
Exercise-induced effects on a gym atmosphere

Abstract We report results of analysis of a month-long measurement of indoor
air and environment quality parameters in one gym during sporting activities
such as football, basketball, volleyball, badminton, boxing, and fitness. We have
determined an average single person’s contribution to the increase of
temperature, humidity, and dust concentration in the gym air volume of
12500 m3: during 90-min exercise performed at an average heart rate of
143 � 10 bpm, a single person evaporated 0.94 kg of water into the air by
sweating, contributed 0.03 K to the air temperature rise and added 1.5 lg/m3

and 5 ng/m3 to the indoor concentration of inhalable particles (PM10) and Ca
concentration, respectively. As the breathing at the observed exercise intensity
was about three times faster with respect to the resting condition and as the
exercise-induced PM10 concentration was about two times larger than outdoors,
a sportsman in the gym would receive about a sixfold higher dose of PM10

inside than he/she would have received at rest outside.
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Practical Implications
Sporting activities occupy considerable time in the schedule of humans engaged in long periods of sedentary work in
industrialized countries. While health impacts of exercises per se are indisputably beneficial, activity in polluted air
may not be productive. In this respect, it is important to investigate busy indoor gyms where a mixture of exercise-
induced humidity, temperature, and particulate matter concentration may result in higher than average levels which
become a heavy burden for human respiratory systems operating at a higher rate.

Introduction

A wealth of epidemiological data supports the
hypothesis that on average, for every 10 lg/m3 rise of
total mass concentration of inhalable particles (PM10)
in the air, there is an increase of about 1% in cardio-
vascular mortality on a day-to-day basis (Routledge
and Ayers, 2006). This assessment is primarily made
on the basis of measured outdoor PM10 concentra-
tion, although humans in industrialized countries
spend 80–90% of their time indoors (Klepeis et al.,
2001; Schweizer et al., 2007). The quality of the
indoor air and environmental quality (IEQ) in terms

of gas-phase constituents and particulate matter
composition may differ substantially from the corre-
sponding outdoor values (Mitchell et al., 2007;
Sepp€anen et al., 1999), and the significance of this
fact has triggered many field studies (See and Bala-
subramanian, 2008; Gehin et al., 2008; Martuzevicius
et al., 2008; Sotiriou et al., 2008; Kuo et al., 2007,
�Zitnik et al., 2010; Bennett et al., 2012; Salma et al.,
2013).

It is especially interesting to study the concentration
levels of particulate matter (PM) in the gym, where a
significant contribution of inhalable fraction (PM10) is
expected to be self-induced by physical exercises, caus-
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ing at the same time an increase in exposure to inhaled
aerosols due to increase of pulmonary ventilation
during exercises. Initial studies along these lines were
performed in three elementary school gyms (Brani�s
et al., 2009, 2011). The observed increase of the coarse
PM fraction (PM10–PM2.5) relative to the outdoor level
was attributed to the human activity because the signal
was well correlated with the number of exercising peo-
ple and hours spent in the gym. The analysis of the
indoor aerosol samples taken with 24-h collection time
shows that besides crustal material, mite debris and
mold fibers, and skin scales were the most frequent
contributors to dust particles. Buonanno et al. (2012)
observed 4.8 � 2.0 times higher average coarse particle
concentrations with respect to the background (out-
door) values in 12 school gyms using natural ventila-
tion. The total energy expended by the pupils was
identified as a key parameter to describe dust resuspen-
sion effect, characterized by the observed median emis-
sion factor of 67 lg/min/pupil. A correlation of the
measured CO2 concentration with the amount and
intensity of physical activity was also pointed out: a
100 ppm increase of CO2 concentration in the gym was
reported to correspond to about 13 lg/m3 rise of con-
centration of the coarse PM fraction. A recently pub-
lished study of exposure to indoor air pollutants
during physical activity in fitness centers showed that
highest detected PM10 concentrations (100–200 lg/m3)
were coincident with the period of fitness classes and
that measured CO2 concentration levels also depended
on the type of activity (Ramos et al., 2014). The studies
of Sacks and Shendell (2014a,b) also report excessive
values of PM10 and CO2 concentration during physical
activities in a local gym. Their results indicate that in
order to reduce exposure to air pollutants and reach
the thermal comfort range it is crucial to optimize air
conditioning systems in terms of ventilation rate, air
drying, and air filtering.

As the gym’s IEQ parameters depend on cleanliness,
type and intensity of physical activity, quality of the
ventilation system, and on sources of pollution outside
the schools, it is difficult to generalize the results and
more studies of this kind are needed, especially those
with high temporal resolution. Any gym, in fact, is
characterized by the unfortunate situation where physi-
cal activity triggers both dust generation and an
increase of the pulmonary ventilation creating poten-
tially hazardous situations in terms of an extra PM10

exposure, which in turn may reduce benefits of physical
activity on human health. In addition, due to exercise,
water vapor is released into the air which may affect
relative humidity and aerosol formation (Fromme
et al., 2007).

To obtain more answers to these important ques-
tions, we describe here the study of exercise-induced
IEQ of a gym such as air temperature, relative humid-
ity, and PM10 concentration, which were sampled with

one-minute time resolution, much shorter than the typ-
ical exercise time slot of 90 min. Special care is taken
to compare the indoor data with the simultaneously
measured outdoor data to allow for a reliable identifi-
cation and quantification of the contribution of human
activity to the increase of indoor air humidity and
PM10 concentration. In addition, concentration trends
of several elements (Ca, Fe, Si) in the PM were deter-
mined by analyzing hourly dust samples by proton-
induced X-ray emission (PIXE). We have also followed
the type of physical activity and assessed overall effects
of physical exercises on the gym air temperature.

Methods

Sampling sites

The sampling period lasted from March 2 to April 4,
2011 and for the study of indoor atmospheric param-
eters, the gym hall in Ro�zna Dolina, Ljubljana,
Slovenia (N46°03004.10″, E014°29013.53″) was chosen
(Figure 1a). At this place, a regular working day-
to-day recreational activity for students of the Uni-
versity of Ljubljana is organized and supervised by
professional employees. Sports games such as basket-
ball, volleyball, football, badminton, and boxing were
performed on three parallel exercise areas (A, B, and
C), each of 14.7 9 25.1 m2 surface (Figure 1b). A
typical exercise time slot lasted 90 min and started
with warm-up activities. As seen in Figure 1b, the

(a)

(b)

Fig. 1 (a) Location of the gym and of the official ARSO mea-
suring site in the Ljubljana urban area. (b) Scheme of the gym
interior giving orientation of the building and its dimensions, as
well as position of the indoor (large red circle) and of the out-
door (small blue circle) measuring site
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measuring site was situated between areas B and C
and the signals were acquired at 2 m height from the
gym floor.

The gym IEQ was affected by heat, humidity, and
dust exchange with the atmosphere outdoors, the
transport being mediated by the gym walls and by the
gym heating/ventilation system (HVAC). To isolate
sporting activity markers, simultaneous acquisition of
outdoor reference values of temperature, relative
humidity, and PM10 concentration was of utmost
importance. The relevant data, together with solar
radiation data, were measured at the nearby official
measuring site of the Environmental Agency of Slove-
nia (N46°03055.76″, E014°30044.71″).

Instrumentation

The indoor measuring site consisted of a metal con-
struction protected by a plastic net which hosted an
AMES meteorological station with internal memory
for storage of the acquired air temperature and relative
humidity data, a commercial instrument Teom 1400A
for PM10 sampling (Hansen et al., 1984) and a 2D-step
sampler. The latter was developed at Tohoku Univer-
sity (Matsuyama et al., 2003) to collect a sequence of
hourly dust samples on a Nuclepore filter sheet suitable
for elemental concentration analysis. Altogether 735
dust samples were collected by the 2D-step sampler. In
short, when an air pump is switched off, a small revers-
ible motor moves the suction nozzle, placed just below
the filter surface, to a new sample position on a filter,
5 mm from the center of the previous spot. The
160 9 160 mm2 filter surface is large enough to hold
about a thousand aerosol samples. A clean filter sheet
was cut out of the Nuclepore circular substrate with
293 mm diameter and 1 lm pore sizes. When in posi-
tion, the pump is switched on for a preset sampling
time (1 h in our case) to extract 1 l/min of air through
the nozzle with 2 mm diameter. A needle valve kept
the air mass flow stable and a programmable controller
switched between the nozzle movement and pump
operation.

At the outside measuring site (Figure 1b), a 2-chan-
nel (UV+IR) Aethalometer (Magee Scientific, AE
42-2-ER-P3) was simultaneously measuring black car-
bon (BC) concentration with one-minute time resolu-
tion to identify possible local outdoor BC sources.

Exercise intensity

Besides the number of persons attending each exercise,
it is important to determine exercise intensity in order
to place the relation between physical activity and the
gym’s IEQ parameters on a more quantitative basis.
For this purpose, we have measured average heart rate
of randomly selected students during their exercises
using standard heart rate monitors Polar RS 800,

S610, RS300, FT7, and F7. Altogether 193 students
volunteered to submit to the test in the March 15–31,
2011 period: 153 male and 40 female, with a group
average age of 22.3 � 1.9 years. Each exercise started
with a 20–30-min warm-up period followed by a 45-
min period of games of either basketball (3:3, 4:4 and
5:5), football (futsal) (4:4), and volleyball (6:6), or fit-
ness, and the average heart rate Fs of individuals was
read out at the end of the exercise. The average heart
rate was found to be < Fs > = 143 � 10 bpm, and the
average exercise effort, defined by an average of Fs/
(220-age[years]), was 71 � 5%.

Sampling analysis

Air humidity. The relative humidity H does not
directly determine the water vapor density in the air.
The latter is given by q(T) = p(T)/(MRT) where p
(T) = HP(T) is the water vapor pressure. The saturated
vapor pressure P at temperature T was estimated by
the Clausius–Clapeyron equation:

PðTÞ ¼ P0e
�T0=

1
T� 1

Trð Þ; ð1Þ
where Tr = 373.15 K, P0 = 101.3 kPa, and T0 =
5100 K �Mqr/R were set so as to obtain good agree-
ment with Koutsoyannis (2012). For 1 kmol of air
M = 29 kg, the heat of vaporization of water at tem-
perature Tr is qr = 2.260 MJ/kg and the gas constant
is R = 8314.46 J/kmol/K.

The outdoor–indoor vapor pressure difference po-
pio causes water transfer. The indoor atmosphere
acts as an externally driven reservoir, so that the
outdoor vapor pressure po fully determines the
behavior of pio with time. Similar to thermal trans-
port, water transport is assumed to obey a linear
law according to which the change of the vapor
pressure per unit of time is proportional to the pres-
sure difference, dpio=dt ¼ s�1

p ðpo � pioÞ. The corre-
sponding relaxation time sp � 20 h was found by
fitting the simulated curve pio(t) to the measured
data during the weekends with no human activity in
the gym. In this model, pio is in fact a smoothed
version of the external water vapor pressure trend po
with a small time delay due to the finite velocity of
the water transport through the gym walls. This
simple model deals with an inert wall, that is, the
water flux on both sides of the wall is equal at all
times, and it assumes that the air inside is well
mixed on a timescale much shorter than sp. Once sp
is selected, one can generate a hypothetical trend of
water vapor pressure pio inside the gym assuming no
internal sources of water. As seen in Figure 3, most
of the time pio is smaller than pi = HiP(Ti), the
‘measured’ indoor vapor pressure that is constructed
from the measured relative humidity Hi and temper-
ature Ti inside the gym, except at a few points
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where the simulated profile is forced to match the
measured profile to avoid instability of the model.

In the next step, we analyzed ph = pi-pio, the
extracted trend of the human contribution to the water
vapor in the gym. Our goal was to determine the
underlying water source strength as a function of time
in order to explain the observed variability of ph. This
is modeled by the following differential equation:
d�ph=dt ¼ �s�1

n �ph þNðtÞC, where N is the number of
people in the gym and C denotes the mass of water
generated per person per unit of time. The solution for
t ≥ 0 is

�ph ¼ NðtÞCþ ð�phð0Þ �NðtÞCÞe�t=sn ð2Þ

where �phð0Þ is an initial vapor pressure value. The
analysis of the ph trend shows that sn = 6 h is suitable
to describe the water vapor pressure drop during the
night following an active day period. This is much fas-
ter than the ‘weekend’ time constant sp because the
water sources to which the indoor atmosphere reacts
are inside the gym while the external changes of humid-
ity are damped by the gym wall acting as a low pass fil-
ter. Moreover, during an active period of the day one
notes that even sharper vapor pressure drops were
recorded (s2 � 1.4 h) and this is attributed to the local
water vapor generation and air mixing action of the
exercising people. Taking these considerations into
account, the form of Equation 2 is employed to per-
form a piecewise fit of the ph trend with the following
functional dependence:

�phðtÞ ¼
X

i

ðNiCi þ ð�ph;iðtÞ �NiCiÞe�t=ss ; ð3Þ

where s�1
s ¼ s�1

n � s�1
2 ð1� d0;Ni

Þ and �ph;i are nonzero
only in the time interval ti ≤ t ≤ ti+1 and
�ph;iðtiÞ ¼ �ph;i�1ðtiÞ. We have also tried to perform the fit
by further decomposing the source according to the
activity fingerprint (Figure 2), that is, by subdividing
the total number of exercising people in a given
Δt = 90-min exercise time interval according to differ-
ent exercise types Ni = ∑aNi,a and assigning to each
type its own ‘sweat’ constant Ca, effectively replacing
NiCi by ∑aNi,aCa in Equation 3. It turned out that such
attempts did not lead to stable results.

Air temperature. The air temperature in the gym was
expected to reflect exercising activities too, although it
turned out that the relation between the two is more
difficult to isolate than in the case of humidity because
of a larger variety of heat sources, such as internal
heating and external site-specific solar radiation. To
estimate an average single person’s contribution to
the increase of the indoor temperature, an approach
similar to the one in the previous subsection was
employed. The parameters governing heat transfer

were determined by analyzing the measured outdoor
and indoor temperature trends during the weekends
with no human activity in the gym and with the heat-
ing switched off. Essentially, the base model relies on
a time-discretized heat transfer equation with a tem-
poral resolution dt of one minute. For an empty gym
with the central heating switched off, the indoor tem-
perature Toi(n + 1) at a time (n + 1)dt is calculated
from temperatures T(n) determined at a previous time
ndt by

Toiðnþ1Þ ¼ToiðnÞþaðToðnÞ�ToiðnÞÞ
þ cðTRðnÞ�ToiðnÞÞ;

ð4Þ

where a represents a heat leakage through the gym
walls (thermal conductance), To is the measured out-
side temperature, TR is the temperature of a fictitious
heat reservoir (heat stored in the walls, etc. with a
slower cooling and/or heating rate than air), and c rep-
resents coupling of the heat reservoir to the indoor air.
The three model parameters a, c and TR were deter-
mined by fitting the generated temperature trend Toi to
the indoor temperature trend measured during the
weekends. The same form (4) with fixed values of a, c
and TR and an extra bctr(n) term on the left to describe
the effect of central heating was employed to generate
the expected indoor temperature trend without exercis-
ing people throughout the rest of the week. Parameters

(a)

(b)

Fig. 2 (a) The number of people practicing in the exercise areas
A, B, and C. (b) Type of sport practiced on areas A, B, and C as
a function of time
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b and ctr(n) are the furnace power and the on/off con-
trol, respectively. The latter is equal either to 0 or 1,
and its temporal evolution was determined manually
by searching for the sharpest temperature rises of the
measured indoor signal, excluding the evening time
intervals where the temperature spikes are attributed to
direct solar irradiation (see below). It is known that on
working days the heating switched on every morning at
7:00 AM before the start of the first exercise time slot
at 7:30 AM and was switched off after reaching the
high temperature threshold value on a given sensor.
During the day, the heating went on occasionally when
the sensor temperature dropped below the low thresh-
old value.

PIXE analysis of PM10 samples. The irradiation of aer-
osol samples was performed at the external ion beam-
line attached to the Tandetron accelerator facility at
the Microanalytical Center (MIC) of the Jo�zef Stefan
Institute in Ljubljana, Slovenia. The 2.5 MeV proton
beam with 1 mm diameter passed through a metallic
grid with 50% transmission before exiting the vac-
uum through an 8 lm thick Al foil to hit the sample
spot placed 52 mm away from the beamline exit.
X-ray emission from the sample spot was measured
by a SiLi detector placed at an angle of 45° back-
wards with respect to the incoming proton beam and
52 mm away from the target. Using 5 nA proton cur-
rent, a single spot X-ray spectrum was acquired in
7 min. The relative proton dose delivered to different
sample spots was extracted from the yield of Ar K-
L23 emission lines. This signal originates from a quasi
stable Ar concentration in the air, and its time inte-
gral is well proportional to the acquired proton dose.
An absolute calibration of the x-ray spectra over a
wide energy region was enabled by recording the
spectra of several standard thin layer target materials
(Rh, Y, Ge, Cu, Fe, Ti, CaF2, KCl, CuSx, SiO) with
known ~50 lg/cm2 surface density deposited on a
Nuclepore substrate (Micromatter standard). The
standard foils were attached to the same filter sheet
and brought to the central position with respect to
the beam. Computer-controlled movements automati-
cally placed the table with the filter frame with the
center of the next sample spot at the beam center
when the spectrum acquisition of the previous spot
was performed. Concentration levels due to possible
filter sheet contamination were determined by collect-
ing spectra at several unexposed filter areas. The cor-
responding ‘background’ average concentration levels
were subtracted from data before further analysis.
The elemental yields at different spots were extracted
from the spectra by the GUPIX code (Campbell
et al., 2010) and converted into the corresponding
surface mass densities in the so-called thin target
approximation which neglects proton beam energy
loss and X-ray absorption in the target using known

atomic cross-sections, experimental geometry, and
spectrometer characteristics.

Results and discussion

Exercise intensity

According to basic exercise physiology, at ~140 bmp
heart rate, the pulmonary ventilation is expected to
increase for about a factor of three with respect to
resting conditions, due to both an increase of the
respiratory rate and of the tidal volume. Knowing the
heart rate, one can estimate the average power gener-
ated by a single person’s metabolism. This is related
to oxygen consumption: at rest, a typical oxygen con-
sumption is ~0.27 l/min and basic metabolism pro-
duces about 95 W heat load per person (=1 MET,
assuming that 1 liter of oxygen burning releases 21 kJ
of energy). With the heart rate increasing to
~140 bmp, the volume flow of blood increases from
5 l/min to about 20 l/min, and the person works at
about 60% of the maximal oxygen uptake VO2max.
This means that on average, for our group of stu-
dents, the oxygen uptake was about VO2 ~2 l/min,
resulting in 150–200 W average mechanical power
output to perform exercises, and 500–550 W of heat
load that was dissipated to the environment to prevent
body overheating. This estimate is fully consistent
with 6–7 MET of the work metabolic rate generally
expected for playing of soccer and basketball, accord-
ing to the 2011 compendium of physical activities
(Ainsworth et al., 2011).

It is known that for persons at rest a major part of
heat is dissipated by radiation if the temperature of
the environment is lower (~21°C) than the skin
(clothes) temperature (~34°C). Other processes such
as heat convection and perspiration would together
amount to less than ~20% of the cooling. During
exercises, the heat load increases and evaporative
cooling due to sweating (perspiration) becomes the
primary dissipative mechanism, as radiative cooling
cannot increase substantially because the skin tem-
perature is limited due to thermoregulatory mecha-
nisms of the body. Assuming ~37°C skin temperature
and 1.8 m2 surface area of the human body acting
like a perfect IR radiator, the radiative cooling can
disperse up to 150 W of the heat load. The remaining
400 W must therefore be dissipated by water evapo-
ration from the skin and by the convection. Although
the convection is more efficient when the person is
moving (air motion strips away the heated layer sur-
rounding the skin), its cooling effect would still be
smaller than the radiation cooling. During the exer-
cises, a relatively small part of the heat output there-
fore goes into air heating; about 400 W per person is
dissipated by evaporating water into the gym atmo-
sphere.
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Air humidity

A quick view of the measured data trends in Figure 3
indicates that the air humidity is the most obvious mar-
ker of people’s activity in the gym. By breathing, and
mostly by sweating, a substantial amount of water
vapor is generated during the exercises. This is reflected
in measured levels of relative air humidity together
with the residual ‘background’ water vapor. The two
water vapor sources display very different dynamics,
the former being evidently correlated with relatively
fast hourly changes of the number of people practicing
in the gym, and the latter changing smoothly on a daily
timescale. To isolate the ‘human’ contribution to the
overall humidity, the simultaneously measured out-
door humidity trend was employed to calculate the
expected humidity levels inside the gym without people
practicing. This simulated trend was subtracted from
the measured humidity trend inside the gym to obtain
the desired difference. Finally, the result was normal-
ized to the actual people’s presence in the gym to deter-
mine an average water load of a single person
exercising.

From our analysis, presented in Figure 4, we were
able to extract a ‘sweat’ constant �C ¼ \Ci [ , aver-
aged over 400 exercise intervals that occured during
one month. Using the best Ci values, determined by the
fit, �C ¼ 0:07 Pa/min. This value is employed to calcu-
late an average mass of water evaporated from a single

person per exercise time interval according to
m ¼ M �CVDt=ðRTÞ ~ 0.94 kg where V � 12500 m3 is
the gym volume.

It is interesting to compare this result with the mass
�m of water that needs to be evaporated to dissipate
�P � 400 W of a single person’s heat load for a duration
of an average physical exercise, as estimated above. We
find that �m ¼ �PDt=�q � 0:88 kg, where �q ¼ 2:340 MJ/kg
is the latent heat of water vaporization at temperature
of the skin. Although it is difficult to judge how homo-
geneous are the vertical profiles of air temperature and
humidity in the gym from a single-point measurement,
good agreement between the two results for the evapo-
rated water mass lends credibility to both. Moreover,
similar values of the sweat loss are reported in the
literature (Shapiro et al., 1982), for example, 1.1 kg
sweat loss in 90 min was detected when a subject was
walking on a 5% treadmill grade with 1.34 m/s speed,
wearing shorts, and at 35°C outside temperature and
75% relative humidity. The sweat loss at rest under the
same environmental conditions was 0.44 kg and was
subtracted to obtain the above value.

Air temperature

By subtracting the simulated indoor temperature from
the measured indoor temperature, one is left with the
temperature trend Th that is still not entirely due to
human activity (Figure 5). Th shows sharp peaks
occurring occasionally around 6 PM that could not be
explained by the previously described mechanisms. We
attribute their origin to the late afternoon sun shining
almost perpendicularly to the 10 m high western wall
of the gym which is to a large extent (~30%) covered
by glass windows. To validate the hypothesis, we
looked at the measured solar radiation trend for

Fig. 3 Water vapor pressure as a function of time: outside the
gym (po, gray (pink) solid curve), inside the gym (pi, black solid
curve), simulated inside the gym (pio, dotted black curve), and
the difference pi -pio ((green), light gray solid curve). Histogram
on the lower graph reports the number N of exercising people as
a function of time

Fig. 4 Extracted human contribution ph to the water vapor
pressure for the March 22–28 period (violet, dots) compared to
the piecewise fit result (blue, black solid curve). Reported are
also a histogram of the number Ni of people exercising (black
thin line) and a histogram of the single person’s contribution to
the water vapor pressure CiDt (red, gray thick line) in the exer-
cise time slot Dt
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Ljubljana and append to these data the calculated
sun’s azimuth and altitude angles as a function of time.
Consideration of the gym’s position and orientation in
space revealed that only its western side can be strongly
exposed to the direct sunlight as the other three sides
are shaded by nearby objects and roof structures. Tak-
ing the data into account, one can calculate the actual
solar flux incident on the western wall of the gym. Plot-
ting the trend on the same timescale with the measured
indoor temperature revealed a clear coincidence of pre-
viously unexplained temperature peaks with the max-
ima of the solar irradiation of the gym wall (Figure 5).
It is found that the maximum power density absorbed
by the gym western wall was of the order of 80 W/m2.
It is easy to check that the corresponding heat power
entering through the windows (~10 kW) is able to
warm up the entire air in the gym by a couple of
degrees in a matter of an hour, as indeed was observed
(Figure 5). We assume that the major part of heat is
dissipated by heating up the air which may be a reason-
able approximation because large heated surfaces in
the gym generate strong convection currents.

Averaging Th over the exercise time slot and dividing
by an average number of people exercising returns an
average increase of the air temperature of Δt = 0.03°C
per exercising person at the measuring point. If the air
in the gym is well mixed, such a temperature change

would require qVcpDT/Dt � 85 W per person of direct
air heating power, taking q = 1.2 kg/m3 for the density
and cp = 1000 J/kg/K for the specific heat of air. With
an average number of people per exercise time slot
�N ¼ 38, the whole group represents a source of ~6 kW
power radiating mainly in the infrared. Similar to the
solar irradiation case, this would lead to an overall
temperature rise of ~1 K, as was indeed observed.
Another possible mechanism for warming-up the gym
atmosphere would be mixing of the ‘hot’ water vapor,
characterized by a large specific heat 186 MJ/kg, with
the ‘cold’ air at ~21°C. However, a good agreement of
the exercise warm-up effect with the solar irradiation
warm-up effect suggests that the water vapor is
released from skin practically at the same temperature
as the surrounding air. The convection triggered by
heated bodies and warmed-up gym walls is a major
heat-up mechanism of air. A direct warm-up by
absorption of IR radiation is less efficient because the
attenuation length for 293 K black body radiation
(centered in the 8–12 lm wavelength region) in the air
is as large as 6.6 km (Rothman et al., 2009).Fig. 5 Measured indoor temperature Ti (black) and outdoor

temperature To (pink) together with the simulated trend Toi cor-
rected for the central heating (blue) and the difference between
the measured indoor and simulated indoor temperature Th

(green). The latter corresponds to the effect of human exercise,
except for the sharp evening peaks due to direct solar irradiation
(blue) of the ‘western wall’ (Figure 1) of this study’s gym. Histo-
gram on the lower graph reports the number N of exercising
people as a function of time

(a)

(b)

(c)

(d)

Fig. 6 (a) Outdoor PM10 concentration at the ARSO measuring
site (half-hour average). (b) Indoor PM10 concentration aver-
aged over the exercise time period (90-min average). (c) BC con-
centration measured just outside the gym (one-minute average).
(d) Indoor Ca concentration (one-hour average). Dashed line on
each graph denotes the signal average over the whole period of
the monitoring
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Concentration of particulate matter

Black carbon. The outdoor BC concentration trend
measured just outside the gym (Figures 6c, 7) shows a
rather good agreement with the ARSO half-hour aver-
age PM10 signal (Figure 6a) that was acquired simulta-
neously (correlation factor 0.54). Small differences
between the two signals can be explained by the local
outdoor sources, such as car parking activities in front
of the gym. Good agreement of two data sets shows
that although the ARSO data were acquired at the
location about 5 km away from the gym (Figure 1a),
the local effects on the outdoor dust concentration
were of minor importance, and the ARSO data set was
taken as representative of the outdoor atmospheric
conditions.

PM10. We rely on statistical analysis to estimate the
importance of the outdoor–indoor PM10 transfer, as
well as to determine type and extent of correlation
between observed trends of the indoor dust concentra-
tion and human activities in the gym. As expected,
auto- and cross-correlation functions of the measured
signals show significant daily and weekly periodicity
due to the corresponding periodicity of weather condi-
tions and human activities such as traffic or the number
of people exercising in the gym (Figure 6). On the
other hand, there is a negligible correlation of the two
outdoor signals (PM10 and BC) with the indoor PM10

signal (Figure 6b). To isolate the human exercise com-
ponent, we eliminated the outdoor component from
the interior PM10 signal by the FastICA algorithm

based on the independent component analysis method
(�Sirca and Horvat, 2012). FastICA decomposes mea-
sured signals (PM10 outside and PM10 inside) into lin-
ear combinations of uncorrelated signals and returns
these along with the corresponding mixing matrix. As
the variation of the indoor PM10 signal already looks
well correlated with the histogram of exercising people
(Figure 7), it is not surprising that trends of the two
uncorrelated signals came out practically equal to the
trends of the two measured signals. This result shows
that there was no relevant outdoor–indoor PM10 trans-
fer so that the PM10 trend recorded inside the gym was
mainly governed by the exercising people, in agreement
with previous observations (Buonanno et al., 2012;
Ramos et al., 2014). Although there was an indoor–
outdoor air exchange, especially during the times of
the activated HVAC, the air filtration system efficiently
prevented the passage of dust, even for the local park-
ing episodes detected by the outdoor BC signal.

To determine an average PM10 particle concentra-
tion increases due to a human exercise, we have aver-
aged the PM10 signal over each of the single exercise
slots and plotted the result against the number of peo-
ple exercising in the gym (Figure 8). There is a substan-
tial correlation between the two quantities (0.49), and
an even larger correlation coefficient is obtained con-
sidering only the people using the B and C areas where
the TEOM was placed. This points to the conclusion
that at least some part of the PM10 emission (the coarse
fraction) had a local character, that is, the proximity of
activity plays a role in the measured concentration

Fig. 7 Measured concentrations of outdoor PM10, outdoor BC,
indoor PM10, and indoor Ca for the March 21 to 26, 2011 period
together with the exercise attendance data

Fig. 8 PM10 concentration averaged over the 90-min exercise
slot versus number N of people attending exercises in areas A,
B, and C (empty circles), or attending exercises in area B and C
only (full circles). Crosses (pink) represent hourly Ca concentra-
tion means versus N. For each case, a linear fit (dotted black
line, black line, pink line) and correlation coefficient (r) are
given
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values. Under these conditions, the linear fit returns an
average increase of 1.5 � 0.3 lg/m3 of PM10 concen-
tration per person per exercise slot at the measuring
site (Figure 8). This means that the person attending
an average exercise (~20 people using B and C areas)
experienced an increase of PM10 concentration of
about 30 lg/m3 during the exercise. Taking into
account also activities on the distant area A, the mea-
sured average increase of PM10 concentration dropped
to 0.7 � 0.2 lg/m3 (Figure 8) indicating partial locali-
zation of the PM10 signal due to the resuspension pro-
cesses. On the other hand, we found that the monthly
average PM10 concentration level in the gym (33 lg/m3)
was lower than outside (36 lg/m3), mainly because of
the lower average background PM10 concentration
level during the weekends with no one practicing in the
gym (15 lg/m3).

Ca concentration. The measured hourly elemental con-
centration trend for Ca shows a clear correlation (0.42)
with exercising activities in the gym (Figures 6d, 7, 8),
and there is a weaker, but still significant correlation
for Si. These two, the so-called earth elements, are
obvious markers of exercising – despite regular daily
floor cleaning by wet cloths, a layer of dust from earth
was generated during exercises by abrasion of sports
shoes, or previously accumulated dust on the floor was
released into the air by player’s movements. The net
result in our case was about a two to three times higher
concentration of Ca during the exercises with respect
to the Ca background concentration in the gym. Simi-
lar to PM10, the Ca concentration increase is observed
to depend on the number of practicing people with a
slope of 5 ng/m3 per person. An increase of Ca concen-
tration correlated with the people’s presence was
reported previously (�Zitnik et al., 2010) and is typical
for the indoor atmosphere. The trends of other ana-
lyzed elements such as Fe, Cr, and Cu display a few
occasional spikes that may be generated by hitting the
ball hard against metal constructions, such as goal
frames, basketball rings, volleyball net supports, or
instrument shielding, and the analysis shows no signifi-
cant correlation with the number of exercising people
(for Fe the correlation coefficient is 0.02).

Limitations

We did not measure CO2 concentration in the gym
although it is expected to be a strong marker of physi-
cal activity. The data acquisition of the IEQ parame-
ters for a relatively large gym was performed at the
single measuring site. Although we have detected a
local character of PM resuspension, our single-point
measurements, as well as an absence of knowledge
about the precise HVAC operational parameters,
prevented us from reliably estimating the coarse
particle emission factors (Buonanno et al., 2012). The

measured data trends indicated that water vapor pres-
sure and temperature were not constant along the
gym’s vertical profile (10 m), and use of multiple sen-
sors would be more appropriate. We could not corre-
late observed signal levels with different types of sport
activities because several of them were going on simul-
taneously in different areas of the gym.

Conclusions

A month-long survey of several IEQ parameters inside
a gym operating a regular exercise program for stu-
dents with time slots allocated for basketball, football,
volleyball, badminton, boxing, and fitness was con-
ducted. Due to these exercises, effects on the gym’s
IEQ were observed, such as increase of air humidity,
air temperature, PM10 concentration, and Ca concen-
tration. While the indoor relative humidity and dust
concentration were identified as strong markers of
sport activity, a rather small air temperature increase
was detected because a single person’s heat output was
dissipated by the radiation of only a small fraction
(15%), and the signal was additionally obscured by the
effect of the solar irradiation heating. In this study,
averages were computed: with typically 38 people
attending a 90-min exercise time slot with 143 � 10
bmp heart rate, each person evaporated 0.94 kg of
water into 12500 m3 gym volume and contributed 0.13
kWh of energy to heating the air (equivalent to 0.03 K
increase of air temperature). At the same time, a single
person’s physical activity on the near sport areas
caused a 1.5 � 0.3 lg/m3 rise of the PM10 concentra-
tion and 5 ng/m3 rise of Ca concentration.

These results suggest a sportsman, on average,
would experience a sixfold larger PM10 dose in 90 min
while exercising indoors compared to the dose
received while being inactive outdoors. For compari-
son, the study of Buonanno et al. (2012) estimated
12.9 times higher dose of the coarse PM fraction
received by a 10-year-old child during one hour of
physical activity in the gym compared to the dose the
child would experience sitting in class. To reduce the
health hazard related to the periodic extra PM expo-
sure in the gym, it would be desirable to adjust the
number of practicing people to the actual gym’s IEQ
parameter values which should be measured on a reg-
ular basis. The IEQ parameters can be improved by
introducing efficient dust removal techniques, setting
up specific rules of behavior in the gym, and optimiz-
ing HVAC systems.
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