end of the 
shower and a steady state concentration was not reached (Figure S2, 
Figure S3). The specific scenario depended on the air exchange rate 
within the shower, with higher air exchange rates reaching steady state 
faster than lower air exchange rates, as expected from the mass balance 
model.

For hot water scenarios, an almost instantaneous increase of aerosol 
concentration after the shower was turned on was observed in all ex
periments (Fig. 3). After approximately 1 min, a peak concentration was 
reached and then aerosol concentrations decreased exponentially until 
reaching a steady state (Fig. 3). Notably, the peak concentration was 
sometimes 2–3 times higher than the steady state concentration (Fig. 3). 
After the shower was turned on, both air temperature and relative hu
midity (RH) also gradually increased (Figure S6. For hot water sce
narios, the highest air temperature at steady state was around 30 ◦C and 
the relative humidity gradually increased to 95% (Figure S6). For cold 
water scenarios, the rapid increase in aerosol concentrations was not 
observed, and the air temperature eventually reached approximately 27 
◦C which was close to the cold water temperature. The background RH, 
ranging from 50% to 80%, gradually increased to 85% under cold water 
conditions and 95% under hot water conditions (Figure S6).

3.3. Aerosol generation rates and decay rates

A mass balance model was fit to measured aerosol concentrations to 
get size-resolved aerosol generation rates and decay rates (Fig. 2, Fig. 3). 
The model fitting was conducted on each of the three phases separately 
to allow estimation of distinct aerosol generation rates and decay rates. 
For cold water scenarios, a constant aerosol generation rate for the 
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increase and steady state phases (i.e. a single generation rate for the 
entire shower) was assumed considering that the water flow rates were 
kept constant, and the showerheads and mannequin were fixed 
throughout the duration of the showers. For hot water scenarios, 
because of the empirically observed rapid initial increase of aerosol 
concentration, the increase and steady states were modeled as two 
distinct aerosol generation rates (i.e. a higher generation rate for the first 
1–2 min and a lower generation rate after the first 1–2 min). For both 
cold and hot water scenarios, two distinct aerosol decay rates were 

applied: one rate for when the shower was turned on and a separate 
decay rate for when the shower was turned off, considering environ
mental conditions such as ambient temperature and relative humidity 
can be different when the shower is on or off.

Total aerosol generation rates were not significantly different be
tween two types of showerheads (p = 0.5, t-test). Total aerosol genera
tion rates for hot water scenarios were up to three orders of magnitude 
higher than those for cold water scenarios (Table 2, Table 3) (p = 0.04, t- 
test). In hot scenarios, aerosols ranging from 5 to 6 μm have the highest 

Table 1 
Summary of aerosol size distribution under selected conditions. Note: The beginning of the shower refers to 1 min after turning on shower and the end of the shower 
refers to 1 min before turning off shower.

Experiment 
run

Water temperature ( 
◦C)

Showerhead 
type

Water flow rate 
(L/min)

Geometric mean diameter of generated aerosols (μm)

Beginning of the 
shower

Average ± standard 
deviation

End of the 
shower

Average ± standard 
deviation

1 25.9 Rain 10 0.95 0.96 ± 0.01 1.07 1.00 ± 0.06
2 25.8 Rain 10 0.96 0.96
3 27.3 Rain 10 0.97 0.99
4 29.3 Conventional 8 0.85 0.98 ± 0.14 0.97 1.03 ± 0.06
5 27.8 Conventional 8 1.12 1.03
6 26.6 Conventional 8 0.97 1.09
7 39.7 Rain 10 5.03 5.18 ± 0.13 6.34 6.19 ± 0.78
8 41.9 Rain 10 5.29 6.89
9 41 Rain 10 5.22 5.35
10 40 Conventional 8 4.1 4.52 ± 0.86 5.18 5.32 ± 1.25
11 40.5 Conventional 8 5.51 6.63
12 39.5 Conventional 8 3.96 4.15

Fig. 1. Size distribution as total number concentration at the beginning of cold showers (A), at the end of cold showers (B), at the beginning of hot showers (C) and at 
the end of hot showers (D).
Note: The beginning of the shower refers to 1 min after turning on showers and the end refers to 1 min before turning off the showers. The error bars represent 
standard deviation of measurement results. The sizes of particles were presented as aerodynamic diameters. The beginning refers to 1 min after turning on the shower 
and the end refers to 1 min before turning off the shower.
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generation rates both by count and mass. Notably, in hot water condi
tions, the aerosol generation rates during the increase state were 2–4 
times higher than those during the steady state.

In the one compartment model, an additional parameter fit to the 
model was a parameter to estimate the residual aerosol decay rate (λ) to 
account for aerosol removal processes that occur in addition to the 
ventilation and deposition removal processes. This rate is intended to 
represent combinations of other potential removal processes, such as 
evaporation, coagulation, impaction, interception, and thermophoresis. 
Residual aerosol decay rates close to 0 would indicate the aerosol 
removal processes beyond ventilation and deposition are negligible. 
Based on fitted values, the residual aerosol decay rates under cold water 
conditions (Table 2) were much closer to 0 than those under hot water 
conditions (Table 3). Specifically, it was found that fitted residual 
aerosol decay rates for the rain showerhead under hot water conditions 
were both higher and more variable than the other scenarios. Higher 
residual aerosol decay rates were observed during the decay phase (e.g., 
when the shower was turned off) compared to the increase and steady 
state phases (e.g., when the shower was turned on).

Aerosol generation rates were used to estimate aerosol exposures 
through inhalation under all tested conditions (Fig. 4). The estimated 

mean cumulative doses for inhalation of aerosols under hot water con
ditions, calculated based on the area under the curve, was 885.8 μg for 
conventional showerhead and 557.6 μg for rain showerhead, which was 
two orders of magnitude higher than cold water estimates of 5.0 μg for 
conventional showerhead and 1.5 μg for rain showerhead. For hot water 
scenarios, the slope of increase for the initial 2 min was higher than the 
remaining period due to the initial peak concentration of aerosols during 
the increase state (Fig. 4). Comparatively, the slope of increase for cold 
water scenarios was much lower due to the low aerosol generation rates. 
After the shower was turned off, a continued exposure increase was 
observed for cold water scenarios while the exposure for hot water 
scenarios reached a plateau. This is because, under hot water scenarios, 
the aerosol concentration typically decreased dramatically, reaching 
almost undetectable once the showerhead is off, whereas the aerosol 
concentration decreased more slowly under cold water scenarios.

4. Discussion

4.1. Aerosol generation rates were more influenced by water temperature 
than by showerhead type

Showerhead types had little influence on aerosol concentration and 
size distribution, whereas temperature had a larger effect. The obser
vation reported here of a minimal impact of showerheads may be due to 
the study design, which looked at a single, constant flow rate for each 
shower type, and the flow rates for the two showerhead types were 
similar: 8 and 10 L/min. Studies have shown that showerhead charac
teristics such as water flow rate, water pressure, number of nozzles and 
spray angle can influence aerosol emission to different extents [35,55]. 
However, the difference in aerosol generation rates caused by shower
head characteristics may be low, typically reported as within 1 log10 [18,
41,52]. Comparatively, water temperature differences can result in 2–3 
log10 differences in aerosol generations rates [55]. This finding is 
consistent with previously reported results on the importance of tem
perature in aerosol generation rates, and highlights that risk mitigation 
strategies focused on reducing water temperatures may see greater re
ductions in aerosol exposures than strategies focused on changing 
showerhead characteristics. However, it should be noted that this study 
only focused on aerosol exposures without considering impact of testing 
conditions on microorganisms. Water temperature as well as water flow 
rate (e.g., water-saving showerheads) could also impact microbial den
sities and viability in aerosols which could also influence the final risk 
outcomes [11,37,41]

The observed higher aerosol concentrations under hot water sce
narios, particularly during the steady state phase, may be due to 
increased humidity (Figure S6). Water at higher temperatures evapo
rates faster and therefore leads to higher relative humidity (i.e., higher 
concentrations of water vapor) compared to cold water [1,50]. Due to 
the temperature difference between hot water and ambient air, the heat 
transfer from hot water to ambient air leads to an increase in air tem
perature. The heated air carrying concentrated hot water vapor will 
move upward and expand due to the thermal plume effect [55]. Sub
sequently, rapid condensation can happen once the hot humidified air 
reaches relatively colder shower stall walls because of the high relative 
humidity and the low temperature of the shower stall walls [12,15,16]. 
For micro-sized droplets, the vapor pressure at the droplet surface 
needed to maintain a specific size (i.e., no condensation and evapora
tion) can be considered equal to the saturation vapor pressure consid
ering micro-sized droplets are less impacted by the Kelvin effect than 
submicron droplets [33].

4.2. Aerosol decay rates vary at different stages and different water 
temperature conditions

In the one compartment model presented here, the non-zero values 
of fitted aerosol decay rates (λ) suggests that there are processes 

Fig. 2. Concentration of aerosols ranging between 1 and 6 μm at cold water 
temperature generated by conventional showerhead (A) and rain showerhead 
(B).
Note: The data are for experiment runs 3 and 6 described in Table 1. The term 
exp refers to the experimentally collected data, and model refers to the model 
fit values. The black dashed lines represent measured CO2 concentrations 
subtracting background CO2 concentrations. The sizes of particles were pre
sented as aerodynamic diameters.
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controlling aerosol removal beyond ventilation and deposition. This 
finding is consistent with previous studies that also observed deviation 
of total aerosol decay rates from the sum of air exchange rate and 
deposition rate [12,55]. Additional aerosol removal process may include 
evaporation, coagulation, diffusional deposition, thermophoresis, iner
tial impaction as well as interception [29,52,53]. Because the concen
trations of micro-sized aerosols measured in the tested scenarios are 
much less than 106/cm3, the effect of coagulation on aerosol removal is 

assumed to be negligible [10]. The diffusional deposition and thermo
phoresis mainly influence removal of submicron aerosols and have less 
effect on micro-sized aerosols [23,31,48]. Therefore, evaporation, in
ertial impaction (particles leave the gas stream and deposit on surfaces) 
as well as interception (particles follow the gas stream and deposit on 
surfaces) could be additional removal mechanisms for micro-sized 
aerosols [53]. These processes can be impacted by the dynamic 
change of environmental conditions such as temperature and relative 

Fig. 3. Concentration of aerosols ranging between 1 and 6 μm at hot water temperature generated by conventional showerhead (A) and rain showerhead (C) as well 
as aerosols ranging between 6 and 10 μm at hot water temperature generated by conventional showerhead (B) and rain showerhead (D).
Note: The data are for experiment run 8 and 11 in Table 1. The term exp refers to the experimentally collected data, and model refers to the model fit values. The 
black dashed lines represent measured CO2 concentrations subtracting background CO2 concentrations. The sizes of particles were presented as aero
dynamic diameters.

Table 2 
Model-fitted aerosol generation rates and decay rates under cold water conditions. Note: Aerosol decay rate excludes ventilation rate and deposition rate. SD refers to 
Standard Deviation, Rain refers to the rain showerhead type, and Conventional refers to the conventional showerhead type.

Showerhead type Flow rate (L/min) Size range (μm) Aerosol generation rate (μg/min) Decay rate (1/min) Water temperature (℃)

Increase state and steady state Decay stage

Mean SD Mean SD Mean SD Mean SD

Rain 10 1–2 19.62 2.69 − 0.01 0.15 0.11 0.17 26.3 0.8
2–3 25.88 3.97 − 0.03 0.15 0.15 0.16
3–4 29.07 6.02 0.00 0.19 0.12 0.17
4–5 20.32 6.00 0.08 0.25 0.16 0.22
5–6 18.42 11.95 0.45 0.63 0.12 0.17

Conventional 8 1–2 21.32 1.57 0.06 0.09 0.19 0.22 27.9 1.4
2–3 33.25 9.42 − 0.03 0.06 0.35 0.33
3–4 50.98 31.06 0.01 0.03 0.45 0.40
4–5 39.49 24.98 − 0.08 0.16 0.54 0.50
5–6 56.97 55.91 − 0.04 0.63 0.60 0.48
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humidity and therefore lead to large variations in the fitted aerosol 
decay rates.

Our model fitted larger aerosol decay rates at the decay stage 
compared to steady state, suggesting that other process in addition to 
deposition and ventilation process also play a role on aerosol removal 
when the shower was turned off. This finding contradicts previous 
studies which observed no significant difference between aerosol decay 
rates and the sum of air exchange rate and deposition rate after the 
shower was turned off [12,52]. A possible explanation for this difference 
is that air exchange rates and aerosol generation were monitored sepa
rately in previous studies. In this study, aerosol concentration and air 
exchange rate were monitored simultaneously for each shower experi
ment, allowing higher resolution in the estimate here of the 

contributions of ventilation rate to aerosol decay processes. Higher 
aerosol decay rates during the declining stage are reasonable. The lower 
relative humidity after a shower is turned off can promote evaporation 
of aerosols, explaining the higher aerosol decay rates during the decay 
state.

Our modeled aerosol decay rates under hot water conditions were 
higher than those under cold water conditions, suggesting other pro
cesses beyond ventilation and deposition may dominant aerosol removal 
under hot water conditions. A possible explanation for faster decay of 
aerosol concentrations under hot water condition than cold water con
ditions is that thermal plumes can carry micro-sized aerosols upward 
and lead to direct collisions between aerosols and cold surfaces which is 
known as the interception [53].

Table 3 
Model fitted aerosol generation rates and decay rates under hot water conditions. Note: Aerosol decay rate excludes ventilation rate and deposition rate. SD refers to 
Standard Deviation, Rain refers to the rain showerhead type, and Conventional refers to the conventional showerhead type.

Showerhead type Size range (μm) Aerosol generation rate (μg/min) Decay rate (1/min) Water temperature ( ◦C) Flow rate (L/min)

Increase state Steady state Steady state Decay stage

Mean SD Mean SD Mean SD Mean SD Mean SD

Rain 1–2 686.8 588.4 257.7 285.7 2.6 2.3 0.8 0.5 40.9 1.1 10
2–3 4549.4 4130.1 2135.1 2296.1 3.6 4.1 1.4 0.2
3–4 23,334.2 24,314.1 9745.4 11,418.2 3.0 3.1 2.6 1.2
4–5 61,802.0 66,231.3 17,579.5 17,116.2 2.5 2.5 3.8 2.8
5–6 140,471.7 159,349.7 77,192.1 99,972.1 2.1 1.2 5.3 6.3
6–7 74,360.3 88,064.7 13,722.9 4906.1 1.2 1.1 5.6 6.6
7–8 81,641.0 68,169.5 31,197.7 17,269.3 1.3 0.9 5.4 6.4
8–9 100,931.0 71,628.5 52,972.7 30,934.3 1.3 1.1 5.3 6.3
9–10 92,473.7 69,256.4 42,300.0 16,300.8 1.2 0.9 5.6 6.7

Conventional 1–2 614.3 400.8 226.4 290.4 1.0 0.4 1.5 0.4 40.0 0.5 8
2–3 3482.8 3192.8 934.3 1163.4 0.7 0.2 1.8 0.9
3–4 14,702.5 15,197.1 3623.2 5079.4 0.5 0.1 2.3 0.7
4–5 31,537.1 39,765.4 7525.8 9056.1 0.5 0.0 2.5 0.7
5–6 85,348.3 111,554.5 28,209.1 40,913.1 0.5 0.4 2.3 0.9
6–7 89,719.2 109,812.4 18,402.4 16,153.2 0.6 0.2 2.3 1.2
7–8 81,574.6 99,626.4 22,565.4 27,268.4 0.4 0.3 2.1 1.1
8–9 75,730.2 77,074.2 28,207.7 38,287.5 0.2 0.3 2.0 1.1
9–10 79,071.0 85,206.9 21,308.9 25,687.5 0.2 0.2 1.9 1.0

Fig. 4. Estimated mass of aerosols deposited at the alveolar region of an adult over time in cold and hot water conditions for conventional and rain showers.
Note: Solid line represents median value and dashed lines represent 5 percentile and 95 percentile values.
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4.3. Implications of dynamic model of aerosol concentration on risk 
assessment

Our observed initial peak aerosol concentrations under hot water 
conditions suggest the potential for a high exposure to aerosols within 
the first few minutes of turning on a shower. Similar instantaneous in
creases of aerosol concentrations were also observed in previous studies 
[52,55]. A possible explanation for the instantaneous increase of aerosol 
concentrations within hot showers is that the thermal plume caused by 
hot water heating the stall air took concentrated particles to the sam
pling point [55]. The observed initial increase of carbon dioxide con
centrations (Fig. 3A and 3B) also indicated such air movement due to 
temperature gradients. A potential intervention to reduce exposure to 
the observed high peak is to avoid entering the shower until aerosol 
concentrations have stabilized.

Avoiding the first few minutes of aerosol generation may also have 
impacts on exposures to microorganisms and chemicals. The concen
tration of waterborne pathogens such as Legionella spp. have been 
observed to be highest in the first draw sample during flushing, likely 
due to favorable growth conditions (e.g. mixed water temperature, 
longer stagnation periods as well as elastomeric materials favorable for 
bacteria growth) in the last meter of pipes connecting to the point of use 
[9,22,45]. Another factor potentially contributing to the high concen
trations of pathogens in the first few liters of shower water is the biofilm 
detachment process especially for the biofilms developed on old age 
showerheads [21,40]. The initial biofilm detachment process could lead 
to fast release of pathogens from the biofilms for the first few minutes 
during flushing events [28]. Previous studies have directly measured 
presence of pathogens in air during showers but none of them investi
gated the temporal dynamics of pathogen concentrations in air [18,36,
44]. A combination of factors including an elevated of first draw path
ogen concentration with an initial peak concentration of aerosols may 
result in higher exposures early in the shower period and already lead to 
a risk above an acceptable threshold. Showering has also been consid
ered as an important exposure route for chemicals present in tap water 
such as disinfection byproducts as well as heavy metals [7,55]. The 
concentrations of these chemicals could also be dynamic considering 
their associations with the presence of microorganisms. For instance, it 
has been reported that accumulation of heavy metals such as chromium 
and lead can happen in the biofilms developed in plumbing systems 
[39]. This suggests that biofilm detachment can also potentially lead to 
initial high release of heavy metals during flushing. The findings on the 
initial peak aerosol concentrations within hot showers pose a potential 
opportunity to develop water and aerosol sampling strategies focusing 
on first draw concentration for the routine monitoring program.

4.4. Limitations and further improvements for aerosol modelling

The study findings provide a foundation for incorporating dynamic 
aerosol generation rates in showers into chemical and microbial risk 
assessments, but several limitations of the data provided also exist. First, 
isokinetic sampling was not considered during shower experiments. To 
ensure isokinetic sampling from a gas stream, the free stream velocity 
should be the same as the gas velocity in the probe. A gas velocity in the 
probe larger than the free stream velocity will lead to underestimation of 
particle concentrations while a gas velocity smaller than the free stream 
velocity will lead to overestimation of particle concentrations. 
Misalignment which caused by an angle between the sampling probe 
and gas stream can also lead to underestimation of the particle con
centrations [26]. For sampling from still air, the sampling probe should 
also be placed horizontally instead of vertically to reduce the errors 
caused by gravity effect [13]. In the evaluated scenarios, the flow of the 
gas stream was not measured and therefore it is difficult to determine 
the probe diameter for isokinetic sampling. Second, the dynamics 
observed are linked to the physical characteristics of the shower studied: 
other shower stalls with different dimensions, shower head types, flow 

rates, and ventilation rates may produce different dynamics. Despite this 
limitation, the modeling approach here provides findings consistent 
with previous publications as the experimental conditions and shower 
stall size here are within the previously reported ranges [12,52]. 
Further, the modeling approach is easily extendable to quantify gener
ation and decay rates from empirical data collected in the future, 
particularly if the conditions to be modeled are determined to be suffi
ciently different from the conditions studied here. Second, the study 
highlights that under some scenarios, incorporation of aerosol removal 
processes beyond ventilation and deposition may be important for un
derstanding fate and transport of aerosols in showers. The one 
compartment model investigated decay from sources other than venti
lation and deposition by inclusion of an additional residual decay rate. 
In some scenarios, this residual decay rate was not negligible, suggesting 
additional aerosol removal processes could be integrated into the 
mechanistic model. There are several models focusing on aerosol dy
namics that also incorporate evaporation and condensation process to 
account for their evolution of size distribution [15,29,43]. However, 
such evaporation process should be carefully considered: much larger 
initial aerosol size means pathogen enrichment might happen due to the 
shrinkage of aerosols. The relative impact of pathogen enrichment on 
microbial risk assessment is an area of potential future research 
including in both laboratory and modeling studies [4,5].

Third, the mass balance model used here is also limited in its 
generalizability because it does not account for the shifts of aerosol size 
distribution over time as well as spatial variation of aerosol concentra
tions within shower stalls. The mass balance model is not able to provide 
a mechanistic explanation of different aerosol size distributions at cold 
and hot showers without incorporating the evaporation model for 
aerosols. However, evaporation models usually focused on the size 
change of individual aerosol instead of the entire aerosol populations 
[15,20]. Therefore, incorporating the evaporation model in a 
population-based mass balance model will be challenging. The results 
provided here for aerosols sampled at different heights showed that an 
ideal well-mixed condition was not met due to processes such as a 
thermal plume, although these results may be biased by the requirement 
for different tube lengths required for sampling different locations 
(Figure S7 and S8). Computational fluid dynamics (CFD) modeling ap
proaches are an alternative to one-compartment models that can track 
the behavior of each individual aerosol. Such aerosol dynamic modelling 
approaches focus on the behavior of individual aerosols by calculating 
particle velocity from an initial velocity field, air velocity and external 
forces such as gravity and friction. Combined with size change of indi
vidual aerosols through an evaporation model, the spatial position and 
size over time of each individual particle can be estimated [15]. Alter
natively, the initial particle velocity field can be measured through 
particle tracking velocimetry (PTV) [18] as parameter input for the 
aerosol evolution model. In addition, CFD models are more generaliz
able than mass balance models as they require less scenario-specific data 
inputs which is a common limitation in applying current risk assessment 
frameworks. However, validating the CFD model for showers is also 
challenging as the initial size distributions of droplets generated from 
showers are difficult to be obtained due to fast evaporation of 
micro-sized droplets within seconds [51].

5. Conclusions

This study integrated empirical data collection and modeling on 
aerosol size distributions from showers under multiple scenarios, 
including hot (39–41 ◦C) and cold water (25–28 ◦C) for both conven
tional and rain showerheads. The resulting data set and fitted model 
parameters can help to inform microbial and chemical exposure as
sessments. Notably, the study highlighted that water temperature has a 
larger influence on aerosol generation rates and aerosol size distribu
tions than showerhead type studied here. Under hot water conditions, 
large aerosol generation rates occurring in the first minute of a shower 

L. Tang et al.                                                                                                                                                                                                                                    Building and Environment 275 (2025) 112825 

8 



indicate a potential high exposure risk during the first-minute of flush
ing. Model fitted aerosol decay rates (aerosol removal rates excluding 
ventilation rate and deposition rate) were higher in hot showers than in 
cold showers. This finding suggests that removal processes other than 
ventilation and deposition influence observed concentrations of aerosols 
in hot showers. The estimated inhalation doses indicated continued 
exposure to aerosols even after turning off showers at cold water tem
peratures. The findings suggest that interventions such as reducing hot 
water temperatures, standing outside of the shower stall for the first 1–2 
min after turning on hot showers and exiting the shower stall promptly 
after turning off cold showers could be effective risk mitigation strate
gies to reduce aerosol exposures.
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