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Preface

It is evident how current urban society is structured in a way that forces humans to 
spend a significant portion of their lives in confined spaces, whether it be a residence 
or workplace. In recent years, there has been a growing interest in improving Indoor 
Environmental Quality (IEQ ), driven by an increased awareness of the impact of this 
aspect on people’s health and productivity.

Factors influencing IEQ and occupant satisfaction can be categorized into physical 
and non-physical factors. Physical factors encompass four aspects: thermal comfort, 
indoor air quality, lighting, and acoustic environment, which can be assessed using 
measurable parameters. Non-physical factors generally refer to internal qualities that 
are challenging to measure with instruments, including space, privacy, furnishings, 
cleanliness, facilities, and the view.

Considering that the topic is highly complicated, it is imperative to approach it from 
an interdisciplinary standpoint. Aspects to be taken into consideration undoubtedly 
include the continuous evolution towards increasingly higher comfort standards 
and the monitoring of an ever-growing number of parameters using increasingly 
sophisticated measuring tools. What is hoped for in this fascinating field of research 
is the definition of a global index or a single well-being scale that surpasses the narrow 
fields in which we currently operate. 

This book gathers a variety of research and studies that present the latest knowledge 
linked to IEQ and synthesizes diverse studies in IEQ engineering. Starting with 
reviews of crucial factors such as thermal comfort and air quality, the book delves 
into technological applications like machine learning for IEQ assessment. Chapters 
explore the intersection of IEQ, sustainability, and occupant wellbeing, laying the 
groundwork for future engineering practices. The compendium highlights the 
evolution of IEQ standards and protocols, emphasizing the role of technology in 
shaping healthier indoor environments. It also explores various aspects of ventilation 
strategies in buildings, emphasizing their role in mitigating airborne disease trans-
mission. The book concludes by emphasizing the integration of machine learning 
techniques into IEQ assessment, demonstrating their potential in optimizing building 
 performance and occupant satisfaction.

Drawing insights from a spectrum of technical works, this collection meticulously 
dissects the multifaceted relationship between Indoor Air Quality (IAQ ), IEQ, and 
the evolving technological paradigm. Prominent studies underscore the potential 
of emerging technologies to surmount existing challenges, providing a trajectory of 
sustainable and healthier indoor spaces.



Piero Bevilacqua
Department of Mechanical,

 Energy and Management Engineering,
 University of Calabria,

Rende, Italy
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Chapter 1

Monitoring Indoor Air Quality in
Buildings: An Overview of
Measuring Devices and Main
Challenges for a Correct Operation
Daniela Cirone, Sabrina Romano, Roberto Bruno
and Natale Arcuri

Abstract

This research delves into the foundational elements of thermal comfort, crucial
alongside visual comfort, acoustic comfort, and air quality for ensuring the quality
and sustainability of living environments. With increasing recognition of thermal
comfort’s implications across various human activities, from energy management for
efficiency to considerations of environmental impact and economy, its comprehensive
understanding is paramount. The study scrutinizes the prevailing methodology of
evaluating comfort via true thermal sensation rating, dissecting the involved variables
and their relative significance in determining comfort levels. Following this analysis
and parameter definition, a comparative assessment of diverse sensors was conducted
to gauge measurement accuracy concerning key variables of interest, thereby identi-
fying the most suitable sensor for real-world applications. Conducted at the ENEA
research center in Rome, the study executed an experimental setup within one of the
center’s offices. Subsequently, reflections were made on the feasibility of providing
indoor comfort indications amidst variable data availability, exploring potential sim-
plifications and approximations to streamline comfort index evaluations.

Keywords: thermal comfort, PMV, humidex, sperimental data, EN ISO 7726

1. Introduction

Indoor air quality (IAQ) monitoring within buildings is a critical endeavor,
impacting the health, productivity, and comfort of occupants. This article provides a
comprehensive overview of the various measuring devices employed for monitoring
IAQ, along with an examination of the primary challenges encountered in ensuring
their effective operation. Additionally, we present a detailed case study where both
commercial and experimental sensors are analyzed, showcasing their respective char-
acteristics and performance. With a growing emphasis on healthy indoor environ-
ments, understanding the landscape of IAQ measurement tools and addressing
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associated challenges, as evidenced by real-world applications, is paramount for
maintaining optimal indoor air quality standards [1].

EN ISO 7726 [2] standard is a document in the series of international standards that
specifies the minimum requirements of instruments for measuring physical quantities
describing an indoor environment, providing recommended measurement approaches
considering pragmatic options and performance of the available measuring instru-
ments. The specifications contained in this standard are divided into two classes,
according to the magnitude of the monitored quantities. The first is defined as
“Type C” describing specifications and methods for measurements carried out in
moderate environments, for instance how to record thermo-hygrometric comfort
conditions following the indices of EN ISO 7730 [3]; the other class is “Type S”
containing specifications and methods for environments exposed to thermal stress by
the indications of EN ISO 7933 [4] for hot environments and EN ISO 11079 [5] for cold
environments. The suitable parameters for determining thermo-hygrometric comfort
or thermal stress indexes can be divided into basic and derived physical quantities.
The firsts are used to define comfort or thermal stress indices such as air temperature
(in K or °C), air velocity (in m/s), mean radiant temperature (in K or °C), and
absolute humidity expressed as the partial pressure of water vapor (Pa). The derived
physical quantities are evaluated as a function of the sensor features and are employed
for determining empirical indexes related to thermo-hygrometric comfort conditions
or thermal stress avoiding deterministic methods that rely on the thermal exchanges
between the human body and surroundings. Methods of measuring the environmental
physical properties must take into account characteristics changeable with position
and time, for instance, a human body considered sitting or standing.

2. Physical comfort variables

Physical comfort is a multifaceted construct encompassing various environmental
factors that influence an individual’s subjective experience of well-being and satisfac-
tion. These factors, referred to as physical comfort variables, play a pivotal role in
shaping the overall comfort level within indoor environments. Understanding and
effectively managing these variables is essential for optimizing occupant comfort,
productivity, and overall quality of life. Key physical comfort variables include air
temperature, relative humidity, air velocity, and mean radiant temperature, among
others. Each of these variables interacts dynamically to create a thermal environment
that can either promote or hinder comfort. Additionally, factors such as clothing
insulation, metabolic rate, and individual preferences further modulate the perception
of comfort, highlighting the intricate interplay between environmental conditions and
personal characteristics.

2.1 Air temperature

Among the quantities involved in microclimate evaluations, air temperature is
often used to measure the dry-bulb temperature, most easily measurable in light of the
several consolidated technologies available, both by traditional or innovative probes.
Traditional technologies include liquid or solid expansion thermometers, resistance
thermometers, thermocouples, and platinum resistance thermometers. Innovative
technologies involve the employment of optic fibers and infrared thermometers.
However, for this sensor typology, it is required to shield it adequately to prevent a
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measurement affected by thermal radiation emitted from surrounding bodies at dif-
ferent temperatures than the air temperature. In order to give a quantitative indica-
tion, a not shielded sensor or inappropriately shielded installed inside an indoor
environment with an average radiant temperature 10°C higher than the air tempera-
ture, errors of even more than 1°C could be detected. The EN ISO 7726 [2] standard
establishes the required features of sensors employed for air temperature measure-
ments. For class C measurements, instruments with a maximum desirable error of less
than �0.2°C and required �0.5°C are recommended, other parameters instead are
given for class S. Regarding the response time, the standard states that this should be
as small as possible for both classes, but without specifying a limiting value. However,
it is recommended that the measurement duration should be at least 1.5 times the
instrument response time, because a high response time may be critical for the mon-
itoring of parameters in non-steady-state conditions.

2.2 Mean radiant temperature

Different solutions are available for the measurement of the mean radiant tempera-
ture in a confined space, therefore also different measuring instruments can be
employed for this purpose as indicated in the standard EN ISO 7726 [2]. The mean
radiant temperature assumes a significant role in the evaluation of thermal environment
[6] features because it represents the uniform temperature of a fictitious black cavity in
which a subject would exchange the same amount of radiant energy as that could be
exchanged in the real non-uniform environment (the correspondent symbol is denoted
by tr). The standard outlines three techniques for measurement: using a globo-
thermometer, employing a two-sphere radiometer, and utilizing a constant air temper-
ature sensor. Additionally, it introduces two calculation approaches grounded in the
view factors between the cavity’s surface and the radiant temperatures of the plane.

For this parameter, the most widespread instrument is undoubtedly the globo-
thermometer because it is also the cheapest sensor, which, however, suffers from
different drawbacks, such as the high response time (normally more than
20 minutes), which leads to evident issues when numerous measurements are
requested for a limited period, and to overestimation due to the perfect spherical
shape that does not consider the radiant contributions of horizontal surfaces ade-
quately. Moreover, in moderate environments, the globe-thermometer does not allow
calculation of the radiant temperature asymmetry, indispensable to determine
thermo-hygrometric comfort conditions in large glazed environments (panes have a
surface temperature much lower than opaque surfaces). The globe-thermometer is
made of a very thin and opaque black metal sphere with an assigned diameter of 15 cm
whose emission coefficient is about 0.95. A temperature sensor is instead placed inside
the sphere so that the globe temperature (that after a proper time reaches the thermal
equilibrium with the cavity) is determined by including the effects of the body’s
radiative and convective exchanges. Once the convective share is determined through
temperature and air velocity, it is possible to extrapolate the average radiant temper-
ature of the environment. In particular, the mean radiant temperature is evaluated
using the equations introduced in Annex B of EN ISO 7726 [2]. The following empir-
ical equation, for instance, is used assuming natural convection and when the globe
temperature tg refers to a standard instrument with a diameter of 0.15 cm.

tr ¼ tg þ 273
� �4 þ 0:4 � 108 � tg � ta

�� ��1=4 � tg � ta
� �h i1=4

� 273 (1)
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with ta is the air temperature. Another issue related to measurements carried out
by a globe-thermometer is due to the measurement conducted at a single point that is
not representative of the entire radiative field relative to the subject.

Regarding the available theoretical models, the view-factor method is more accu-
rate and it determines the average radiant temperature starting from the measure-
ment of the surface temperatures for each wall inside the cavity, in turn detected by
contact or distance methods. Anyway, the estimation of the view factor between the
person and the surrounding surfaces is required and its calculation is quite difficult.
Indeed, the view factor is a function of shape, size, and relative positions concerning
the person and the surface. Compared with the other methods, the view factor
method benefits from better accuracy in determining radiant contributions and the
ability to estimate asymmetric conditions as well. However, problems such as calcu-
lating the view factors in complex spatial geometries and measuring the mean surface
temperature arise.

An alternative measurement can be conducted through a radiometer, which con-
sists of a flat thermal element with high emissivity measuring the flux of the incident
radiant energy by a thermopile, representing the sensing element, as a function of
absorbed heat. The sensor temperature Ts is then directly related to the radiant plane
temperature Tpr according to a balance equation. The average radiant temperature
can then be evaluated by measuring the radiant plane temperature in the six space
directions and the projected area factors. Radiant asymmetry can also be assessed by
using the same approach.

2.3 The relative air velocity

The measurement of air velocity is quite complex, both because of its rapid temporal
fluctuation and its vector nature with great variability in intensity and direction. Omni-
directional probes allow measurement of the modulus of velocity regardless of their
placement, while one-way probes must be placed orthogonally to the flow and must be
more than one in number to allowmeasurement of individual velocity components. The
velocity modulus can be determined using a single omnidirectional probe, such as a hot
bulb probe, or in the case where the flow is unidirectional with a single one-way probe,
such as a hot-wire anemometer. The Annex E of the standard EN ISO 7726 [2] considers
the use of wire/hot film anemometers, whirlwind anemometers, and ultrasonic ane-
mometers in the measurement of wellbeing, but the direction sensitivity and response
time of the instrument should be evaluated in advance.

In wire and hot-film anemometers, velocity monitoring is based on measuring the
exchange of thermal energy between the sensing element and the surrounding air. The
anemometer consists of a solid body, which in the case of wire sensors has the shape of
a cylinder or with different shapes for film sensors, such as that of a sphere. The
sensor body is heated electrically by a higher temperature than the surrounding air,
giving up thermal energy mainly by convection. The heating power, the temperature
of the element, and the air temperature allow for calculating the air velocity by the
convective heat transfer coefficient. Hot-sphere sensors are isotropic, namely, they
show equal sensitivity to flows from all spatial directions, but the significant mass
makes these sensors slower in response and unsuitable for tracking the rapid changes
in a turbulent airflow. Hot-wire sensors are directional and therefore their sensitivity
varies significantly between the perpendicular plane to the wire and the parallel
direction to the wire anyway they are fast in response. Whirlwind anemometers
consist of a small impeller with blades or cups suspended in the flowing stream, with
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their axis of rotation coaxial or perpendicular to the flow direction. They are therefore
unidirectional sensors and it is needed to know in advance the velocity vector track,
moreover, they are typically less sensitive. Ultrasonic anemometers use special phe-
nomenology related to the propagation of ultrasonic waves through a moving fluid for
air velocity detection. Based on the physical principle used, they can be divided into
transit time meters and meters and the Doppler effect. In both, the propagation of
pressure waves at frequencies higher than those audible by the human ear and propa-
gating within the fluid current is exploited. Hot-wire anemometer normally
produces negligible errors and is indicated in the context of PMV calculation. If
the velocity is very low and no dominant direction of flow is identified, the effect of air
velocity is inevitably small. If, on the contrary, there is appreciable air flow, its direction
becomes obvious and the sensor can be oriented accordingly to maximize its sensitivity.
More accurate velocity meters such as Pitot tubes can be used to periodically check
anemometers, and the instrument can be calibrated at least every 2 years.

2.4 Relative humidity

The humidity content in air has a significant influence on an individual’s thermo-
hygrometric balance, especially on evaporative transmissive share. High air humidity
drastically reduces the evaporation of sweat, and in the summer regime, this rate can
account for as much as 70–80% of the entire heat transfer. In thermo-hygrometric air
conditioning problems, atmospheric air is considered a binary mixture made of dry air
and water vapor called “moist air.” In turn, dry air is a mixture of gases consisting
mainly of nitrogen and oxygen, therefore this component is approximated as a single
component with ideal gas behavior with invariable composition. So, moist air is
considered as a mixture of perfect gases, however with different properties than
mixtures of perfect gases because the water vapor can be subjected to phase exchange
processes, altering the composition of the mixture. Moist air can contain an amount of
vapor varying from zero (dry air) to a maximum value (saturated humid air) that
depends on the temperature and pressure levels of the mixture. At any given temper-
ature, air cannot contain more than a certain amount of water vapor; above that
amount, water vapor condenses forming a liquid phase. In these conditions, the
saturation point at a precise temperature and pressure is reached. As the temperature
of the air increases, the maximum amount of water vapor it can contain also increases,
consequently humid air mixtures at high temperatures contain more water vapor than
the same mixtures at low temperatures. To quantify the magnitude of the water vapor
within the mixture, the concept of absolute humidity (or humidity ratio) is defined, to
consider how much the most air is distant from the saturation point, relative humidity
instead is introduced.

Absolute humidity refers to the quantity of water vapor, measured in grams,
present within one cubic meter of air under specific temperature and pressure condi-
tions. As noted earlier, absolute humidity typically rises as temperature increases. To
better highlight its physical meaning, it is expressed in kg of vapor (kgv) per kg of dry
air (kga) [kgv /kga or gv /kga, the last more used considering that the quantity of water
vapor is very smaller than the mass of dry air]. Absolute humidity is measured
directly, using hygrometers with lithium chloride salts, hair, and dew point. Its value
varies between zero (complete dry air) and an infinity value, namely when the
mixture is composed exclusively of water vapor.

Relative humidity (ϕ) is the ratio of the mass mv of water vapor present in a certain
volume V of moist air to the mass ms of vapor containable under saturated conditions
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at the same temperature in the same volume V of moist air. It is also expressed as the
ratio of the vapor pressure to the saturation pressure of vapor at the temperature ta of
the moist air mixture.

φ ¼ pv
ps
�� ��

ta

(2)

Relative humidity is the most widely used hygrometric parameter for practical
reasons. Since the capacity of air to hold water vapor increases with temperature, it
follows that, leaving the pressure and the amount of water vapor contained in a given
volume of air unchanged, relative humidity decreases as temperature increases and
vice versa. This is because as temperature increases, more water vapor is required to
reach saturation. Relative humidity is measured indirectly with a psychrometer
(Figure 1). This instrument consists of two temperature probes: the first probe is in
direct contact with the air, measuring the “dry bulb temperature,” the second probe is
wrapped in moistened gauze and equipped with a ventilation system that facilitates
the evaporation of water, measuring the “wet bulb temperature.” Due to the cooling
effect of evaporation (the water absorbs heat from the air to vaporize) the wet probe
measures a lower temperature and the humidity of the air increases in light of the
greater vapor quantity. By comparing the two temperatures using appropriate dia-
grams (called psychrometric) or algorithms, the relative humidity value is detected.

Relative hygrometers, such as hair hygrometers, capacitive and resistive electrical
hygrometers can measure relative humidity directly. The principles of measurement
(mechanical, electrical, resonance, etc.), production technologies (thin-film, thick-
film, solid-state, etc.), and materials used (polymeric, ceramic, etc.) are the most
varied allowing this parameter to be measured over a wide range (10–100%), with an
uncertainty typically of 2–3% and at best less than 0.5%.

2.5 The operating temperature, equivalent temperature, and effective
temperature

To characterize a confined thermal environment using fewer parameters, and
avoiding measuring the mean radiant temperature (the monitoring of which is

Figure 1.
Psychrometric diagram with ET* curves, constant for M/ab = 1.2 met, Icl = 0.60 clo, var. = 0.20 m/s.
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laborious), built-in parameters have been introduced. The three most important are
operating temperature (to), equivalent temperature (teq), and effective temperature
(ET*). The integrated parameters combine the influence of individual parameters on
energy dissipation in the following way:

to integrate the effect of ta + tr
teq integrated effect of ta + tr + va
ET* integrated effect of ta + tr + pa

The dependence of PMV on air temperature and mean radiant temperature, which
determines convective and radiative exchanges, respectively, is traced back to that
from a single variable, a linear combination of these two temperatures and is named
operating temperature too. The operating temperature is rigorously defined as:

t0 ¼ hr � tr þ hc � ta
hr þ hc

(3)

where
Ta is the air temperature, in [°C],
Tr is mean radiant temperature, in [°C],
hc is the convective heat transfer coefficient, in [W�m�2�K�1],
hr is the radiative heat transfer coefficient, in [W�m�2�K�1].
The operating temperature corresponds to the temperature actually felt by people

that takes into account the main heat exchange mechanisms affecting the human body
on the feeling of well-being. Alternatively, t0 can be calculated, in a simplified way, by
the equation:

t0 ¼ A � ta þ 1� Að Þ � tr (4)

where A, listed in Table 1, represents a parameter related to the relative air
velocity. It can be appreciated that the higher the air velocity, that is, convective heat
transfer coefficient, the greater the weight of air temperature and the lower the
weight of mean radiant temperature.

Another simplified formula can be adopted:

t0 ¼ tr þ ta
2

(5)

but only when precise conditions are respected. In particular, the human metabo-
lism (related to the activity and measured in met following the Fanger theory, see EN
ISO 7730) must range between 1.0 and 1.3 met, air velocity lower than 0.2m�s�1,
absence of direct solar radiation and difference between air temperature and mean
radiant temperature below 4°C.

Var Var < 0.2 0.2< Var < 0.6 0.6 < Var < 1.0

A 0.5 0.6 0.7

Note:
Var ¼ Va þ 0:0052 � M

Ab � 58:15
� �

Table 1.
Values of parameter a as a function of relative velocity expressed in m�s�1.
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Starting from the consideration that relative humidity has a negligible effect on
thermal comfort conditions, Dufton in 1929 had the idea of combining the other three
physical parameters (ta, tr, and va) into a single index defined equivalent temperature
teq, and defined as the temperature of the thermally uniform fictitious environment
(ta = tr) with tinned air in which a person would exchange the same dry heat power as
in the real environment. In residential environments, the use of the operating tem-
perature is more recommended, considering that va generally takes on very low
values. In different cases where va takes on values that are not considered negligible,
such as analysis inside vehicles, the equivalent temperature comes into play. One of
the last equations suggested for calculating teq is that of Madsen (1979):

When va > 10m/s

teq ¼ 0:55 � ta þ 0:45 � tr þ 0:24� 0:75 � ffiffiffiffiffi
va

pð Þ � 36:5� tað Þ= 1þ Iclð (6)

When va ≤ 10 m=s teq ¼ 0:5 � ta þ trð Þ (7)

The ET* index, known as new effective temperature, considers the temperature of
a fictitious environment at a uniform temperature (ta = tr) and with a hygrometric
degree of 0.5 in which a human body would exchange by convection (C), radiation
(R), and evaporation (E) the same amount of heat that could exchange in the real
environment, at parity of skin temperature tsk and the same percentage of wet skin w
as in the real environment. The calculation of ET* is carried out by using a thermo-
regulation model, and knowing the values of the six variables on which the global
thermal discomfort depends, and the values of tsk, w, and (R + C + E) are calculated.
Then, the temperature of the uniform fictitious room ta* = tr*, at ϕ = 0.5 in which,
with real tsk andw, the subjectwould exchange aheat output (R*+C*+E*) = (R+C+E),
is determined. The ta* thus calculated is precisely ET*. A psychrometric diagram
(Figure 1) allows for determining ET*, as a function of the partial pressures on the
abscissae and the operating temperatures on the ordinates, by setting the values of air
velocity, metabolic rate, and clothes thermal resistance.

To summarize, Table 2 lists the main characteristics of measuring instruments
according to the EN ISO 7726 prescriptions.

3. Evaluation of measurements and discomfort

Currently, there is no specific standard in the European landscape that defines the
criteria to be followed when conducting monitoring aimed at assessing thermal com-
fort in an existing building [7]. Some guidance is provided by the standard EN ISO
7726, which indicates how methods for measuring the physical characteristics of the
environment consider the parameter variation with time and space.

An environment can be considered bio-climatically homogeneous if, at any given
time, air temperature, radiation, air velocity, and humidity can be considered uniform
around the subject. This condition is frequently met for temperature, air velocity, and
humidity, but more rarely in the case of radiation [8]. In monitoring, it is aimed at
determining the comfort level, measurements should be made at several positions
representative of the average and/or worst conditions around the subject. The deter-
mination of measurement locations is done to capture the heterogeneity of thermal
environments. In a homogeneous indoor space, a single measurement could be made
at a conventional point, such as the center of the room, or multiple measurements that
correspond to the spatial gradient of thermo-hygrometric parameters.

8

Advancements in Indoor Environmental Quality and Health



Q
ua

nt
it
y

Sy
m
bo

l
C
la
ss

C
(c
om

fo
rt
)

C
la
ss

S
(t
he

rm
al

st
re
ss
)

M
ea
su

ri
ng

ra
ng

e
A
cc
ur

ac
y

R
es
po

ns
e
ti
m
e
(9

0%
)

M
ea
su

ri
ng

ra
ng

e
A
cc
ur

ac
y

R
es
po

ns
e
ti
m
e
(9

0%
)

A
ir

te
m
pe

ra
tu
re

t a
10

–
40

°C
R
eq
ui
re
d:

�0
.5
°C

D
es
ir
ab

le
:�

0.
2
°C

T
he

se
le
ve

ls
sh
al
lb

e
gu

ar
an

te
ed

at
le
as
t
fo
r
a

de
vi
at
io
n
|t r
-t
a|
=
10

°C

T
he

sh
or
te
st

po
ss
ib
le
.

V
al
ue

to
be

sp
ec
if
ie
d
as

ch
ar
ac
te
ri
st
ic

of
th
e

m
ea
su
ri
ng

in
st
ru
m
en

t.

�4
0°
C
to

+1
20

°C
R
eq
ui
re
d:

�4
0–

0°
C
:�

(0
.5
+
0.
01

|t a
|)
°

C
>
0–

50
°C

:�
0.
5°
C
>
50

–

12
0°
C
:�

[0
.5
+
0.
04

(t
a�

50
)]
°C

D
es
ir
ab

le
:

re
qu

ir
ed

ac
cu

ra
cy
/2

T
he

se
le
ve

ls
sh
al
lb

e
gu

ar
an

te
ed

at
le
as
t
fo
r
a

de
vi
at
io
n|
t r
�t

a|
=
20

°C

T
he

sh
or
te
st
po

ss
ib
le
.V

al
ue

to
be

sp
ec
if
ie
d

as
ch

ar
ac
te
ri
st
ic

of
th
e
m
ea
su
ri
ng

in
st
ru
m
en

t.

M
ea
n
ra
di
an

t
te
m
pe

ra
tu
re

t r
10

–
40

°C
R
eq
ui
re
d:

�2
°C

D
es
ir
ab

le
:�

0.
2°
C

T
he

se
le
ve

ls
ar
e
di
ff
ic
ul
to

r
ev

en
im

po
ss
ib
le

to
ac
hi
ev

e
in

ce
rt
ai
n
ca
se
s
w
it
h
th
e

eq
ui
pm

en
t
no

rm
al
ly

av
ai
la
bl
e.
W

he
n
th
ey

ca
nn

ot
be

ac
hi
ev

ed
,i
nd

ic
at
e
th
e
ac
tu
al

m
ea
su
ri
ng

pr
ec
is
io
n.

T
he

sh
or
te
st

po
ss
ib
le
.

V
al
ue

to
be

sp
ec
if
ie
d
as

ch
ar
ac
te
ri
st
ic

of
th
e

m
ea
su
ri
ng

in
st
ru
m
en

t.

40
°C

to
+1

50
°C

R
eq
ui
re
d:

�4
0–

0°
C
:�

(5
+
0.
02

|t a
|)
°C

>
0–

50
°C

:�
5°
C

>
50

–
15
0°
C
:�

[5
+
0.
08

(t
r�

50
)]
°C

D
es
ir
ab

le
:

�4
0–

0°
C
:�

(0
.5
+
0.
01

|t r
|)

°C >
0–

50
°C

:�
5°
C

>
50

–
12
0°
C
:�

[0
.5
+
0.
04

(t
r�

50
)]
°C

T
he

sh
or
te
st
po

ss
ib
le
.V

al
ue

to
be

sp
ec
if
ie
d

as
ch

ar
ac
te
ri
st
ic

of
th
e
m
ea
su
ri
ng

in
st
ru
m
en

t.

A
ir
ve

lo
ci
ty

V
a

0.
05

m
/s

to
1m

/s
R
eq
ui
re
d:

�(
0.
05

+
0.
05

V
a)

m
/s

D
es
ir
ab

le
:

�(
0.
02

+
0.
07

V
a)

m
/s

T
he

se
le
ve

ls
sh
al
lb

e
gu

ar
an

te
ed

w
ha

te
ve

r
th
e
di
re
ct
io
n
of

fl
ow

w
it
hi
n
a
so
lid

an
gl
e.

R
eq

ui
re
d:

0.
5
s

D
es
ir
ab

le
:0

.2
s

0.
2
m
/s

to 20
m
/s

R
eq
ui
re
d:

�(
0.
1
+
0.
05

V
a)
m
/s

D
es
ir
ab

le
:

�(
0.
05

+
0.
05

V
a)
m
/s

T
he

se
le
ve

ls
sh
al
lb

e
gu

ar
an

te
ed

w
ha

te
ve

r
th
e

di
re
ct
io
n
of

fl
ow

w
it
hi
n
a

so
lid

an
gl
e.

T
he

sh
or
te
st
po

ss
ib
le
.V

al
ue

to
be

sp
ec
if
ie
d

as
ch

ar
ac
te
ri
st
ic

of
th
e
m
ea
su
ri
ng

in
st
ru
m
en

t.
Fo

r
m
ea
su
ri
ng

th
e
de

gr
ee

of
tu
rb
ul
en

ce
,a

sm
al
lr
es
po

ns
e
ti
m
e
is

ne
ed

ed
.

A
bs
ol
ut
e

H
um

id
it
y
as

pa
rt
ia
l

pr
es
su
re

of
w
at
er

va
po

r

Pa
0.
5
kP

a
to 3.
0
kP

a

�0
.1
5
kP

a
T
hi
s
le
ve

ls
ha

ll
be

gu
ar
an

te
ed

fo
r
a

di
ff
er
en

ce
|t r
-t
a|o

f
at

le
as
t
10

°C
.

T
he

sh
or
te
st

po
ss
ib
le
.

V
al
ue

to
be

sp
ec
if
ie
d
as

ch
ar
ac
te
ri
st
ic

of
th
e

m
ea
su
ri
ng

in
st
ru
m
en

t.

0.
5
kP

a
to 6.
0
kP

a

�0
.1
5
kP

a
T
hi
s
le
ve

ls
ha

ll
be

gu
ar
an

te
ed

fo
r
a
di
ff
er
en

ce
|t r
-t
a|o

f
at

le
as
t
20

°C
.

T
he

sh
or
te
st
po

ss
ib
le
.V

al
ue

to
be

sp
ec
if
ie
d

as
ch

ar
ac
te
ri
st
ic

of
th
e
m
ea
su
ri
ng

in
st
ru
m
en

t.

T
ab

le
2.

C
ha

ra
ct
er
ist
ic
s
of

m
ea
su
ri
ng

in
st
ru
m
en
ts
E
N

IS
O

77
26

.

9

Monitoring Indoor Air Quality in Buildings: An Overview of Measuring Devices and Main…
DOI: http://dx.doi.org/10.5772/intechopen.114831



The EN ISO 7726 [2] standard indicates at which heights the basic quantities have
to be measured and the weighting coefficients to use about the class of the environ-
ment (Table 3). A space is said to be stationary when the physical quantities used to
describe the thermal environment are time-independent. This condition is reached
when the parameter fluctuations, about their time average, do not exceed the values
obtained by multiplying the measurements with the factors given by EN ISO 7726
(Table 4) [2].

It should be noted that individual quantities used to describe the level of exposure
(metabolism, heat insulation) may also be time-dependent.

Measurements should also be carried out concerning weather conditions represen-
tative of hot and cold seasons. The duration of individual monitoring should be
sufficient to comprehensively represent the reference condition, also considering the
response times of different probes. The results of the measurements are inevitably
influenced by the methodological choices made, which are decisive to ensure the
highest level of repeatability and to produce an accompanying report that contains
useful information to contextualize the results.

A description of the sample environments, a description of the test conditions, the
criterion used for the choice of measurement points, the duration of the measure-
ments, the external meteorological conditions, and an accurate description of the
sensor used are indicated in the following.

The conditions �0.5 < PMV < +0.5 and 5% < PPD < 10% represent necessary but
not sufficient conditions for comfort in average comfortable environments. To attain
actual comfort there must also be zero discomfort due to the unevenness of environ-
mental variables, that is, there must be no local discomfort [9]. Along with PMV,
which condensates the energy balance of the human body, the EN ISO 7730 standard

Locations of the sensors Weighting coefficients for measurements for
calculation mean values

Recommended heights
(for guidance only)

Homogeneous
environment

Heterogeneous
environment

Sitting Standing

Class C Class S Class C Class S

Head level 1 1 1.1 m 1.7 m

Abdomen level 1 1 1 2 0.6 m 1.1 m

Ankle level 1 1 0.1 m 0.1 m

Table 3.
Measuring heights for the physical quantities of an environment.

Quantity Class C (comfort) Factor X Class S (thermal stress) Factor X

Air Temperature 3 4

Mean radiant temperature 2 2

Radiant temperature asymmetry 2 3

Mean air velocity 2 3

Vapor pressure 2 3

Table 4.
Criteria for a homogeneous and steady-state environment.
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contains some indices to describe “local” discomfort considering local fluctuations or
disconformities of microclimatic quantities, such as to induce discomfort conditions in
the subject. The main causes causing local discomfort are mainly due to temperature
unevenness and air velocity fluctuations, which affect heat exchange with the sur-
roundings. For this, four main causes can be considered.

4. Investigated case study

The experimental campaign was conducted in a part of the building hosting the
ENEA Casaccia Research Center in Italy. The Casaccia Research Center is ENEA’s
largest laboratory and facility complex and is located 25km northwest of Rome, near
Bracciano Lake. The building considered is identified as Building F40 of the Depart-
ment of Energy Technologies (DTE). The data were collected in an operational
office located on the second floor belonging to the smart city and smart community
laboratory, identified as room 105 and highlighted in the 3D model representation of
Figure 2.

Room 105 has a net area of 17.5 m2, dimensions 3.88 � 4.51 m and faces east with a
window opening of 1.70 � 1.40 m. The room is equipped with office furniture set up
for two operating desks (Figure 3). The room is heated and air-conditioned by a single
fan coil. In the winter period, the fan coil is supplied with hot water from a district
heating system, in summer, the chilled water comes from an autonomous chiller
located in the building. The room is illuminated by six OSRAM Lumilux T8 LEDs
26 mm L 36 W/840 lamps not equipped with either dimmer or modulating ignition
devices.

4.1 Installed sensors

Table 5 shows schematically all the sensors considered in the study.

Figure 2.
3D model representation of the building and plan.
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4.2 Sesto senso

Sesto Senso is a patented multisensor system by ENEA consisting of a central unit
that acts as a gateway, sensors that communicate with the gateway via a Z-Wave
protocol, and a Z-Wave people-counting sensor whose computational algorithm was
developed by ENEA itself. This sensor is derived from the optimization of a prototype
(Figure 4), and the upgrade consisted of integrating new sensor modules, particularly

Figure 3.
Geometrical representation of the room 105.

Sesto Senso ERS CO2 Motion Sensor FIBARO Testo 480 CO2-display

Table 5.
Sensors installed in the case study office.

Figure 4.
Sesto senso prototype.
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microphones, optimizing the previous people-counting module, and integrating new
hardware and software.

The sensors included in Sesto Senso are:
Fibaro “door/window” sensor 2 (Figure 5). In particular, two sensors were installed;

one for assessing the door status and another for the window status. The detection of the
opening occurs when the sensor body and the magnet are separated. Furthermore, the
Fibaro door/window sensor 2 includes an integrated temperature sensor and is powered
by a 3.6 V DC battery. It has dimensions of 71 � 18� 18 mm and a temperature
measurement accuracy of �0.5°C, which is within regulatory limits.

Multisensor 6 from Aeotec (Figure 6), a small device for detecting motion, tem-
perature, humidity, illuminance, UV, and vibration. Regarding accuracy concerning
temperature, it does not meet the necessary limit dictated by EN ISO 7726 [2].

An ad-hoc people counting device was realized for the monitoring, with 2 IR TFmini
LIDAR sensors, based on time-of-flight technology. The maximum detection range is
12 m and the acceptance angle is 2.3°. The object has dimensions 150 � 60 � 30 mm,
with two holes for laser output, power supply is 12VDC and is via cable (Figure 7).

For the measurement of CO2 concentration, no specific sensor was used, but an
indirect value was derived according to an algorithm, developed by the same research
organization that owns the system. The algorithm that calculates the percentage of
CO2 has as input five environmental parameters of the room: door and window status,
temperature, humidity, and number of people present; even if just one of the variables
is missing, the value of CO2 is not returned.

Figure 5.
Fibaro door/window sensor 2.

Figure 6.
Multisensor 6 Aeotec.
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The temperature value reported on the control unit is that of the center of the
room to have a more indicative value of the temperature distributed in the room. The
room-center temperature value is also used for the calculation of CO2, and also for the
subsequent analyses covered in this discussion, only the latter will be considered
referring to the Aeotec sensor.

Most of the sensors, except the people-counting sensor, are wireless and battery-
powered so that the problem of connecting them to the control unit was overcome.

Table 6 lists the main characteristics of Sesto Senso measurements.
The control unit consists of a 7″ touchscreen display whose system is developed

from a Raspberry Pi 3 board. The visual interface allows the user to view all the
detected parameters also through intuitive and user-friendly icons. The data-sending
routine runs every two minutes and sends the last data recorded within two minutes.
The touch screen, on the other hand, updates every 30 seconds (Figure 8).

Since Sesto Senso consists of multiple sensors, each requires specific placement
according to its function. Fibaro’s door/window sensor 2, in the case of the door, was
placed at a height of 1.6 m, although this is irrelevant for the relief of opening and
closing, while a high height could distort the temperature reading. In the case of the
window, on the other hand, considering the double side and vasistas opening, it was
necessary to place the sensor on the top. These problems in sensor positioning, and
also the peripheral location for the working positions, led to disregarding the

Figure 7.
Counting people Sesto senso.

Quantity Unit Accuracy Range Sampling

Temperature [°C] � 1 °C �10–50°C 30 report/h

Relative humidity [%] � 3% (at 25°C) 20–90% 30 report/h

Illuminance [lx] — 0–30,000 lx 30 report/h

CO2 [ppm] — — 30 report/h

Presence N° of person — — —

UV index — — 0–10 30 report/h

Table 6.
Technical characteristics of Sesto senso measurements.
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temperature values detected by this sensor and focusing only on the Aeotec one. The
latter was placed on the south wall at a height of 1.60 m (Figure 9). Finally, the
people-counting sensor was placed on the inside of the door. This sensor presented
several problems in its placement, the first of which is that it detects the opening and
closing of the door as the passage of a person, thus distorting the number of people
inside the room and consequently also the calculation of CO2.

4.3 ERS CO2

ERS CO2 (Figure 10) is a sensor for measuring indoor environment conditions,
developed by ELSYS. It is designed to be wall-mounted at a height of 1.6 m. It is
completely wireless and powered by two 3.6 V AA lithium batteries. The sensor box
with a rectangular-shaped case, measuring 86 � 86 � 28 mm, contains sensors for
measuring CO levels, air temperature, humidity, illuminance, and presence. As for
temperature, it falls within the “desirable” values of the EN ISO 7726 standard
(Table 7).

Figure 8.
Sesto senso control screen.

Figure 9.
Sensors position and location in room 105.

Figure 10.
ERS CO2 sensor.
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The sensor was placed on the south wall and at a height that meets the datasheet
requirement (Figure 11). The range of the sensor covers the area fairly accurately
(Figure 12), although some areas remain uncovered. The main issue related to the
sensor position concerns the presence detection. All other quantities are evaluated
punctually at the sensor location.

4.4 Motion sensor FIBARO

The motion, light, and temperature sensor; motion sensor is a product of Fibaro, a
Polish brand operating in the IoT (Internet of Things) sector and a home automation
company. The sensor is small in size (Figure 13), easily installed, non-invasive in

Quantity Unit Accuracy Range Sampling

Temperature [°C] �0.2 °C �3276.5 °C–3276.5°C
(Value of: 100! 10.0°C)

12 report/h

Relative Humidity [%] � 2% (a 25°C) 0–100% 12 report/h

Presence [on/off] — 0–255
(number of movements

counted)

—

Illuminance [lx] �10 lx 0–65,535 lx 12 report/h

CO2 [ppm] �50 ppm 0–10,000 ppm 12 report/h

Table 7.
Technical characteristics of ERS CO2.

Figure 11.
Sensor positioning.

Figure 12.
Sensor radius of action.
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indoor environments, and wireless because battery-powered. In addition to detecting
motion, temperature, and light intensity, the sensor has a built-in accelerometer that
detects changes in position or evidence of device tampering. Detected motion, tem-
perature, and vibration are reported through the LED embedded in the object.

The sensor, in terms of temperature, is within the range of required accuracy
reported by EN ISO 7726 (Table 8) [2]. A height of 2.4 m is recommended for
installation; however, the motion sensor was placed on the south wall at a height of
1.6 m near the rest of the sensors (Figures 14 and 15) to make an accurate comparison.
Nevertheless, a lower position was chosen because a higher location would have
distorted the temperature monitoring, which would not have been representative of
the position of the office users.

Figure 13.
Fibaro motion sensor.

Quantity Unit Accuracy Range Sampling

Temperature [°C] 0.5°C (range 0–40°C) �20 to 100°C At least 1 report every 2 hour

Presence [on/off] — — —

Illuminance [lx] — 0 to 32,000 lx At least 1 report every hour

Table 8.
Motion sensor specifications.

Figure 14.
Positioning of the sensor.
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4.5 Text 480: Air conditioning meter

Testo 480 is an instrument for measuring climatic parameters and is particularly
suitable for thermal comfort analysis (Figure 16). Testo began as a small thermometer
manufacturing company in 1957 and today is a company with a worldwide presence as
a provider of measurement solutions. The instrument takes the form of a handheld
with six connections for different probes, all placed on a stand. For each connected
probe, the handheld displays a tab with the different quantities. The instrument has an
autonomy of 17 hours thanks to the built-in battery, but it also has a power supply
connection, data are saved in an internal memory and are downloadable via USB
connection and text software to a personal computer.

The probes included for comfort assessments are:

• Globometer probe Ø 150 mm, used to measure radiant heat following ISO 72461,
ISO 7726, DIN EN 277262, and DIN 334033. It has a type K thermocouple in the
center to measure temperature and has an adaptation time of about 30 minutes.

• IAQ probe, integrated probe that measures CO2, humidity, temperature, and
absolute pressure.

• Luxmetric probe, for measuring illuminance.

• Well-being probe, used to measure air velocity and determine the risk of drafts. It
also allows for measuring the degree of turbulence, which corresponds to the
magnitude of temporal fluctuations in air velocity, an important parameter for
calculating the risk of drafts. This probe makes it possible to determine air
velocity and draft risk as well as ambient temperature and pressure. It is a hot-
wire technology probe, and with low air velocity, the displayed temperature is

Figure 15.
Sensor radius of action.

Figure 16.
Testo 480.
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slightly higher, justifying the reason for using the temperature values returned by
the IAQ probe for analysis.

This climatic parameter meter was chosen as the comparison item because it is the
one whose technical specifications fall within all that to be standardized (Table 9).

The probes were mounted on the provided tripod and placed in the center of the
room. This choice was made to properly detect all the quantities by making them
make sense within the panorama on comfort assessment. The height of the trestle was
modulated about 1.3 m from the floor, a height similar to that of a seated person, and
the center of the room was chosen basically for a correct measurement of the average
radiant temperature. More correct measurements would have been made by placing
an instrument near each workstation, so due to limitations related to instrumentation
availability, an average position relative to the two workstations was chosen. The only
probe that was placed differently from the others was the luxmeter. Regarding the
measurement of illuminance, the difficulties encountered were different. It usually
makes sense to calculate illuminance on a work surface and not on vertical walls. The
problem arose because most of the sensors previously analyzed are integrated sensors,
so the obvious and correct location for measuring one parameter is not necessarily
correct for all the others. In light of this, the luxmeter of the control unit was placed
on the south wall next to the other sensors, to at least have an illuminance value
comparable with the others, and then choose the best position for the sensor in the
demonstrators.

Quantity Unit Accuracy Sampling

Temperature [°C] �0.5°C 0 � +50°C 30 report/h

Relative
Humidity

[%] �(1.8%UR + 0.7%
del v.m.)

0–100% 30 report/h

Illuminance [lx] Classe C (DIN 5032-71) 0 � +100,000 lux 30 report/h

CO2 [ppm] �(75 ppm + 3% del v.m.)
0 a + 5000 ppm

� (150 ppm + 5% del v.m.)
5001 a + 10,000 ppm

0 � +10,000 ppm 30 report/h

Average radiant
temperature

[°C] Classe 1
(EN 60584-22)

0–120°C 30 report/h

Air velocity [m/s] �(0.03 m/s +
4% del v.m.)

0 � +5 m/s 30 report/h

Absolute
pressure

[hPa] �3.0 hPa +700 � +1100 hPa 30 report/h

1Norma nazionale tedesca. Fotometria – Parte 7: Classificazione dei misuratori di illuminamento e misuratori di luminanza.
2International Electrotechnical Commissione Termocoppie. Parte 2: Tolleranze. Questa pubblicazione è stata sostituita
da IEC 60584-1: 2013.

Table 9.
Testo 480 specifications.
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4.6 CO2-display

The CO2-display instrument, which can be installed on walls or tables, is an
interesting solution when the simultaneous measurement of CO2, humidity, and tem-
perature is required (Figure 17). Humidity measurement is done through the
ROTRONIC HYGROMER® IN-1 sensor. The instrument is configurable via the side
keyboard, and the recorded data can be downloaded to a USB stick and analyzed with
free software. The object has dimensions 330 � 250 � 50 mm, DC 12 VDC power
supply type, and an internal memory capable of recording up to 18,000 measured
values (Table 10).

The sensor was placed on the southernmost desk near the Testo system (Figure 18).
This tool, too, should be an accurate control and comparison system for testing different
commercial sensors that could be used in different indoor applications.

Figure 17.
CO2-display.

Quantity Unit Accuracy Range Sampling

Temperature [°C] �0.3 °C �20 � +50°C 30 report/h

Relative Humidity [%] �0.3% (a 25°) 0–100% 30 report/h

CO2 [ppm] �30 ppm �5% del valore misurato 0–5000 ppm 30 report/h

Table 10.
Technical characteristics CO2-display.

Figure 18.
Positioning of the sensor.
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5. Analysis of winter case

After having fine-tuned the methodology, the data acquired from all the sensors
installed during the winter period were compared to be able to choose the most
suitable for field applications. The Sesto Senso sensor took over, and ERS-CO2

replaced Apio-Sense. Assuming as reference the Testo 480 control unit, the data
returned by Sesto Senso, in addition to having a completely similar trend, almost
showed complete overlap. Even the ERS CO2 sensor although it has a phase shift of
half a degree, can be considered sufficiently accurate. The data that arouse much
suspicion are those for the motion sensor from Fibaro, which returned more sparse
data. Later, it was verified that the problem was not strictly with the sensor but related
to the network that handled its communication with the data storage platform.

From the 12 days of data collected, Figure 19 shows detail on the monitored days,
precisely Thursday, December 5, 2019 to Saturday, December 7, 2019. We can see that
with almost all sensors we fall within that temperature range dictated by Italian regula-
tions, in particular the Presidential Decree April 16, 2013 No. 74 (19–22°C). The peak in
temperatures represents the hours when the room is occupied. This probably occurs due
to the sum of rising outdoor temperatures, radiative effects, and indoor thermal inputs.

As for relative humidity (Figure 20), it can be appreciated that in the hours of
occupancy, there is a lowering of the monitored values. Thus, despite the internal

Figure 19.
Temperature recorded from 5/12/2019 to 8/12/2019.

Figure 20.
Relative humidity recorded from 5/12/2019 to 8/12/2019.
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loads, the rise in temperatures leads to a parameter reduction. We can also see that
Sesto Senso and the ERS CO2 sensor, despite an overestimation of less than 5% in any
case, are the ones that come closest to the reference values.

Another key parameter for assessing the environment is CO2 concentration. Three
sensors were available for its assessment (Figure 21). The Testo 480 instrument and
the CO2-display agree with each other for the readings, although with a slight dis-
crepancy. Sixth Sense, in this case, is extremely poor in its ratings. The underlying
causes of the malfunction are to be found in the relief of all those quantities that
contribute to the calculation of CO2.

The first problem encountered is in the evaluation of people in the room. The
sensor installed at the door, as presented in the paragraph, in addition to counting the
actual entry and exit of people, also includes opening and closing the door. Another
problem that distorted the evaluation was the detachment of the window opening and
closing sensor. Therefore, the system, and probably the algorithm, will need an inter-
vention.

In contrast, the most difficult quantity to detect and compare was the illuminance.
The first difficulty was encountered in deciding where to place the sensor. All sensors
return illuminance in lux; this quantity must be used to assess whether there is the
right degree of illuminance on a work surface. Since almost all the sensors used are
integrated, it was necessary to find the right compromise for surveying the different
magnitudes. In addition, after an initial analysis, it was seen that the sensors returned
conflicting data, so it was first thought to assess the data.

Figure 22 depicts that curves are quite different from each other, moreover, the
recorded illuminance values are also significantly lower than the recommended ones
(between 200 and 350 lux). Considering the Testo instrument as a reference, a deeper
analysis was done to understand their trend.

From the Sesto Senso sensor, it is worth noting to detect a trend line and a possible
corrective factor (Figure 23), but for the other two sensors, more in-depth calibra-
tions would be needed.

Mean radiant temperature and air velocity were evaluated only with the Testo 480
control unit aimed at parametric analysis on the PMV calculation and identify possible
simplifications of the calculation in cases where these quantities are not available.
Regarding the air velocity (Figure 24), the range accepted by the standard is
highlighted in green, and it can be appreciated that the greatest fluctuations are in the

Figure 21.
CO2 recorded from 5/12/2019 to 8/12/2019.
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hours of occupancy, perhaps due to both the opening of doors and windows and the
passage and movement of people. The average radiant temperature (Figure 25), on
the other hand, undergoes significant increases in the presence of occupants.

Figure 22.
Illuminance recorded from 5/12/2019 to 8/12/2019.

Figure 23.
Sensors correlation.

Figure 24.
Wind data recorded from 5/12/2019 to 8/12/2019.

23

Monitoring Indoor Air Quality in Buildings: An Overview of Measuring Devices and Main…
DOI: http://dx.doi.org/10.5772/intechopen.114831



6. Evaluation of comfort indexes

The comfort indices evaluated refer to winter data only, because of the greater
accuracy in the measurements and because there would be no substantial difference
from the results obtained in summer. From the analysis of the sensors and the magni-
tudes they return, three possible scenarios were identified (Figure 26).

In the summer case, the Humidex [10] was considered in addition to the conven-
tional PMV index (Figure 27). The Humidex Index is the bioclimatic index initially
used in Canada that attempts to describe the physiological discomfort caused by the
combination of heat and humidity in the air. The numerical value represents an
apparent temperature that provides indications of the severity of a climatic condition.
It should be used only for temperature ranges between 21°C and 55°C, and reference is
made to the scale in Table 11.

This index is based on a simple empirical relationship that takes into account air
temperature and vapor pressure. Actually, instead of relative humidity, this index
uses a related parameter, namely vapor pressure, according to the formula:

H ¼ Ta þ 0:5555 e� 10ð Þð Þ (8)

Figure 25.
Mean radiant temperature data recorded from 5/12/2019 to 8/12/2019.

Figure 26.
Possible scenarios from comfort indexes evaluation.
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where precisely, Ta = temperature in °C, while e = air vapor pressure (hPa). Since
it is easier to know relative humidity (RH) rather than vapor pressure, by knowing the
relation between these parameters, another version of the Humidex index can be
formulated:

H ¼ Ta þ 0:5555 0:06 ∗ UR ∗ 100:03Ta � 10
� �� �

(9)

In Figure 28 can be seen that with the Humidex index, there is a slight
overestimation of perceived discomfort.

Figure 27.
PMV evaluated with testo 480.

To 27°C No discomfort

From 27 to 30°C Feeling of Discomfort

From 30 to 40 °C Intense discomfort. Caution: limit heavier physical activities

From 40 to 55°C Severe feeling of discomfort. Danger: avoid efforts

Over 55 °C Danger of death: imminent heat stroke

Table 11.
Reference scale for humidex index [10].

Figure 28.
Humidex evaluated with testo 480.
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As for the PMV index, it was calculated using an Excel spreadsheet (Figure 29) in
which with the help of a proper macro, the program in basic provided by EN ISO 7730
[3] was implemented.

The first identified case involves the exact calculation of PMV, which can only be
obtained if an instrument, such as the Testo 480 control unit, that returns all the
necessary quantities is available. In (Figure 30) the trend of PMV for occupancy hours
only and the percentage of dissatisfaction is depicted. From the processing of these
data, it can be appreciated that for 74% values fall within �0.5 < PMV < 0.5 and for
25% this range is exceeded, but remains between �1 and + 1, still acceptable. As for
the percentage of dissatisfied, on the other hand, it touches 15%.

The second case involves an approximation of those variables that are more com-
plex to calculate, and that commercial home automation sensors rarely measure, such
as the mean radiant temperature and the air velocity. In rooms that do not have large
glass surfaces, the difference between air temperature and mean radiant temperature
is very small [11, 12]. Figure 31 shows that the difference between the two quantities
rarely exceeds half a degree, and the mean radiant temperature disagrees by less than
3% with the air temperature (see Figure 32). It was thus thought to replace the
average radiate temperature with the air temperature. Another quantity that is hardly
measured in home or work environments is air velocity. Both mean radiant tempera-
ture and air velocity would also have to be measured at several points in the room,
near each workstation, which is quite complex. Figure 33 shows that during the hours
of occupancy, only in 0.07% of cases the air velocity exceeds 0.1 m/s, with an average
of 0.05 m/s. In light of these considerations, the PMV slightly varies by replacing the

Figure 29.
Excel spreadsheet for calculation of PMV and PPD.

Figure 30.
PMV e PPD evaluated with testo 480.

26

Advancements in Indoor Environmental Quality and Health



average radiant temperature with the air temperature and placing the air velocity
equal to 0.05 m/s (Figure 34).

Despite the approximations, (Figure 35) highlights that the error is minimal and
R2 is almost 1, so in rooms that do not have radiant floors/ceilings/walls and that do
not have large windows, the reduction of variables is possible.

Figure 31.
Mean radiant temperature and air temperature comparison.

Figure 32.
Evaluation of average radiant temperature/air temperature error.

Figure 33.
Air velocity during periods of occupancy.
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7. Conclusions

Contemporary urban society often confines individuals to indoor spaces, whether
residential or occupational, for significant portions of their lives. In recent years, there has
been a growing interest in improving indoor environmental quality (IEQ), driven by
heightened awareness of its impact on human health and productivity. This study lever-
ages experimental data analysis to assess and identify key variables influencing comfort
perception, aiming to streamline calculation methodologies. Special attention is directed
toward the “Sesto Senso” sensor, for which a prototype was available. Evaluation of the
sensor’s measurements revealed discrepancies, particularly in the algorithm calculating
CO2 levels, traced back to issues with presence sensors and door/window opening/closing
sensors. Repositioning and recalibration of these sensors were performed to address the
discrepancies. Additionally, an upgrade to the Sesto Senso system was implemented,
incorporating a predicted mean vote calculation for thermo-hygrometric comfort assess-
ment, currently undergoing testing at the Casaccia center.

Figure 34.
Approximate calculation of PMV and PPD.

Figure 35.
Approximated vs. exact PMV.
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Chapter 2

Indoor Risk Estimation Model for
Health Protection from COVID-19
Sandra Costanzo and Alexandra Flores

Abstract

In this chapter, a conceptual framework for assessing the probability of COVID-19
transmission is presented and discussed. The Wells-Riley probabilistic methodology
for indoor environments is adopted, by integrating updated clinical data, thereby
ensuring a reliable estimation of the probability of infection, through the model
implementation on a specific Android platform. Notifications are sent to the user
when detecting a high probability of infection and high carbon dioxide concentration
levels. In addition, the Bluetooth signal is exploited to accurately determine the prox-
imity between devices, thus facilitating the efficient enforcement of social distancing
protocols among individuals. The effectiveness of the proposed model is validated
through the application on different test scenarios.

Keywords: COVID-19, smart healthcare, indoor risk estimation, Wells-Riley model,
distance measurement, RSSI, bluetooth

1. Introduction

The Coronavirus disease (COVID-19) pandemic has highlighted the critical need
for comprehensive public health protection measures, particularly when considering
indoor environments with a high risk of viral transmission. The cause of COVID-19 is
attributed to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
virus [1]. The transmission of the virus occurs through the dissemination of tiny liquid
droplets from the oral or nasal cavities of an infected individual. These droplets are
typically released during coughing, sneezing, speaking, singing, or breathing. These
particles exhibit a spectrum of sizes, ranging from relatively sizable respiratory drop-
lets to diminutive aerosols [2]. The SARS-CoV-2 viral load in the oral cavity has been
observed to exhibit a wide range of values, as reported in Refs. [3, 4], lasting from 102

to 1011 copies per mL of respiratory fluid. The viral loads exhibit fluctuations
throughout the illness progression, with a tendency to reach their highest levels near
the symptoms manifestation [5]. Factors such as indoor gatherings and inadequate
ventilation may facilitate the spread of COVID-19. A comprehensive analysis of over
300 COVID-19 outbreaks, each one involving three or more individuals, has revealed
that all instances of transmission are associated with specific indoor settings [6].
According to a research study adopting contact tracing [7], the probability of
COVID-19 transmission from a primary case is 18.7 times higher in an enclosed
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environment as compared to an outdoor environment. In order to estimate the poten-
tial for COVID-19 transmission within indoor areas and to execute practical mitigation
efforts, it is crucial to develop reliable risk estimation models. These should be
founded on theories and mathematical equations that are biologically plausible or
consistent with clinical or laboratory evidence. In general, assessing the risk of infec-
tion involves two primary components: first, estimating the amount of the infectious
agent that has been ingested, and second, estimating the probability of infection based
on this amount. Deterministic and stochastic models can be used to classify infection
risk. Each individual has a certain tolerance level for the infectious agent, and if they
are exposed to a dose that exceeds their tolerance level, they will become infected. By
this hypothesis, the deterministic models can predict whether or not an individual will
be infected after a given dose of ingestion. Instead, stochastic models estimate the
probability of contracting the infection at the ingested dose [8]. The Wells-Riley
model is extensively applied to estimate the risk of airborne infectious disease trans-
mission. It provides a framework for computing the risk of infection based on essen-
tial variables in a particular environment. Recently, it has been widely utilized to
determine the COVID-19 transmission rate [9]. This model, originally developed by
William F. Wells and Richard L. Riley [10, 11], was initially used to investigate
tuberculosis and measles. In 1995, Well expressed the viral load emitted in terms of
the quantum emission rate (E, quanta/h). Quantum refers to the number of infectious
airborne particles needed to infect a person. On the other hand, in 1978, Riley pro-
posed a modification of the Reed-Frost equation to estimate the probability of
averting infection based on the amount (in quanta) of airborne pathogen particles a
person intakes. In order to mitigate the transmission of COVID-19, it is essential to
consider some factors [12], including social distancing, interpersonal contact, mask
adherence, and ventilation. Adhering to the recommended guidelines of health
authorities to maintain a safe physical distance from others is paramount in mitigating
transmission risks. Reducing social gatherings and/or adopting the preference for
virtual alternatives, may mitigate potential exposure. Properly donning masks to
cover both the nose and mouth can offer an extra level of safeguarding. Adequate
ventilation, especially in enclosed environments, may facilitate the dispersion and the
elimination of suspended particulate matter in the air.

The initial focus of this chapter relates to the theoretical aspect of the Wells-Riley
model, which is adapted to determine the risk of infection by COVID-19. The meth-
odology to acquire each employed parameter is also discussed. Section 3 includes the
modeling and the analysis of the outcomes derived from the model. Section 4 exposes
the architecture of an experimental setup, which aims to estimate the probability of
infection and the degree of distancing between individuals within indoor environ-
ments. Section 5 displays the outcomes of the experimental configuration for different
scenarios. Finally, in Section 5, the conclusions are outlined.

2. Theory and formulation

The Wells-Riley [10, 11] equation is formulated by combining the Poisson proba-
bility distribution, where the probability of infection p is dependent on the total
inhaled infectious quanta n. Inhaled quanta are determined by multiplying the quanta
concentration of the air Cavg, quanta=m3

� �
by the pulmonary ventilation volumetric

flow rate of the exposed person Qb,m3=hð Þ and the duration of exposure in hours
D, hð Þ, as follows:

32

Advancements in Indoor Environmental Quality and Health



p ¼ 1� e�n ¼ 1� e�Cavg �Qb�D (1)

Assuming equilibrium and well-mixed conditions, Eq. (2) describes the quantum
concentration C in a room with a ventilation rate Q , housing I infected individuals
who emit infectious pathogens at a constant rate of q infectious quanta per person per
unit time.

Cavg ¼ l � q
Q

(2)

Therefore, the probability of infection for a person in this room is calculated with
Eq. (3), which can be also represented as the relationship between the number of cases
of developing infection Nca and the number of susceptible people Nsus.

p ¼ 1� e
�l�q�Qb �D

Q ¼ Nca

Nsus
(3)

2.1 Quanta emission rates for SARS-COV-2

The emission rate of quanta is highly variable, ranging from 3 to 300 quanta per
hour, as reported in [13], whereas in [14], based on the work of [15], it is
recommended a range of � 2–14 quanta per hour for oral breathing and 61–408
quanta per hour for loud speaking. This variation is influenced by the intensity of
activities, such as shouting, chanting, speaking aloud, and metabolic rates. The values
relative to four different activity levels (resting, light intensity, moderate intensity,
and high intensity) are shown in Table 1, based on reference [14]. The quanta
emission rate is calculated by assuming the droplets of an infected person contain the
same viral load as the sputum [15]. Using a mass balance, the expelled viral load can be
determined from the virus concentration in the sputum and the number of tiny
droplets smaller than 10 μm in size. The emitted viral load is expressed as the quantum
emission rate (ERq, quanta h1) and evaluated as follows:

ERq ¼ cv � ci � Vbr �Nbr �
ð10μm
0

Nd Dð Þ � dVd Dð Þ (4)

where cv is the viral load in the sputum (measured as RNA copies per mL�1), ci is a
conversion factor that relates an infectious quantum to the infectious dose expressed
in viral RNA copies, Vbr is the volume of exhaled air per breath measured in cm3, Nbr

is the breathing rate in breaths per hour breath h�1, Nd is the droplet number

Activity Oral breathing Speaking Aloud speaking or singing

Sedentary/passive resting 2 9.4 60.5

Light intensity/standing 2.3 11.4 65.1

Moderate intensity 5.6 26.3 170

High intensity 13.5 63.1 408

Table 1.
Quanta emission rates for SARS-CoV-2 (quanta/hour) [14].
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concentration in (part. cm3) and Vd is the volume of a single droplet in mL, which is
determined by the diameter D of the droplet. The volume of the drop Vd is calculated
using experimental data obtained by the authors of [16].

2.2 Volumetric breathing rates

Estimating the volume of air exchanged during breathing is crucial for under-
standing the factors that contribute to the spread of respiratory droplets and aerosols.
Airborne respiratory droplets containing germs are released whenever an infected
person breathes, coughs, or speaks. This study employs the Exposure Factors Manual
(Chapter 6 of the United States Environmental Protection Agency [14]) factors.
Table 2 displays information on average daily inhalation rates for short exposures as a
function of age and activity level.

2.3 Mask efficiencies in reducing virus emission

The investigation also focuses on the adoption of respiratory protective equipment,
such as masks, by both infected and susceptible individuals. Masks provide a physical
barrier that can capture respiratory droplets harboring viruses, restricting their escape
into the environment. The effectiveness of various masks in reducing virus emission is
compared in Table 3.

2.4 Ventilation rates

The estimation of the infection rate caused by aerosols in an indoor environment
depends on a crucial parameter, namely the ventilation rate. This uniquely refers to
the substitution of indoor air with outdoor air. As indicated in Ref. [14], a ventilation
rate of one hour does not necessarily imply a complete air replacement within the

Activity level Age group Mean 95th Percentile

[years] m3/minute m3/minute

Sedentary/passive 16 to <21 5.3E–03 7.2E–03

21 to <31 4.2E–03 6.5E–03

31 to <41 4.3E–03 6.6E–03

Light intensity 16 to <21 1.2E–02 1.6E–02

21 to <31 1.2E–02 1.6E–02

31 to <41 1.2E–02 1.6E–02

Moderate intensity 16 to <21 2.6E–02 3.7E–02

21 to <31 2.6E–02 3.8E–02

31 to <41 2.7E–02 3.7E–02

High intensity 16 to <21 4.9E–02 7.3E–02

21 to <31 5.0E–02 7.6E–02

31 to <41 4.9E–02 7.2E–02

Table 2.
Short-term exposure values average daily volumetric breathing rates [14].
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same period. The mixing process prevents the displacement of indoor air by fresh air.
Ventilation variations across diverse settings are of significant importance.

ASHRAE Standard 62 [17] outlines the minimum ventilation rates required for
conditioned spaces to ensure satisfactory indoor air quality (IAQ), taking into account
the use and occupancy of the building. These rates are detailed in Table 4.

2.5 Decay rate of virus infectivity in aerosol

Environmental circumstances may influence the infectiousness of SARS-CoV-2 in
natural aerosols, and the virus may be able to survive for extended periods in some
conditions. Important factors that affect the persistence of infectious SARS-CoV-2 in
aerosols include temperature, sunlight, and humidity. On the other hand, sunshine
and temperature have a much more significant impact on the decomposition rate than
humidity. According to research in [18], the time needed to reduce infectious virus by
90% ranged from 4.8 minutes at 40°C, 20% relative humidity, and high-intensity
sunlight. In contrast, the time required indoors or at night is over two hours. The
decay rate of aerosol virus infectivity is computed using the following equation:

Mask Exhalation mask efficiency Inhalation mask efficiency

Type Infected person Susceptible person

N95 masks (KN95, FF2) 90% 90%

N95 with exhalation valve 0% 0%

Cloth, surgical 50% 30%

Face shields worn without a mask 23% 23%

Table 3.
Mask efficiency in preventing virus inhalation by a susceptible individual [14].

Default values

People outdoor Area outdoor Occupant Combined outdoor air

Air rate (Rp) Air rate (Ra) Density Rate

Occupancy cmf/ L/s. cmf/ft2 L/s.m2 #/1000 ft2 cmf/ L/s. Air

Category Person Person or #/100 m2 Person Person Class

Domestic 5 2.5 0.06 0.3 15 9 4.5 1

Schools 10 5 0.12 0.6 35 13 6.7 1

Food service 7.5 3.8 0.18 0.9 70 10 5.1 2

Hotels resorts/dormitories 5 2.5 0.06 0.3 10 11 5.5 1

Office buildings 5 2.5 0.06 0.3 10 11 5.5 1

Public assembly spaces 5 2.5 0.06 0.3 150 5 2.7 1

Sports and Entertainment 20 10 0.18 0.9 7 45 23 2

Table 4.
Minimum ventilation rates in breathing zone.
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Kinfectivity ¼ 0:16030þ 0:04018
T � 20:615
10:585

� �
þ 0:02176

RH � 45:235
28:665

� �

þ0:14369
S� 0:95
0:95

� �
þ 0:02636

T � 20:615
10:585

� �
S� 0:95
0:95

� � (5)

where Kinfectivity is the decay constant for viral infectivity; T is the temperature
measured in degrees Celsius (°C); RH is the relative humidity (%) and S is the UV
irradiance (W/m2), ranging from 0 (indoors) up to 10 (full sun noon).

2.6 Virus removal rate using controlled systems

A useful indicator of ventilation quality is the rate of air change in the room. This
measurement is known as air changes per hour (ACH). Ventilation with clean outdoor
air removes viruses, particulates, and gasses, making it healthier. However, most
heating and ventilation systems use recirculated air, which does not reduce the risk of
COVID-19 unless the recirculated air is filtered to remove minute particles. An air
filter’s Minimum Efficiency Reporting Values (MERV) rating indicates how effec-
tively it extracts airborne particles. MERV is expressed on a 16-point scale based on
three ranges of Average Particle Size Efficiency (PSE) [19]. Refer to Table 5 for
MERV Parameters. For instance, if the filter has a MERV value of 12 or higher, it

Standard 52.2 Composite average particle size efficiency, size range, (μ m)

Minimum Range 1 Range 2 Range 3 Average arrestance,

Efficiency value (0.3–1.0) (1.0–3.0) (3.0–10.0) (%)

(MERV)

1 n/a n/a E3 < 20 Aavg <65

2 n/a n/a E3 <20 65≤Aavg < 70

3 n/a n/a E3 <20 70≤Aavg <75

4 n/a n/a E3 <20 75≤Aavg

5 n/a n/a 20 ≤E3 n/a

6 n/a n/a 35 ≤E3 n/a

7 n/a n/a 50 ≤E3 n/a

8 n/a 20 ≤E2 70 ≤E3 n/a

9 n/a 35 ≤E2 75 ≤E3 n/a

10 n/a 50 ≤E2 80 ≤E3 n/a

11 20 ≤E1 65 ≤E2 85 ≤E3 n/a

12 35 ≤E1 80≤E2 90 ≤E3 n/a

13 50 ≤E1 85≤E2 90 ≤E3 n/a

14 75 ≤E1 90≤E2 95 ≤E3 n/a

15 85 ≤E1 90≤E2 95 ≤E3 n/a

16 95 ≤E1 95≤E2 95 ≤E3 n/a

Table 5.
MERV (Minimum Efficiency Reporting Value) parameters.
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suggests that it can remove at least 90% of the aerosol-sized virus-containing particles.
High-efficiency particulate air (HEPA) filters [20] are a type of air filter that can
remove up to 99.97% of dust, pollen, mildew, and other airborne particles up to 0.3
microns in size, making them effective at reducing the risk of covid. Table 6
illustrates an example of ACH calculation for a HEPA filter.

2.7 Fraction of immune people

Vaccination and spontaneous infection are the two main ways to gain immunity
[21]. This is most commonly acquired through vaccination, which delivers antigens or
attenuated forms of diseases into the body and stimulates an immune response.
However, acquiring natural immunity through getting sick and recovering from dis-
ease is also possible. Multiple online resources offer accurate information that can be
used to calculate the vaccination rate in a given community. Information on vaccina-
tion rates can be gathered from various places, including the New York Times’ vaccine
tracker. Additional country-specific resources, such as the https://lab24.ilsole24ore.c
om/coronavirus/website, are available. The efficiency of COVID-19 immunizations
depends on the vaccine, the period between doses, and the prevalent variants in a
given population. The Ref. [22] provides comprehensive information on the percent-
ages of the efficiency of the most effective vaccines for COVID-19, including Pfizer,
Moderna, AstraZeneca, and Johnson & Johnson, with an efficiency value of 95.0%,
94.1%, 80.7%, and 66.9% respectively.

As shown in Eq. (6), the number of immune individuals is equal to the product of
the number of vaccinated individuals and the efficiency of the vaccine.

Nin ¼ Nvac ∗Veff (6)

where Nin is the number of immune people, Nvac is the number of people vacci-
nated and Veff is the percentage of vaccine efficiency.

2.8 CO2 emission rate

Metabolic production of carbon dioxide (CO2) by humans is adopted as an indica-
tor to measure ventilation rates in occupied rooms [23]. In this context, individual
CO2 emission rates are determined by analyzing human metabolism, energy-

Parameters Values Units Description

Recirculated flow rate (Rfr) 300 m3/h

Volume of room (V) 100 m3

Filter efficiency (Feff) 90 % MERV 13 – Enter from Table 5

Removal in ducts, Air handler (Rd) 10 % Assuming

Other removal 0 % Germicidal UV

Measures (Rot)

ACH for additional control measures 3 h�1
ACH ¼ Rfr

V �MIN Feff þ Rdþ Rot
� �

Table 6.
ACH (Air Changes Per Hour) for a HEPA filter.

37

Indoor Risk Estimation Model for Health Protection from COVID-19
DOI: http://dx.doi.org/10.5772/intechopen.113091



consuming physical activity, and factors such as ventilation and IAQ. Furthermore,
the anthropometric variables of body mass, gender, and age are considered when
analyzing the individuals in question.

• Initially, determine the metabolic rate (met) for the activity of interest presented
in Table 7.

• Subsequently, determine the rate of CO2 production by taking into account the
age, sex, and metabolic activity of the individual.

• If the value of met exceeds 4, as indicated in Table 7, it is admitted to use the
maximum value in Table 8 to satisfy the requirement of 4.

Suppose an individual exceeds the threshold of 4. In this case, it is essential to
recognize that maintaining such levels of physical activity for extended periods is
typically unfeasible for the general population, except for professional athletes.

Based on the outlined rules and tabulated data, the CO2 emission rate can be
computed as follows:

CO2 ¼ met ∗Nð Þ ∗ 1
Pr

∗
273:15þ T
273:15

(7)

where CO2 is the emission rate (for all people) and is expressed in L=s; Pr is the
Pressure and is expressed in atm;met is the generation rate; N is the number of people
present; T is the Temperature, measured in °C.

In addition, CO2 mixing ratio is given by the following formula:

CO2AVGm ¼ CO2 ∗ 3:6ð Þ
λv V

∗ 1� 1
λv D

� �
∗ 1� e�λv D� �� �

∗ 1000000þ BCO2 (8)

Activity M (met) Range

Dancing aerobic, general 7.3

Health club exercise classes general 5.0

Kitchen activity moderate effort 3.3

Lying or sitting quietly 1.0 to 1.3

Sitting reading, writing, typing 1.3

Sitting tasks, light effort (e.g., office work) 1.5

Sitting quietly in religious service 1.3

Sleeping 0.95

Standing quietly 1.3

Standing tasks, light effort (e.g., store clerk, filing) 3.0

Walking, less than 2 mph, level surface, very slow 2.0

Walking, 2.8 mph to 3.2 mph, level surface, moderate pace 3.5

Table 7.
Values of physical activity levels (met).
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where CO2AVGm is the avg. mixing ratio ppmð Þ; CO2 is the emission rate (for all
people) L=sð Þ; λv is the added effects of ventilation 1=hoursð Þ; D is the duration of
exposure hoursð Þ; BCO2 is the Background CO2 Outdoors ppmð Þ measured in the range
between 350 and 450 ppm.

3. Modeling infection risk

3.1 Infection probability

The quantum emission rates exhibit a wide range of variation, depending mainly
on the nature of the activities to be performed. Activities with low intensity corre-
spond to lower emission rates. In contrast, loud talking, shouting, and singing corre-
spond to higher emission rates, as highlighted by data reported in Table 1. The
volumetric breathing rates vary depending on the specific activity being performed,
as highlighted by data presented in Table 2. Despite the presence of uncertainties in
the emission values of SARS-CoV-2 quanta/h, it is feasible to compute estimates of
infection risk and draw comparisons regarding the impact of factors such as ventila-
tion, room characteristics, duration of exposure, and the adoption or non-adoption of
masks. The estimation of the probability of infection as a function of the duration of
exposure time for a set of commonly used environments is depicted in Figure 1.
People between the ages of 21 and 31 are considered. It is also assumed that at least one
person is infected. The study evaluates different quantum emission rates for various
settings. For instance, a quantum emission rate of 11.4 quanta/h is assumed to be
appropriate for school and office environments, while a rate of 26.3 quanta/h is
considered to be suitable for restaurants. Similarly, a quantum emission rate equal to
5.6 quanta/h is considered to be appropriate for libraries, and a rate of 63.1 quanta/h is

CO2 generation rate (L/s)

Mean Basal Level of physical activity (met)

Age Body Metabolic

Mass Rate (BMR)

[years] [Kg] [MJ/day] 1.0 1.2 1.4 1.6 2.0 3.0 4.0

Males

to < 21 77.3 7.77 0.0037 0.0045 0.0053 0.0060 0.0059 0.0113 0.0150

to < 30 84.9 8.24 0.0039 0.0048 0.0056 0.0064 0.0063 0.0120 0.0160

to < 40 87.0 7.83 0.0037 0.0046 0.0053 0,0061 0.0059 0.0114 0.0152

to < 50 90.5 8.00 0.0038 0.0046 0.0054 0.0062 0.0060 0.0116 0.0155

Females

to < 21 65.9 6.12 0.0029 0.0036 0.0042 0.0047 0.0059 0.0089 0.0119

to < 30 71.9 6.49 0.0031 0.0038 0.0044 0.0050 0.0063 0.0094 0.0126

to < 40 74.8 6.08 0.0029 0.0035 0.0041 0,0047 0.0059 0.0088 0.0118

to < 50 77.1 6.16 0.0029 0.0036 0.0042 0.0048 0.0060 0.0090 0.0119

Table 8.
CO2 generation rates for ranges of ages and physical activity, at 273°K and 101 KPa.
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suitable for gyms. The results depicted in Figure 1 indicate a positive correlation
between the duration of exposure and the probability of contracting an infection.
Based on a two-hour exposure time, the probability of infection is relatively low,
specifically below 5%, for a library accommodating 20 individuals, a school classroom
with 21 students, and a restaurant with 78 people. In contrast, in high-intensity
activity settings, such as a GYM, the probability of contagion increases more rapidly,
due to the increase in the emission of quanta by individuals. There is also a higher
probability of infection in office rooms due to their relatively small dimensions and
typical occupancy ranging from one to two people.

3.2 The impact of mask-wearing

Figure 2(a) displays the projected correlation between the probability of con-
tracting an infection, the duration of residency, and the number of ACH for

Figure 1.
Relationship between occupancy time and probability of infection in various common environments.

Figure 2.
Probability of infection vs. permanence time, for different ACH values: (a) without a mask (b) with a mask.
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individuals wearing a mask. Conversely, Figure 2(b) illustrates the same
association for individuals not wearing masks. The results suggest that using masks is
a significant factor in mitigating the probability of contracting an infection. In the
case of an infected individual being present in a given space, the adoption of masks
by both the infected and susceptible individuals may reduce the probability of infec-
tion to less than 1%, thereby requiring a specific ACH. The results depicted in
Figure 2 indicate that a higher ACH value corresponds to a relatively low
probability of infection, with a rate below 5%. Conversely, a decrease in the ACH
value is associated with an increase in the probability of infection.

3.3 CO2 generation rate

The rate of CO2 generation is evaluated for different environments featuring
activities of varying intensities, and the results are illustrated in Figure 3. The corre-
lation between the CO2 concentration and the number of quanta required by an
individual in an enclosed space is observed. Similarly, CO2 concentrations tend to
considerably increase over time, depending on the nature of the task and the number
of individuals present.

The reference values for the concentration of CO2, as defined in the literature [24],
are considered as threshold values. A CO2 concentration of less than 450 ppm is
typically recommended for outdoor air, while indoor environments during pandemic
situations are advised to maintain a reference value of 800 ppm for CO2. However, it
is also acceptable for indoor environments that CO2 levels reach up to 1000 ppm. For
levels greater than 1000 ppm, it is recommended that the duration of exposure should
not surpass 8 hours. The sustained elevation of CO2 levels over time can indicate
insufficient ventilation relative to the number of occupants and the activities to be
conducted.

Figure 3.
Relationship between carbon dioxide (CO2) concentration and permanence time across various indoor
environments.
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3.4 Social distance to prevent COVID-19

Implementing social distancing measures is a crucial consideration to mitigate the
transmission of viral infections within enclosed environments. The distance index can
be derived through theoretical analysis of droplet dispersion and transmission
resulting from human respiratory activities. According to the research conducted in
[25], it is suggested that a distance of 1.6–3.0 m (5.2–9.8 ft) may be assumed as a safe
criterion in terms of aerosol transmission from large exhaled droplets during speech.
However, when accounting for all droplets in still air, the safe social distance can be
extended up to 8.2 m (26 ft). The adoption of Bluetooth technology is suggested to
measure social distancing using the received signal intensity indicator (RSSI). The
current approach exploits the functionalities of Bluetooth-enabled devices to deter-
mine proximity among individuals and mitigate the transmission of infectious dis-
eases. Observing RSSI values of packets received from proximate devices makes it
feasible to approximate the distance between individuals. As the distance between
devices increases, RSSI values tend to decrease, thereby establishing a negative corre-
lation between signal strength and proximity, as seen in Figure 4(a). In Figure 4(b),
the application of curve fitting to experimental data is considered, wherein distances
ranging from 0 to 7 meters between devices are assumed. This approach is applied to
accurately correlate the distance and the RSSI-measured values. Eq. (9) represents the
approximation model that depicts the correlation between the distance y measured in
meters and the RSSI (dBm) value, namely:

y ¼ a1 ∗ sin b1 ∗ xþ c1ð Þ þ a2 ∗ sin b2 ∗ xþ c2ð Þ þ a3 ∗ sin b3 ∗ xþ c3ð Þ (9)

where: a1 = 23.57; b1 = 0.005066; c1 = �2.92; a2 = 1.168; b2 = 0.09591; c2 = �1.643;
a3 = 0.42; b3 = 0.2547; c3 = �3.135.

4. Experimental setup

The previously outlined model applied in this section to assess the probability of
COVID-19 transmission is depicted in Figure 5, which incorporates all relevant
parameters and equations. An application with specific functionalities is developed

Figure 4.
Distance measurements: (a) Relationship between RSSI and Distance; (b) Curve fitting to experimental data.
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Figure 5.
Flowchart for estimating the COVID-19 contagion risk.

Figure 6.
Application architecture.
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using Android Studio. An extensive representation of the architecture for the
proposed system is illustrated in Figure 6. In particular, the system allows to
choose between two distinct user categories: Regular User and Healthcare User.
Three distinct blocks exist, namely the user input parameters, the risk analyzer,
and the measurement of interpersonal distance. They are described in detail as
follows.

1.Users enter data: in this block, the application requests the user to submit specific
parameters related to the prediction of COVID-19, on the basis of the specific
indoor environment. In the case of a regular user, an interface is presented that
allows him to input known parameters and easily comprehend and navigate the
application. In this instance, specific parameters are omitted, including the
dimensions of the location (standard dimensions are considered for each
environment), the number of infected individuals, the number of vaccinated
individuals, the number of individuals who are already infected, and the type of
vaccine. In contrast, healthcare users must input these more specific parameters
to obtain more precise results. The information gathered by this block is sent to
the Covid Risk Analyzer block.

2.Covid Risk Analyzer block: this block receives input from the first block; it
processes data and computes the probability of contracting COVID-19, the
maximum occupancy of a given space, the concentration of CO2, and the
necessary ACH required for the environment. Furthermore, this block enables
the application to display alert notifications to the user under certain
circumstances, namely:

◦ when the probability of contagion is high;

◦ once the maximum admitted capacity of individuals is overcome;

◦ when the air quality is suboptimal, specifically when the concentration of
CO2 exceeds 1000 ppm.

3.Distance between individuals: the distance monitoring functionality is devised to
collect Bluetooth data, including the approximated RSSI metric, and assess the
proximity between close devices. In order to make use of this functionality, users
must enable their Bluetooth connectivity. Upon activation, the system
consistently monitors the distances among its users. If the proximity between
individuals is measured under two meters, a notification alert is promptly
generated to inform the user. Figure 7 depicts the visual representation of the
block and its functionality. The above feature is essential to promote social
distancing and ensure user’s safety.

5. Results and discussion

This section illustrates some relevant assessment cases of the application outlined
in Ref. [26], by emphasizing critical scenarios essential for evaluating the probability
of infection and quantifying distance between individuals. The study is limited to
participants aged from 21 to 31 years, as this age group is the most prominent
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demographic for the selected scenarios in our analysis. However, users are not limited
to this age range, and they can confidently choose any other age group.

5.1 Scenario 1-classroom

Scenario 1 involves a parameter analysis in a classroom with 61.2m2 in the area and
4.9 meters in height. A total number of 22 individuals are considered, with ages
ranging from 21 to 31 years. It is important to note that in this scenario all individuals
present wear facial masks, and the lesson time is scheduled to last two hours. The
involved activity is characterized by light intensity and speaking. Significantly, this
particular scenario considers the existence of ventilation with filters. Under these
conditions, it is observed from Figure 8 that the probability of contracting an infec-
tion stands at 1.19%. Additionally, the concentration of CO2 is measured at 927,
indicating a tolerable level of indoor air quality.

Figure 7.
Schematic representation of social distancing.

Figure 8.
Evaluation of Scenario 2-Classroom.
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5.2 Scenario 2-restaurant

In scenario 2, the case of a restaurant with an area of 111.48 m2 and a height of
7.31 m is considered. The number of present people is equal to 78, with ages ranging
from 21 to 31 years. They spent a total of 2 hours in the designated location. In this
scenario, individuals do not wear masks, while filters facilitate ventilation. Moderate
intensity and speaking are assumed for this activity. Figure 9 illustrates that the
probability of infection under these conditions equals 2.08%, and the maximum
allowed occupancy limit is not exceeded. However, by examining a significant
population, the CO2 concentration during this period assumes the high value of
1997, indicating poor indoor air quality. So, it is advisable to reduce the permanence
duration.

5.3 Scenario 3-sports and entertainment

The present scenario involves the analysis of a GYM, which encompasses an area of
371.61 m2 and a height of 3.66 meters. There are 20 individuals in attendance, ranging
in age from 21 to 31 years, and anyone wearing masks. The activity lasts two hours,
characterized by high-intensity and loud speaking activity. Furthermore, the consid-
eration of filter ventilation is included in this particular scenario. The analysis
depicted in Figure 10 indicates a significant infection probability of 13.16%. Although
the maximum occupancy limit has not been surpassed and the concentration of CO2 is
within acceptable levels, limiting the duration of stay is recommended due to the high
intensity of the activity being conducted in this environment.

5.4 Distance between individuals

Figure 11 illustrates the operational capabilities of the application, demonstrating
its capacity to exhibit a complete list of nearby devices, accompanied by their respec-
tive IP addresses, Indicator RSSI measurements, and approximated distances. If the
distance of two meters between individuals is exceeded, a notification is sent to the
user’s smartphone. This alert reminds individuals to modify their physical proximity
and comply with the recommended social distancing protocols.

Figure 9.
Evaluation of scenario 3-restaurant.
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6. Conclusions

An accurate model based on the Wells-Riley probabilistic methodology has been
presented and discussed in this chapter to predict COVID-19 transmission in indoor
environments. The basic theory of the proposed model has been deeply illustrated, by
emphasizing its accuracy in assessing the transmission probability. In order to facili-
tate continuous monitoring of COVID-19 infection risk in indoor environments, the
model has been incorporated into an innovative Android application that also com-
putes the distance between individuals. The results obtained during the assessment
stage of the model indicate that a combination of factors should be adopted accurately
to manage the transmission of COVID-19 in indoor environments effectively. A
proper approach should in fact include factors such as optimal ventilation, adherence

Figure 10.
Evaluation of scenario 6-sports and entertainment.

Figure 11.
Evaluation of distance between individuals.
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to mask-wearing protocols, respect for occupancy limits, the minimization of time
spent in closed spaces, and the maintenance of a minimum physical distance of two
meters between individuals.

Acknowledgements

This research was funded by PNRR project Age-IT (Ageing well in an ageing
society) - Conseguenze e sfide dell’invecchiamento, and by Progetto POS (Piano
Operativo Salute) 2021 dal titolo “Radioamica – Open Network per la RADIOmica/
rAdiogenoMIca Cooperativa basata su intelligenza artificiale” - Traiettoria 2
“E-Health, diagnostica avanzata, medical devices e mini invasività”, Azione 2.1
“Creazione di una rete nazionale per le malattie ad alto impatto” del Piano Sviluppo
e Coesione Salute - FSC 2014-2020.

Abbreviations

IAQ Indoor Air Quality
ACH Air Changes per Hour
MERV Minimum Efficiency Reporting Values
PSE Particle Size Efficiency
HEPA High-Efficiency Particulate Air
atm Standard Atmosphere
RSSI Received Signal Intensity Indicator
ppm Parts per Million
IP Internet Protocol

48

Advancements in Indoor Environmental Quality and Health



Author details

Sandra Costanzo1,2,3,4*† and Alexandra Flores1†

1 Department of Computer Engineering, Modeling, Electronics and Systems,
University of Calabria, Rende, Italy

2 ICEmB (Inter-University National Research Center on Interactions between
Electromagnetic Fields and Biosystems), Genoa, Italy

3 National Research Council of Italy (CNR), Institute for Electromagnetic Sensing of
the Environment (IREA), Naples, Italy

4 CNIT (National Interuniversity Consortium for Telecommunications), Parma, Italy

*Address all correspondence to: costanzo@dimes.unical.it

†These authors contributed equally.

© 2024TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

49

Indoor Risk Estimation Model for Health Protection from COVID-19
DOI: http://dx.doi.org/10.5772/intechopen.113091



References

[1] World Health Organization.
Coronavirus Disease (COVID-19). 2023.
Available from: https://www.who.
int/health-topics/coronavirus#tab=tab_1
[Accessed: June 18, 2023]

[2] World Health Organization. Q&A:
How is COVID-19 Transmitted?. 2020.
Available from: https://www.who.int/vie
tnam/news/detail/14-07-2020-q-a-how-
is-covid-19-transmitted [Accessed:
June 18, 2023]

[3] Pan Y, Zhang D, Yang P, Poon LLM,
Wang Q. Viral load of SARSCoV-2 in
clinical samples. The Lancet Infectious
Diseases. 2020;20:411-412.
DOI: 10.1016/S1473-3099(20)30113-4

[4] Wölfel R, Corman VM,
Guggemos W, et al. Virological
assessment of hospitalized patients with
COVID-2019. Nature. 2020;581:465-469.
DOI: 10.1101/2020.03.05.20030502

[5] Miller SL, Nazaroff WW, Jimenez JL,
Boerstra A, Buonanno G, Dancer SJ, et al.
Transmission of SARS-CoV-2 by
inhalation of respiratory aerosol in the
Skagit Valley Chorale superspreading
event. Indoor Air. 2021;31(2):314-323

[6] Qian H, Miao T, Liu L, Zheng X,
Luo D, Li Y. Indoor transmission of
SARS-CoV-2. medRxiv. 2020;31(3):639-
645. DOI: 10.1101/2020.04.04.20053058

[7] Nishiura H, Oshitani H, Kobayashi T,
et al. Closed environments facilitate
secondary transmission of coronavirus
disease 2019 (COVID-19). medRxiv.
2020;2020(2). DOI: 10.1101/
2020.02.28.20029272

[8] Li X, Lester D, Rosengarten G,
Aboltins C, Patel M, Cole I. A
spatiotemporally resolved infection risk
model for airborne transmission of

COVID-19 variants in indoor spaces.
Science of the Total Environment. 2022;
812:152592

[9] Zhao X, Liu S, Yin Y, Zhang T,
Chen Q. Airborne transmission of
COVID-19 virus in enclosed spaces: An
overview of research methods. Indoor
Air. 2022;32(6):e13056

[10] Wells WF. Airborne Contagion and
Air Hygiene: An Ecological Study of
Droplet Infections. New York:
Commonwealth Fund; 1955

[11] Riley RL, Nardell EA. Clearing the
air: The theory and application of
ultraviolet air disinfection: Reply.
American Review of Respiratory
Disease. 1990;142(5):1233-1234

[12] Beca-Martínez MT, Romay-Barja M,
Falcón-Romero M, Rodríguez
Blázquez C, Benito-Llanes A, Forjaz MJ.
Compliance with the main preventive
measures of COVID-19 in Spain: The role
of knowledge, attitudes, practices, and
risk perception. Transboundary and
Emerging Diseases. 2022;69(4):e871-
e882

[13] Kurnitski J. Ventilation rate and
room size effects on infection risk of
COVID-19. The REHVA European
HVAC Journal. 2020;57(5):26-31

[14] Jiménez J. COVID-19 Airborne
Transmission Tool Available.
Cooperative Institute for Research in
Environmental Sciences (CIRES) 2020.
Available from: https://cires.colorado.ed
u/news/covid-19-airborne-tra
nsmission-tool-available [Accessed:
June 18, 2023]

[15] Buonanno G, Stabile L, Morawska L.
Estimation of airborne viral emission:

50

Advancements in Indoor Environmental Quality and Health



Quanta emission rate of SARS-CoV-2 for
infection risk assessment. Environment
International. 2020;141:105794

[16] Morawska L, Johnson GR,
Ristovski ZD, Hargreaves M,
Mengersen K, Corbett S, et al. Size
distribution and sites of origin of
droplets expelled from the human
respiratory tract during expiratory
activities. Journal of Aerosol Science.
2009;40(3):256-269

[17] ANSI/ASHRAE Standard 62.1-2013.
Ventilation for Acceptable Indoor Air
Quality. 2013. Available from: https://
www.ashrae.org/permissions [Accessed:
June 18, 2023]

[18] Dabisch P, Schuit M, Herzog A,
Beck K, Wood S, Krause M, et al. The
influence of temperature, humidity,
and simulated sunlight on the infectivity
of SARS-CoV-2 in aerosols. Aerosol
Science and Technology. 2021;55(2):
142-153

[19] NAFA. Understanding MERV —

NAFA User’s Guide to ANSI/ASHRAE
52.2. 2018. Available from: https://www.
nafahq.org/understanding-merv-nafa-
users-guide-to-ansi-ashrae-52-2/
[Accessed: June 18, 2023]

[20] Zhai Z, Li H, Bahl R, Trace K.
Application of portable air purifiers for
mitigating COVID-19 in large public
spaces. Buildings. 2021;11(8):329

[21] Speiser DE, Bachmann MF. COVID-
19: Mechanisms of vaccination and
immunity. Vaccine. 2020;8(3):404

[22] Mohammed I, Nauman A, Paul P,
Ganesan S, Chen KH, Jalil SM, et al. The
efficacy and effectiveness of the COVID-
19 vaccines in reducing infection, severity,
hospitalization, and mortality: A
systematic review. Human Vaccines &
Immunotherapeutics. 2022;18(1):2027160

[23] Qi MW, Li XF, Weschler LB,
Sundell J. CO2 generation rate in Chinese
people. Indoor Air. 2014;24(6):559-566

[24] Peng Z, Jimenez JL. Exhaled CO2 as
a COVID-19 infection risk proxy for
different indoor environments and
activities. Environmental Science &
Technology Letters. 2021;8(5):392-397.
DOI: 10.1021/acs.estlett.1c00183

[25] Sun C, Zhai Z. The efficacy of social
distance and ventilation effectiveness in
preventing COVID-19 transmission.
Sustainable Cities and Society. 2020;62:
102390

[26] Costanzo S, Flores A. COVID-19
contagion risk estimation model for
indoor environments. Sensors. 2022;
22(19):7668

51

Indoor Risk Estimation Model for Health Protection from COVID-19
DOI: http://dx.doi.org/10.5772/intechopen.113091





Chapter 3

Indoor Environmental Quality
Study for Higher Education
Buildings
Mukhtar Maigari, Changfeng Fu, Jie Deng
and Ali Bahadori-Jahromi

Abstract

Indoor environmental quality (IEQ) in school buildings has been concerned widely
for many years, whilst research into the IEQ issues in higher education (HE) buildings
has been overlooked to some extent. This chapter presents an experimental study of the
IEQ issues in two typical HE buildings in London using the post-occupancy evaluation
(POE) methods. Various aspects of the IEQ have been considered in terms of human
comfort in buildings, including indoor air quality, noise level, lighting, occupants’ per-
ception, and so on. IEQ data have been collected using various IEQ meters and data
loggers, as well as questionnaire surveys taken by the respondents. The results of the
study reveal important findings. In terms of thermal comfort, several spaces were found
to exceed the recommended temperature limit of 25°C. The data on indoor air quality
indicated that rooms, particularly those with natural ventilation, such as the architectural
studio, significantly exceeded the recommended CO2 limit of 1500 ppm. Moreover, the
survey feedback collected from the building occupants aligned with the IEQ data, par-
ticularly in the area of thermal comfort. The respondents’ feedback provided valuable
insights into their experiences and perceptions of the indoor environment, further
reinforcing the findings obtained from the objective IEQ measurements. The work also
discusses recommendations and possible actions to improve the IEQ in HE buildings.

Keywords: indoor environmental quality (IEQ), higher education (HE) buildings,
post occupancy evaluation (POE), indoor air quality (IAQ), IEQ standards and
guidelines

1. Introduction

Indoor environmental quality (IEQ) is a critical aspect of the built environment
that has a significant impact on the health, well-being, and productivity of building
occupants. The quality of indoor air, thermal comfort, lighting, acoustics, and ergo-
nomics are some of the factors that determine the IEQ of an infrastructure in the built
environment [1]. In higher education (HE) buildings, such as classrooms, libraries,
laboratories, and lecture halls, etc., the importance of IEQ cannot be overemphasized.
Previous studies and research on the state of IEQ in educational institutions have
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predominantly centred around primary and secondary schools [2, 3]. The nature of
higher educational buildings with complex spaces and structures consisting of
various rooms such as laboratories, lecture theaters, PC rooms etc., has possibly added
to the limited studies and research on the state of IEQ in HE buildings. As such,
there has been heightened interest in understanding the IEQ state of HE buildings
especially following the COVID-19 pandemic which has greatly increased
awareness towards IEQ especially in public spaces such as educational institutions.
This has led to the development of various strategies and tools for assessing and
improving IEQ.

One of the most effective strategies for assessing IEQ in higher education buildings
is the use of post-occupancy evaluation (POE) methods. POE involves the systematic
evaluation of a building’s performance after it has been occupied by its intended user
[4]. POE methods provide a comprehensive assessment of the IEQ of a building by
combining data from various sources, such as physical measurements, occupant feed-
back, and building performance data. However, despite the potential benefits of using
POE methods to assess IEQ in higher education buildings, there is still a lack of
awareness and understanding of these methods amongst building managers and
stakeholders. As such, this article aims to address this apparent gap, coupled with the
lack of IEQ awareness and understanding in higher education buildings through the
following objectives:

• To gain comprehensive understanding on the current state of knowledge on IEQ
and POE by reviewing relevant literature including peer reviewed journal
articles, books, and reports.

• To identify the existing IEQ situations in HE buildings and the current means for
IEQ monitoring and control through case studies.

• To gain invaluable insights from students regarding their perception of IEQ with
a questionnaire survey.

• To highlight issues with IEQ in HE buildings based on the findings in the
literature review, case study, and student feedback as well as provide
recommendations for how to mitigate such issues.

2. Background

2.1 Indoor environmental quality (IEQ)

The indoor environment constitutes the different kinds of indoor spaces available
within built assets, such as residential buildings, offices, schools, and hospitals. The
state of the indoor environment has been a prominent research area and industry
interest even before the COVID-19 pandemic. Improving the quality of life of building
occupants, increasing work performance or simply in a bid to make a building more
sustainable are few reasons why research into IEQ has gained lots of traction in the
AEC industry [5]. IEQ also refers to “the quality of a building’s environment in
relation to the health and wellbeing of those who occupy space within it” [6]. The IEQ
is linked to indoor human comfort which is usually assessed from four aspects: ther-
mal, respiratory, visual, and acoustic comfort. Respiratory comfort is generally
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expressed as indoor air quality (IAQ). These four factors all combine to affect the
comfort, health, well-being, and productivity of building occupants as depicted in
Figure 1.

Indoor environmental quality (IEQ) has a significant impact on the health, com-
fort, and productivity of building occupants, especially in educational buildings where
students and staff spend a considerable amount of time. According to studies, poor
IEQ can lead to discomfort, respiratory problems, allergies, and other health issues
[8]. In higher education buildings, poor IEQ can also affect students’ academic per-
formance, attendance, and retention [9].

Assessing IEQ in higher education buildings is essential to ensure that the indoor
environment is healthy, comfortable, and conducive to learning. The conventional
method of evaluating IEQ in buildings involves using post-occupancy evaluation
(POE) methods to collect data from building occupants after they have used the space
for a while. POE involves gathering feedback from occupants through surveys, inter-
views, and other data collection methods to evaluate their experience of the indoor
environment.

2.2 IEQ factors

2.2.1 Thermal comfort (TC)

The American Society of Heating, Refrigerating, and Air-Conditioning Engineers
(ASHRAE) and International Organization for Standardization (ISO) defined thermal
comfort as “that condition of mind that expresses satisfaction with thermal environ-
ment” for thermal comfort [10, 11]. This definition is influenced by the significant
contributions of Professor Povl Ole Fanger in the field of thermal comfort. His work,
including his dissertation and book titled “Thermal Comfort,” introduced a novel
relationship between environmental physical parameters, human physiological
parameters, and comfort perception [12]. This led to the development of the predic-
tion mean vote (PMV) and prediction percentage dissatisfied (PPD), often known as
the chamber model [13]. According to the Health and Safety Executive body (HSE),
thermal comfort is affected by a combination of environmental and personal factors
which are represented in Figure 2.

Figure 1.
IEQ embodiment [7].
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2.2.2 Indoor air quality (IAQ)

The rapid progress in technology in recent times has ushered in the digital era,
causing a significant shift in human behavior towards spending more time indoors.
Whether it is office workers, students in educational institutions, patients in
hospitals, or individuals in their homes, studies have shown that approximately 90%
of people’s time is spent in indoor environments [15]. This reality underscores the
importance of maintaining the quality of the indoor environment, particularly the
indoor air quality (IAQ).

ASHRAE, in their indoor air quality guide [16], defined IAQ as the “air in which
there are no known contaminants at harmful concentrations as determined by cogni-
zant authorities and with which a substantial majority (80% or more) of the people
exposed do not express dissatisfaction” [16]. Ensuring good IAQ is critical, and [17]
outlined three key reasons for this:

• Indoor air serves as the interaction medium amongst weather conditions, people,
and buildings.

• The physical, biological, and chemical characteristics of indoor air directly
influence the health and well-being of building occupants.

• Given the straightforward nature of indoor air, IAQ can be clearly defined and
managed to meet required standards.

Various studies have identified factors that influence IAQ, including temperature
(°C), relative humidity (RH %), and pollutants (chemical, biological, and physical)
[18]. Amongst these factors, pollutants play a significant role, with elements such as
carbon dioxide (CO2), nitrogen dioxide (NO2), volatile organic compounds (VOCs),
and viruses being of particular concern.

2.2.3 Acoustic comfort (AC)

Another important IEQ parameter is acoustic comfort (AC) which centres around
“noise”: an “unwanted sound” which when present in the built environment, affects
concentrations, interferes with activities, prevents speech communication, and if in

Figure 2.
Factors that affect thermal comfort [14].
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high levels can impair hearing significantly. Thus, the capacity of a building to provide
a suitable acoustic environment and protection against noise in line with the necessary
acoustic requirements is the acoustic comfort of a building [14]. Noise, being a form
of pollution, evidently translates to the crucial impact acoustic comfort has in the
health & well-being, productivity as well as communication of a building’s occupants
[19]. The acoustic environment’s comfort is typically influenced by various factors,
including the acoustic properties (sound absorption, transmission, and reflection) of
the indoor space, the geometry and volume of the indoor area, the transmission of
airborne noise, impact noise as well as noise from internal and external sources, such
as background noise [20].

2.2.4 Visual comfort

Visual comfort is an IEQ factor that involves lighting which could either daylight-
ing or artificial lighting [21]. It is an important element of the overall IEQ in education
buildings with studies ascertaining it to be a major contributor in the creation of an
optimum learning environment [22]. The European Standard (EN 12665, [23])
defined visual comfort as “the subjective visual wellbeing condition induced by the
uminous environment” and this definition clearly indicates a psychological element to
the overall perception of visual comfort by individuals [24]. It is achieved when the
lighting quality and quantity, occupant perception, and environmental quality of view
are in a good balance [25]. Lighting quality is a measure of the light’s brightness and
color, whereas lighting quantity involves the illumination levels and output [26].

2.3 IEQ standards and guidelines for HE buildings

Indoor environmental qualities, like all aspects of sustainability, are mostly
governed by certain standards. As established, IEQ is characterized by four environ-
mental factors which are thermal comfort, indoor air quality, acoustic comfort, and
visual comfort. These four factors are different with different means of measurements
and recording and thus, requirements for each IEQ factor are expected to be different
leading to the emergence of different standards for most IEQ factors. In buildings
generally, the evaluation and design of the indoor environment are governed by
national and international standards. These standards provide guidelines in the spec-
ification of acceptable indoor environmental conditions for occupants [27]. They are
highlighted as follows.

2.3.1 Baseline designs for schools

These were developed by the education funding agency (EFA) in response to a
recommendation in the Review of Education Capital in April 2011. The review called
for a suite of standardized drawings and specifications that could be applied across a
wide range of educational facilities [28]. The designs provide a light, bright, and airy
learning environment for students and teachers. They were drawn up with the advice
of environmental, architectural, and teaching experts to address problems such as
dark corridors, poor ventilation, and inadequate classrooms, and to make the very
best use of space [28]. Table 1 provides an overview of the published guidelines on
various aspects of design and construction:
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2.3.2 Chartered Institution of Building Services Engineers (CIBSE)

CIBSE stands for the Chartered Institution of Building Services Engineers. It is a
professional body in the UK for building services engineers, encompassing a wide
range of disciplines such as heating, ventilation, air conditioning, lighting, and
plumbing. CIBSE was founded in 1976, and its main aim is to promote the science, art,
and practice of building services engineering, as well as to promote the efficient use of
energy in buildings. It achieves this through various means such as the publication of
technical guidance and codes of practice, organizing seminars and conferences, and
providing education and training for building services engineers Table 2 presents an
overview of the published CIBSE guides:

2.3.3 International Organization for Standardization (ISO)

The ISO is an organization consisting of 163 national standard bodies
headquartered in Geneva (OECD/ISO, 2016—dependent). Established in 1947, the

Publication Overview

Environmental
services strategy

This outlines criteria for indoor air quality, lighting, temperature control, and
energy consumption. The document also provides guidance on ventilation
strategies for both primary & secondary schools and sets operational targets for
energy consumption

Structural strategies This document provides guidance on the structural design of school buildings

Circulation models This document provides guidance on the design of circulation spaces within
school buildings

Access and inclusion This document provides guidance on ensuring accessibility and inclusivity in the
design of school buildings

Daylight strategy This document provides guidance on ensuring adequate daylight in school
buildings

Acoustic performance
standards

This document provides guidance on the acoustic design of school buildings

Table 1.
EFA baseline design guidance document.

CIBSE Guide Title

CIBSE Guide
A

Environmental design: provides a comprehensive overview of environmental design in
buildings, including principles of thermal comfort, indoor air quality, lighting, and
acoustics

CIBSE Guide
B

Heating, ventilation, air conditioning, and refrigeration: provides detailed information on
HVAC systems, including design principles, load calculation, system selection, and control
strategies

CIBSE TM40 Health and wellbeing in building services: provides guidance on how to design, operate,
and maintain building services systems to support the health and well-being of occupants
and covers indoor air quality, thermal comfort, lighting, acoustics, and other factors that
affect occupant health and productivity

Table 2.
CIBSE guidance documents.
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ISO covers a range of areas in the field of engineering, business, health, technology,
computing, and others [13]. Its main goals are to provide global solutions to world-
wide challenges and support innovation by developing “voluntary, consensus-based,
market relevant international standards” (OECD/ISO, 2016—dependent). Table 3
presents the relevant IEQ standards published by the ISO.

2.3.4 European Standard (EN)—CEN

The European Standard (EN—European Norms) are sets of standards developed and
adopted by the three European Standard Organizations: The European Committee for
Standardization (CEN), the European Committee for Electrotechnical Standardization
(CENELEC), and the European Telecommunications Standards Institute (ETSI)
(European Commission [29]). It comprises more than 800 member organizations
worldwide constituting research entities, private companies, academia, and government
organizations [30]. Table 4 presents the relevant IEQ standards published by CEN.

2.3.5 The American Society of Heating, Refrigerating and Air-conditioning
Engineers (ASHRAE)

The American Society of Heating, Refrigerating and Air-conditioning Engineers
(ASHRAE) is a global society established in 1894 geared towards the advancement of
human well-being through sustainable technologies for the built environment [31]. By
fostering innovation and disseminating knowledge, it plays a crucial role in shaping
the practices and standards related to heating, ventilation, air conditioning, and
refrigeration systems, contributing to the improvement of environmental sustainabil-
ity and human comfort in buildings.

2.4 IEQ indicator setpoints

The IEQ setpoints are a set of standards and guidelines that define the minimum
and maximum acceptable levels of environmental parameters for optimal occupant

ISO Standard Title

ISO 17772-1:2017 Energy performance of buildings: indoor environmental quality

ISO 7730 Ergonomics of the thermal environment: PMV and PPD indices

ISO 16814:2008 Building environment design: indoor air quality

ISO 10551 Ergonomics of thermal environment on subjective assessment methods

ISO 9920 Ergonomics of thermal environment on clothing insulation

Table 3.
ISO relevant IEQ standards.

European Standard Title

EN 15251:2007 Indoor environmental input parameters for design and assessment

EN 16798:2019 Energy performance of buildings: ventilation for buildings

Table 4.
European Standard (EN) relevant IEQ documents.
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comfort and well-being. They cover several key factors including thermal, visual,
acoustic comfort, and indoor air quality (IAQ). For thermal comfort, the setpoints
provide guidelines for temperature and humidity levels that ensure occupant comfort
and productivity. For visual comfort, the setpoints provide guidelines for lighting
levels and glare control to ensure occupant visual well-being and productivity.

Acoustic comfort setpoints provide guidelines for acceptable noise levels, sound
transmission, and reverberation times to ensure occupant acoustic well-being and
productivity. Finally, IAQ setpoints provide guidelines for acceptable levels of air
pollutants, carbon dioxide, and relative humidity to ensure occupant respiratory
health and well-being.

Table 5 presents HE buildings relevant IEQ setpoints published by various orga-
nizations such as the Building Research Establishment (BRE), CIBSE and the UK
government, which are regularly reviewed and updated to reflect new research and
standards. The adherence to IEQ setpoints can result in improved occupant comfort,
productivity, and well-being, as well as reduced energy costs and environmental
impact.

3. Research methods

3.1 Post-occupancy evaluation (POE) methods

Post-occupancy evaluation (POE) is a method for evaluating the performance of a
building after occupancy. POE is an essential tool for assessing the indoor environ-
mental quality (IEQ) in higher education buildings. It involves collecting and analyz-
ing data on the performance of a building’s systems, such as HVAC, lighting,
acoustics, and thermal comfort, to determine their effectiveness and efficiency.
The purpose of a POE is to identify the strengths and weaknesses of a building’s
design and operation, and to identify opportunities for improvement [32].

POE has been used for decades as a way to evaluate the effectiveness of building
design and operation in terms of IEQ. According to a study by Fisk [33], POE has been
used in a variety of settings, including office buildings, schools, and hospitals. In the
context of higher education buildings, POE can be particularly useful in assessing the
quality of the learning environment, which is a critical factor in the success of stu-
dents.

For this study, the primary POE methods used are physical monitoring and ques-
tionnaire surveying. Physical monitoring, often being the more objective approach of
the two POE methods, involves ascertaining the actual conditions of the building [34].
It may include the use of various measurement instruments and sensors to monitor
IEQ indicators such as temperature, humidity, air quality, and lighting levels. Through
physical monitoring, researchers and building management teams can gain insights
into the actual performance of the building and identify areas that require improve-
ment. Questionnaire surveying involves the use of surveys which are conducted to
gather feedback from building occupants regarding their satisfaction levels and expe-
riences with the building environment [35]. The survey questions cover various
aspects of building design, IEQ, and other factors that may influence occupant satis-
faction. The survey results provide valuable insights into occupants’ perspectives and
help identify areas where improvements can be made to enhance user satisfaction and
comfort.
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3.2 Case study

For the actualization of the research aim and objectives, it was necessary to collect
relevant data from higher education institutions, primarily from the respective build-
ings associated with them. To achieve this, various factors such as the ease of
collecting data, permissions required etc. were at the forefront of the selection pro-
cess. After careful appraisal of the factors, two universities were identified and
selected to serve as the study settings for this research with one being the main setting
and the other being the complimentary setting. The study focused on assessing the
state of IEQ in different types of rooms in the two universities (To satisfy ethical
purposes, considerations, and requirements, the Universities will be addressed in this
article as University A and University B). The different types of rooms, their respec-
tive capacity as well as their ventilation type (which is a key factor that studies have
shown to affect IEQ) are represented in Table 6.

3.3 Data collection methods

As part of the POE process to assess the indoor environmental quality (IEQ) in the
selected rooms at aforementioned universities, a comprehensive data collection
approach was employed. These data collection methods involved physical measure-
ments and questionnaire surveying with the collected data subjected to rigorous data
analysis including the use of statistical methods, data visualization techniques, and
qualitative analysis.

3.3.1 Physical measurements

Physical measurements involved undertaking a meticulous collection of data
pertaining to key physical parameters that define the indoor environmental quality
(IEQ) of the space under study. These include temperature (°C), relative humidity
(RH %), CO2 levels (ppm), airborne particulate matter (PM2.5—μg/m3), total volatile
organic compounds (TVOC—μg/m3), formaldehyde (HCHO—μg/m3), illuminance
(lux), and background noise (dB).

To achieve the recording process, the researcher employed the use of certain
physical measurement procedures after rigorous review of the literature. This includes
the use of instrumentation which involves the use of appropriate instruments and
sensors specific to each IEQ indicator. Datalogging techniques were also employed to
continuously log the relevant data over a defined period. Field measurements were

University Room Capacity Ventilation Type

A Classroom (A) 56 Natural

PC room (A) 24 Natural

Lecture theater (A) 191 Mechanical

Architectural studio (A) 30 Natural

B Classroom (B) 41 Natural

Lecture hall (B) 167 Mechanical

Table 6.
University data.
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conducted, including spot measurements at different times of the day, to capture
variations in the IEQ indicators. Observation and documentation were integral to the
data collection process, ensuring accurate and comprehensive records of the physical
measurements.

By monitoring these IEQ indicators using suitable instruments and sensors,
employing datalogging techniques, conducting field measurements, and documenting
observations, a thorough assessment of the indoor environmental quality was
achieved. This data serves as valuable information for evaluating the performance of
the spaces and informing any necessary improvements or interventions.

3.3.2 Equipment used

The following highlighted equipment was used for the purpose of collecting phys-
ical IEQ data. The equipment was placed in a suitable location on the classroom walls
at 1.5 m from the ground as that is best practice as seen in Figure 3d.

• Tinytag Datalogger (Figure 3a)—This is a compact, battery-operated instrument
designed to record data over a set duration. It can be set up to take readings at
consistent intervals, which could range from minutes to hours, based on the
monitoring needs. The device saves the gathered data in its internal memory or
storage. In the context of this study, the environmental factors measured
included temperature, relative humidity, and carbon dioxide (CO2).

• Temtop M2000C (Figure 3b)—This is a compact and portable air quality
monitor which is powered by a rechargeable battery allowing for continuous
monitoring. The device allows for real-time monitoring, datalogging and
measures several environmental and air quality parameters including
temperature, relative humidity, PM2.5, PM10, and CO2.

• Temptop LKC 1000S+—This is a compact and portable air quality monitor which
is powered by a rechargeable battery allowing for continuous monitoring. The
device allows for real-time monitoring, datalogging and measures several
environmental and air quality parameters including temperature, relative
humidity, PM2.5, PM10, TVOC, and HCHO.

Figure 3.
Showing the equipment used and typical Temptop equipment placement in the classroom.
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• Precision Gold N09AQ 4-in-1 environment meter (Figure 3c)—This is a
versatile, handheld device designed to measure and monitor various
environmental parameters. It is equipped with a clear LCD display screen which
provides an easy-to-read measurement. The device typically includes built-in
sensors for measuring temperature, humidity, light intensity, and sound level.

3.3.3 Surveys and questionnaires

Questionnaires are an effective and efficient method for gathering subjective
feedback from occupants (students & staff) about their experiences and perceptions
of indoor environmental quality. For this study, certain considerations and potential
areas of inquiries were identified which included: overall satisfaction, thermal com-
fort, air quality, lighting conditions, and acoustic comfort.

4. Data collection outcomes

This section provides an overview of the data collection process and outcomes in
this study. The data collection included two main types: quantitative data obtained
through measurements and monitoring of various spaces in the two universities, and
qualitative data gathered from questionnaire surveys. The objective of these data
collection efforts was to assess the existing indoor environmental quality (IEQ) con-
ditions in the higher education buildings. The measurements and surveys were
conducted during the winter period, specifically between January and March 2023, in
alignment with the seasonal conditions in the UK. By collecting these data, the study
aimed to gain insights into the IEQ conditions and inform potential areas for
improvement in the studied buildings.

4.1 IEQ results gauged against published standards and guidelines

To highlight major findings from the IEQ data, it is important to gauge it against
the published standards and guidelines such as the CIBSE and BB101. This process is
conducted under the four IEQ factors whereby the respective environment parame-
ters such as temperature, CO2, and so on are gauged against their respective standards.

4.1.1 Thermal and humidity data

Figure 4 illustrates the temperature data collected from various rooms at Univer-
sity A, along with the recommended temperature ranges (20–25°C) provided by the
BB101 guidelines. The graph clearly shows that, except for the lecture theater, all
other rooms exceeded the upper limit of 25°C, indicating a deviation from the
recommended range. Of particular concern is the architectural studio, where temper-
atures consistently reached or exceeded 25°C for an extended period, with a peak of
29°C. The lecture theater and the PC room also experienced prolonged periods with
temperatures around 25°C.

Figure 5 illustrates the relative humidity data obtained from various rooms at
University B. The graph also includes the recommended optimum levels of relative
humidity as specified by the BB101 guidelines. It is evident from the graph that the
two rooms exhibited contrasting data. The classroom largely maintained relative
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humidity within the recommended range of 40–70%, whilst the lecture hall recorded
levels below the optimum range.

4.1.2 Indoor air quality data

Figure 6 displays a sample CO2 data retrieved from all the selected rooms from
University A and B including the published CO2 limit of 1500 ppm. It can be observed
from the graph that the architectural studio and the PC rooms especially recorded CO2

levels reaching and exceeding the recommended limit.

Figure 4.
Plotted temperature data for University A.

Figure 5.
Plotted relative humidity data for University B.

65

Indoor Environmental Quality Study for Higher Education Buildings
DOI: http://dx.doi.org/10.5772/intechopen.113332



The typical PM2.5 data for all the rooms in both universities is presented in
Figure 7. This included the 24-h mean PM2.5 limit of 10 μg/m3 as published by the UK
Government. It can be observed that the PC room, architectural studio, and class-
room, all of which are in University A, exceeded the mean limit.

The typical TVOC data for all the rooms in both universities is presented and
plotted in Figure 8. This included the 8-h TVOC limit of 300 μg/m3 as published by
the BB101. It can be observed that all the rooms fell below the published limit.

The typical HCHO data for all the rooms in both universities is presented and
plotted in Figure 9. This included the 30-min HCHO limit of 300 μg/m3 as published
by the UK Government. It can be observed that only the PC room recorded HCHO
levels which exceeded the limit which even exceeded 30 min.

Figure 6.
Plotted CO2 data for all rooms in University A & B.

Figure 7.
Typical PM2.5 data for all rooms in both universities.
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4.1.3 Visual comfort

The illuminance data collected from the classrooms showed a substantial compli-
ance with the established guideline of 500 lux as shown in Figure 10. Most of the
readings fell within this limit, indicating that the lighting conditions in the classrooms
were generally appropriate for educational activities. However, there were instances
where the illuminance levels exceeded the recommended limit, especially in Univer-
sity A. Upon further investigation, it emerged that these instances were primarily due
to the presence of natural light, particularly when the curtains were open. In contrast,
the classroom in University B fell short of the illuminance standard substantially,
likely due to the type of lighting fixtures and the presence of light-limiting blinds
which limited the entry of natural light. Whilst natural light can enhance the learning
environment, it can evidently also lead to higher illuminance levels which can exceed
a 1000 lux [36]. Therefore, it is important to manage the balance between natural and
artificial light to maintain optimal lighting conditions in the classrooms.

Figure 8.
Typical TVOC data for all rooms in both universities.

Figure 9.
Typical HCHO data for all rooms in both universities.
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4.1.4 Acoustic comfort

The noise data, as shown in Figure 11, collected for both unoccupied and occupied
rooms showed a general adherence to the expected noise levels. In unoccupied rooms,
the noise levels substantially fell within the 30–35 dB range. However, slight variations
were observed in situations where external factors, such as open windows, allowed
noise from passing traffic to infiltrate the rooms, thus reflecting in the data. In
occupied rooms, the noise levels were typically around 45 dB. This limit was occa-
sionally surpassed during data collection periods when a lecturer was speaking, con-
tributing to an increase in the ambient noise level. It is important to note that these
occasional exceedances of the noise limit could be attributed to specific activities
within the room rather than a consistent issue with noise control.

Figure 10.
Average illuminance for all rooms.

Figure 11.
Background noise levels for all rooms.
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4.2 Survey feedback

The questionnaire survey was designed to gather occupants’ satisfaction with the
indoor environmental quality, focusing on four key aspects: temperature and humid-
ity, air quality, lighting, and noise levels. A total of 41 feedback responses were
collected from the spaces where physical monitoring and measurements took place.
The surveys were typically conducted at the conclusion of teaching sessions. The
survey questions and feedback provided valuable insights into occupants’ perceptions
and opinions regarding the indoor environment, offering the following perceptions
and hypotheses:

4.2.1 Temperature perception

Amongst the questions asked are questions regarding the perception of tempera-
ture in classrooms by the students. The analysis, as represented in Figure 12, showed
that majority of respondents described the room temperature as neutral, indicating
overall comfort. However, a notable percentage felt it was either warm or cool,
suggesting some variability in thermal conditions in the classrooms. Furthermore,
emphasis was made for the heating season with most of the respondents having a
moderate temperature perception, indicating effective heating system performance.
However, a smaller percentage felt it was cool/cold, indicating a need for improve-
ment during colder periods (Figure 13).

4.2.2 Air quality perception

Looking at air quality outlook in the classrooms was also important to the overall
objectives of the research. Majority of respondents, as shown in Figure 13, perceived
the air quality as good, indicating that it met their expectations contributing to a
comfortable learning environment. However, a significant number reported bad air
quality, suggesting the presence of issues that should be addressed to ensure optimal
indoor air quality. Additionally, a significant percentage of respondents indicated their
willingness to take action if they were informed of poor air quality, such as opening or
closing windows. This highlights the importance of providing students with

Figure 12.
Temperature perception feedback.
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information and control over their environment, empowering them to improve their
immediate surroundings.

4.2.3 Light level perception

Amongst the IEQ indicators is light which was also considered for this research. On
this, most respondents perceived the light level in the classrooms as okay as shown in
Figure 14, indicating that it was generally satisfactory for reading and visual tasks.
However, a small percentage of respondents found the light level either too bright or
dim, suggesting the need for adjustments or enhancements in lighting design.

4.2.4 Noise level perception

Another important IEQ indicator is the noise level which was also considered in the
survey process. Noise levels from outside were generally deemed acceptable as shown
in Figure 15, but occasional severe noise was reported, which could disrupt concen-
tration. Notably, a significant percentage acknowledged that noise in the classroom
does affect their concentration, emphasizing the importance of noise control measures
to provide for a conducive learning environment.

Figure 13.
Air quality perception feedback.

Figure 14.
Light perception feedback.

70

Advancements in Indoor Environmental Quality and Health



4.2.5 Miscellaneous

Finally, students recognized the overall impact of IEQ on concentration, with
temperature ranking as the most influential factor, followed by air quality, noise, and
lighting. These findings provide valuable guidance for improving IEQ in higher edu-
cation buildings, aiming to create comfortable, healthy, and conducive learning envi-
ronments that optimize students’ well-being and academic performance. (as well as
IEQ added knowledge such as weighting of IEQ factors).

5. Analysis and discussion

5.1 Thermal and humidity

The summarized temperature data presented in Table 7 reveals that a significant
number of the rooms subjected to IEQ physical measurements (5 out of 6) exceeded
the published upper limit of 25°C by the BB101. In University A, where the class-
rooms, PC room, and architectural studio are naturally ventilated, the maximum
temperatures recorded during the winter months were relatively high. The classroom
and PC room reached maximum temperatures of 28°C for 4 h and 5 min, and 3 h
respectively, whilst the Architectural Studio recorded the highest maximum

Figure 15.
Noise perception feedback.

University Room Min–Max temperature
recorded °C

Duration below 20°
C (h/min)

Duration Exceeded
25°C (h/min)

A Classroom 19–26°C 0 h 0 min 4 h 5 min

PC room 18–28°C 0 h 20 min 3 h 0 min

Lecture
theater

17–26°C 1 h 0 min 1 h 45 min

Architectural
studio

20–29°C 0 h 0 min 3 h 10 min

B Classroom 20–23°C 0 h 0 min 0 h 0 min

Lecture hall 21–26°C 0 h 0 min 0 h 15 min

Table 7.
Temperature data.
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temperature of 29°C for 3 h and 10 min. In University B, the classroom recorded
temperatures within the recommended range of 20–25°C, with a minimum and max-
imum temperature of 20–23°C. This suggests that the heating systems or insulation in
the classroom were able to maintain a suitable temperature level during the winter
months. However, the lecture hall, despite being mechanically ventilated, exceeded
the upper limit, reaching a maximum temperature of 26°C. It is worth noting that it is
located in the basement level of the university which combined with the heating
systems in place, might have contributed to the temperature rise.

These findings are particularly noteworthy considering that the data was recorded
during the winter period, when the outdoor temperatures ranged between 0 and 10°C.
These results suggest that there may be challenges in maintaining optimal thermal
comfort in the classrooms during colder months, potentially leading to discomfort for
students and faculty. This observation suggests a potential issue with temperature
control in the classrooms identified by the researcher, particularly during the colder
months. One possible explanation for this discrepancy is the placement of tempera-
ture sensors predominantly in the corridors rather than within the classrooms them-
selves. As a result, the heating system may be working harder to maintain the desired
temperature, leading to higher temperatures inside the classrooms. Additionally, this
highlights the need for further investigation into the heating systems and insulation in
these buildings to ensure a conducive learning environment, especially during
extreme weather conditions.

For relative humidity, overall, the levels were found to be largely within the
recommended standard range of 40–70% as indicated in Table 8. However, upon
closer examination of the daily data, it became evident that the relative humidity
levels tended to be on the lower side of the recommended range specifically in the
40% range. This suggests that the indoor environments in these rooms were relatively
dry, approaching the lower end of the ideal humidity range.

In contrast, the lecture hall in University B displayed a lower relative humidity
range, with a minimum and maximum of 33–36% respectively. This lower range
might be attributed to the fact that the hall is mechanically ventilated which could
impact humidity control of the space. But more importantly is the fact that it is located
in the basement level of the university. Basements tend to have different environ-
mental conditions compared to above-ground spaces, including potentially higher
moisture levels. Considering the basement location and the potential challenges in
humidity control, it is expected that the lecture hall in University B experienced lower
relative humidity levels. If the recorded relative humidity falls outside the

University Room Relative humidity (%)

Minimum Maximum

A Classroom 41 46

PC room 42 49

Lecture theater 42 49

Architectural studio 46 49

B Classroom 39 45

lecture hall 33 36

Table 8.
Relative humidity data showing the minimum and maximum recorded levels.
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recommended range, it may be necessary to investigate further and implement mea-
sures to optimize humidity control, such as adjusting ventilation systems or introduc-
ing additional humidity management strategies, to ensure a comfortable and healthy
indoor environment for occupants. Additionally, Figure 5 visually demonstrates that
there were instances where the relative humidity did not meet the lower limit of the
standard in certain classrooms. The researcher observed that the windows for rooms
with natural ventilation were open on many occasions which could influence the
relative humidity levels recoded. However, this issue still suggests a potential chal-
lenge in maintaining optimal humidity levels within the classrooms which highlights
the need for further investigation into the causes of these deviations.

5.2 Indoor air quality

5.2.1 Carbon dioxide (CO2)

Table 9 provides an overview of the maximum CO2 levels recorded in various
rooms of two universities, along with the number of times the CO2 concentration
exceeded 1500 ppm and the duration of such exceedances. When analyzing the data
from both universities, it was observed that the rooms that exceeded the limit
occurred in university A specifically, the classroom, PC room, and architectural stu-
dio. In University B, both the classroom and lecture hall maintained CO2 levels below
the threshold, implying better ventilation and lower occupancy in these rooms from
the observations.

Upon further investigation, it became evident that the occurrence of high CO2

levels primarily affected classrooms that relied on natural ventilation. Specifically, the
Architectural studio, with the plan as shown in Figure 16, recorded the highest CO2

level of 2360 ppm. This room is naturally ventilated and has two small windows, but
only one window can be opened for airflow. Additionally, it is worth noting that the
usable open window has a relatively small area of 0.93 m2, which may not be sufficient
for the room size of 85 m2. This finding can be attributed to several factors related to
the studio’s ventilation and occupancy conditions. Firstly, the limited use of one
window hindered the proper airflow and exchange of fresh air, resulting in a build-up
of CO2. Inadequate ventilation promotes stagnant air and the accumulation of pollut-
ants. Secondly, the studio was frequently overcrowded, with a large number of occu-
pants present. As people exhale, they release CO2, and in a crowded space, CO2

concentration can rise rapidly. The combination of limited ventilation and high

University Room Maximum CO2 recorded
(ppm)

Duration exceeded 1500 ppm
(h/min)

A Classroom 1617 1 h 45 min

PC room 1738 1 h 0 min

Lecture theater 970 0 h 0 min

Architectural
studio

2360 8 h 55 min

B Classroom 1072 0 h 0 min

Lecture hall 1133 0 h 0 min

Table 9.
CO2 data.
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occupancy levels likely contributed to the observed elevated CO2 levels. These find-
ings underscore the importance of optimizing ventilation strategies and ensuring an
adequate supply of fresh air in crowded spaces. By doing so, it is possible to maintain
healthy indoor air quality and minimize CO2 build-up in classrooms relying on natural
ventilation (Figure 16).

5.2.2 PM2.5,TVOC, and HCHO

The PM2.5 data showed that in some classrooms, on certain days, the hourly PM
2.5 readings exceeded the daily limit of 10 μg/m3 (average) as represented in Figure 7.
This primarily points to PM2.5 being a slight concern considering the case study
settings are located in an urban area with high traffic which affects the quality of
outdoor air. This in return affects the indoor PM2.5 readings with other possible
factors being classroom conditions or student activities.

With regard to TVOC and HCHO, the analysis of these data sets revealed that the
levels largely adhered to the established limit of 300 μg/m3 or 100 μg/m3 respectively.
This standard was exceeded only on one or two occasions, suggesting a high level of
compliance with the recommended guidelines. The few instances where especially the
HCHO levels surpassed the limit could potentially be attributed to increased student
activity, which might have led to a temporary spike in emissions, or possibly equipment
error. However, these instances were exceptions rather than the norm, indicating that the
indoor environment was generally within the acceptable range for TVOC/HCHO levels.

5.3 Room IEQ correlations

In the process of data analysis, correlations were carried out with the aim of
examining various variables against each other in the bid to ascertain various findings
align with those from prior research. The relationship between occupant density and
temperature and CO2 levels was examined for rooms in University A with Table 10
presenting the results and data. The results indicated a weak correlation between
occupant density and temperature, suggesting that the number of occupants in a room
may not significantly impact the temperature. However, a strong positive linear

Figure 16.
Architectural studio plan.
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correlation was observed between occupant density and CO2 levels. This implies that
as the number of occupants increases, the CO2 levels in the room also rise, which is
consistent with the findings from previous literature (Table 10) [37].

5.4 Room comparison: mechanical and natural ventilation

To further scrutinize the IEQ data, it was pertinent to look at relationships and
make comparisons to distinctive differences between classrooms such as looking at the
data outlook with regard to mechanically and naturally ventilated classes. After
undergoing various comparisons between the classrooms and the respective IEQ indi-
cators, the researcher realized that the CO2 data exhibited the most glaring differences
when the two types of classrooms were compared. The analysis showed that CO2 levels
in mechanically ventilated rooms consistently remained below the recommended
maximum limit of 1500 ppm, while naturally ventilated rooms occasionally exceeded
this limit as shown in Figure 17. This discrepancy can be attributed to the active
control and circulation of air in mechanically ventilated rooms, as opposed to the
passive air movement in naturally ventilated rooms, which can be less effective,
especially in high occupancy spaces or rooms with limited airflow (Figure 17).

5.5 Combined IEQ and survey findings

The analysis of both the IEQ data and survey feedback presented various results and
findings. Incidentally, analyzing both the objective IEQ data and the subjective survey
responses, meaningful connections, and insights were highlighted as such:

1.Temperature: A notable percentage of respondents felt their classrooms were
balanced, but a fair amount (4.9%) perceived the temperature to be hot. This
aligns with the IEQ data, which indicates that the temperature in classrooms
reached or exceeded the recommended maximum limit of 25°C. The discomfort
expressed by students during these situations, leading to the removal of top
layers such as coats and the opening of windows, further supports this alignment.
Research has shown that the optimal temperature for a learning environment is

PC room Classroom Lecture theater Architectural
studio

Occ.
density

Count Occ.
density

Count Occ.
density

Count Occ.
density

Count

CO2

concentration
Pearson

correlation
0.7465 0.7632 0.7469 0.7375 0.5032 0.5081 0.7233 0.681

Sig. (2
tailed)

0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001

Correlation is
significant at p
< .05 and at p
< .10 for both
occupant count
and density

Correlation is
significant at p
< .05 and at p
< .10 for both
occupant count
and density

Correlation is
significant at p
< .05 and at p
< .10 for both
occupant count
and density

Correlation is
significant at p
< .05 and at p
< .10 for both
occupant count
and density

Table 10.
CO2 and occupant density correlation data.
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between 18°C and 25°C, as temperatures outside of this range can impact
students’ focus and learning abilities [38].

2.Air quality: Whilst a sizeable percentage of respondents felt the air quality was
okay, a notable percentage (17.1%) expressed it as bad. This strongly aligns with
the IEQ data, particularly the CO2 levels, which recorded high levels exceeding
the maximum limit of 1500 ppm, especially in naturally ventilated classrooms.
The high CO2 levels recorded in the IEQ data correspond to the dissatisfaction
expressed by the respondents regarding air quality with elevated CO2 levels
being able to impact cognitive function and contribute to feelings of stuffiness
and discomfort [3].

3.Lighting: The survey responses and IEQ data show some alignment in terms of
lighting. Whilst a majority of respondents felt the lighting was okay, a notable
percentage found it to be bright or too bright. This aligns with the IEQ data
indicating that the illuminance in classrooms exceeded the recommended limit of
500 lux. The perception of bright lighting by some respondents is consistent with
the measured illuminance levels.

4.Overall IEQ: The finding that most respondents agreed that the overall indoor
environmental quality affected their concentration in the classroom is a strong
indicator of student awareness regarding IEQ. This alignment also corresponds to
the IEQ data, which identified different indicators, including temperature and
CO2 levels, exceeding their recommended limits. The impact of IEQ on students’
well-being, comfort, and concentration underscores the importance of
addressing and improving indoor environmental conditions [39].

5.6 Research limitations and challenges faced

A few limitations or challenges were experienced by the researcher during the POE
data collection process. Firstly, the research encountered technical gaps in equipment,

Figure 17.
CO2 outlook for a typical mechanically and naturally ventilated classroom.

76

Advancements in Indoor Environmental Quality and Health



which had a direct impact on the accuracy and precision of measurements. The quality
and capabilities of the equipment used ultimately influenced the reliability of the data
collected. Limited resources and funding also posed challenges in accessing specialized
or advanced measurement tools, further compromising the evaluation process. This
limitation particularly affected the assessment of specific building performance indi-
cators, such as indoor air quality, which required expensive and less readily available
equipment. Consequently, the depth and comprehensiveness of the evaluation were
restricted. Moreover, the limited resources also had implications for the scope and
scale of the evaluation, resulting in a narrower focus and reduced sample size. Addi-
tionally, establishing standardized metrics and benchmarks for physical measure-
ments in higher education buildings proved to be a challenging task. The lack of
uniformity in measurement protocols, criteria, published standards, and guidelines
hindered the ability to compare the performance of different buildings or assess their
performance against established benchmarks. For example, after thorough scrutiny of
the available published standards and guidelines, the researcher found that many of
them focused on primary and secondary schools. This limitation made it difficult to
draw meaningful conclusions and accurately evaluate the buildings’ IEQ performance.
The absence of a standardized framework limited the researcher’s ability to make
comprehensive and reliable comparisons, thus slightly hampering the outcomes in the
field of POE in higher education buildings.

6. Conclusions

The post-occupancy evaluation (POE) of higher education buildings provided
invaluable insights into the indoor environmental quality (IEQ) within these educa-
tional spaces. This study identified several critical IEQ issues associated with the
factors that predominantly affect the state of IEQ.

Thermal discomfort emerged as a significant issue, with temperature and relative
humidity often not meeting standard limits. This was particularly pronounced in
rooms without heating/cooling control and spaces with either natural or mechanical
ventilation. To address this, it is recommended that temperature control systems be
installed and ensuring adequate ventilation in all rooms. Air quality represented
another major concern, with elevated levels of CO2, volatile organic compounds
(TVOC), formaldehyde (HCHO), particulate matter (PM 2.5) exceeding established
standard limits. Factors such as inadequate and insufficient ventilation as well as high
traffic within the HE locations contributed to the problems. Recommendations
include enhancing ventilation systems and possibly introducing air purifiers to miti-
gate these concerns. Noise pollution was identified as an issue, particularly in natural
ventilated rooms and classrooms. To alleviate this, implementing soundproofing
measures and reinforcing classroom behavior guidelines may prove effective. Inade-
quate lighting was occasionally observed, negatively affecting visibility and poten-
tially causing eye strain and reduced productivity. This could be addressed by re-
evaluating and improving lighting placement and levels in classrooms. Ergonomic
issues were also identified, with room layouts, furniture, and equipment sometimes
failing to meet their intended purpose. It is recommended to comprehensively review
and adjust these elements to ensure they are suitable for their intended use. Addition-
ally, this study identified maintenance issues and a lack of access to green spaces as
areas of concern. To address this, implementation of regular maintenance schedules to
ensure that all building systems are functioning optimally is recommended.
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Furthermore, incorporating green spaces or elements of nature into building designs
could enhance IEQ and the overall well-being of the students and staff alike.

These findings underscore the critical importance of IEQ in higher education
buildings and the urgent need for effective strategies to enhance it. The feedback from
building occupants reinforced the significance of these IEQ challenges, with a consid-
erable percentage expressing discomfort with temperature and air quality, aligning
with the recorded IEQ data. Most respondents acknowledged that IEQ significantly
influenced their concentration in the classroom, indicating a heightened awareness of
IEQ amongst students. Furthermore, this study and its findings highlight the value of
POE methods in assessing IEQ and providing actionable insights for improving the
indoor environment. Moving forward, it is recommended that future research con-
tinues to use POE methods to assess IEQ in higher education buildings. Doing so will
not only help improve the design and operation of these buildings but also contribute
to the growing body of knowledge on the relationship between IEQ and occupant
satisfaction.
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Chapter 4

Priority of Mixed-Mode
Ventilation during Epidemics:
A Comprehensive Investigation
Ijaz Fazil Syed Ahmed Kabir, Mohan Kumar Gajendran
and Eddie Yin-Kwee Ng

Abstract

This chapter provides a detailed analysis of the operation of mixed-mode
ventilation during epidemics, concentrating on the pivotal role of indoor air quality
(IAQ). It underlines the importance of ventilation in IAQ management, particularly
for airborne infection control. However, our principal focus is mixed-mode ventila-
tion, a combined approach of natural and mechanical methods, which we highlight as
promising for IAQ management, airborne disease control, and also energy-saving
solutions. Our examination includes multiple case studies for each diverse environ-
ment, such as educational buildings, hospitals, office buildings, and residential build-
ings, each evaluated through different methods, including computational fluid
dynamics and experimental approaches. Our observations illustrate the significant
role of efficient ventilation in improving IAQ, mitigating airborne infection risks, and
enhancing occupant comfort, especially during epidemics.

Keywords: indoor air quality, ventilation strategies, epidemics, airborne infections,
mixed mode ventilation, mechanical ventilation, ventilation standards,
international standards, energy efficiency, ventilation optimization, hybrid
ventilation, case studies

1. Introduction

1.1 Importance of indoor air quality (IAQ)

The importance of indoor environment quality for occupant health cannot be
overstated. The quality of indoor air influences the health of those who work, reside,
or use enclosed spaces in the same way that outdoor air quality does. Experts empha-
size the critical significance of indoor air quality, sanitation, ventilation, and pollution
control in the context of the Covid-19 pandemic [1].

The phrase “indoor air quality,” abbreviated as “IAQ,” refers to the state of the air
within a building or other enclosed space, taking into account both the thermal
comfort levels and the concentrations of various pollutants [2–5]. ANSI/ASHRAE
62.1-2022 [6] defines acceptable indoor air quality (IAQ) as “air in which there are no
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known contaminants at harmful concentrations, as determined by cognizant authori-
ties, and with which a substantial majority (80% or more) of the people exposed do
not express dissatisfaction.”

Because we spend the majority of our time indoors, IAQ is crucial. Occupants may
believe that their enclosed space is exceptionally clean, but do they realize that indoor
air contaminants are virtually everywhere? Construction materials, paints, and coat-
ings on walls and ceilings, gas ranges in kitchens, and even personal care products
contain contaminants that can be hazardous in an indoor environment. Indoor air can
be several times more polluted than outdoor air. Because of this, experts are
concerned about IAQ in contemporary times.

The contaminants in the indoor air lead to the degradation of the IAQ. Radon,
indoor aerosols, ozone (O3), carbon dioxide (CO2), carbon monoxide (CO), formal-
dehyde (HCHO), nitrogen dioxide (NO2), sulfur dioxide (SO2), total volatile organic
compounds (TVOCs), particulate matter (PM2.5 and PM10), and asbestos are all
examples of contaminants that may be found in indoor air [2, 3, 7]. Temperature,
humidity, air movement, and the effectiveness of ventilation systems are other factors
that impact IAQ [3]. Modern buildings are built to be airtight, which eliminates the
need for natural ventilation. This is because modern buildings are controlled by
heating, ventilation, and air conditioning (HVAC) systems, which recycle a large
proportion of the air while replacing minor amounts of it with fresh air in order to
maintain a consistent IAQ throughout every season [7, 8]. Imagine a confined space
that has a high level of humidity and inadequate ventilation. It should come as no
surprise that this space has a poor IAQ. When one person in this enclosed space has
influenza, it is quite likely that other persons in the same setting will also get infected
with the virus. When someone remains with an individual who suffers from a major
infectious condition like severe acute respiratory syndrome (SARS) or COVID-19, the
situation is made much worse, and the outcomes may be fatal.

Thus, IAQ is essential. The concentrations of indoor air contaminants are
maintained at an acceptable level in an indoor environment with adequate IAQ. The
health of the occupants can then be protected. In addition, the indoor temperature,
humidity, and ventilation system can all contribute to comfort. Conversely, an envi-
ronment with inadequate IAQ can result in a variety of problems. In addition to
making occupants feel uncomfortable, inadequate IAQ has negative effects on health.
One of the most significant building-related health issues is the sick building symptom
(SBS), which is caused by inadequate IAQ. SBS side effects include migraines, vertigo,
fatigue, shortness of breath, eye irritation, dry cough, and itchiness on the skin [3, 7].
Hence, it is necessary to maintain a good IAQ within a building.

1.2 Importance of ventilation strategies in improving IAQ and mitigating
airborne infections

In 2019, a worldwide outbreak of a hitherto undiscovered virus halted almost all
human endeavors. Damage from this pandemic has been catastrophic. The COVID-19
epidemic is, by any measure, one of the most major issues faced by mankind in the
twenty-first century [9–11].

As the World Health Organization (WHO) designated COVID-19 to be a Public
Health Emergency of International Concern (PHEIC) on January 30, 2020 [12, 13],
very few people possibly could have predicted that it would infect about 691,748,366
individuals and killed 6,901,518 people all over the globe by July 20, 2023. In addition,
the world economy was on the edge of entering a downturn on a scale never seen
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before when the COVID-19 epidemic broke out. COVID-19 is a coronavirus, also
referred to as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [14].
The prevalence of this virus has actually eclipsed the total amount of infections caused
by two different epidemics (severe acute respiratory syndrome (SARS) and Middle
East respiratory syndrome (MERS)) in this century [11, 15]. Patients who are old or
who have previous pulmonary diseases have a greater risk of passing away as a result
of it [9, 16].

According to the contamination data, the epidemic spread swiftly across the globe.
As a result, governments were compelled to implement preventative measures, such
as lockdowns, self-isolation, social isolation, the use of facial masks and shields, and
the recommendation to cleanse hands as often as feasible [10, 11].

Even though it was once believed that the virus spread by droplets and means of
contact and that social distance might assist in disrupting the transmission chain,
recent scientific research has essentially proven the possibility that the virus
transmits through the air instead and survives for up to 3 hours in the air [9, 11,
17, 18].

Due to the overwhelming majority of infections happening indoors [19], recently
published studies have suggested and assessed several strategies to lower or eliminate
any virus level, including ventilation systems, high-efficiency filtration, ultraviolet
irradiation, air ionization, chemical disinfection, nonthermal plasma, and filter-based
air cleaners [20–22]. Researchers have demonstrated that ventilation strategies are
among the most effective techniques for reducing the possibility of viral transmission
[10, 11, 20, 23–28].

In recent times, the Chartered Institution of Building Services Engineers (CIBSE)
released guidance on how ventilation can be used to mitigate airborne infections. It
has been reported that “there is good evidence that demonstrates room occupants are
more at risk of catching an illness in a poorly ventilated room than in a well-ventilated
room” [11].

The World Health Organization has stressed ventilation’s importance in improving
indoor air quality and health on multiple occasions [10, 20, 29–33].

Air recirculation by ventilation can be the main route for aerosol transmission,
increasing infection risks [10]. The aerosol movement was almost neglected in
designing ventilation systems [10]. In addition, an inadequate rate of ventilation and
ineffective ventilation technique (mixture of in-room or recycled air, poor mechanical
ventilation servicing) have been associated with deteriorated health conditions for
high-density building occupants [11].

The probability of infection from airborne disease or mitigation spread through
ventilation [34] depends on quanta (viruses released), people exposure time, occu-
pancy, activities, room ventilation flow rate, and room volume.

With the unprecedented COVID-19 outbreak sweeping the globe, many academics
and industry professionals are raising the topic of whether present ventilation strate-
gies are outmoded and inadequate for such a contagious disease in today’s environ-
ment [11, 34–36]. This prompted scientists to advocate for a paradigm shift in
ventilation. There is an imperative to choose appropriate ventilation strategies and
explore the way to structure ventilation systems for distributing healthy air as
opposed to facilitating the accumulation of aerosol dispersal in confined
environments [10, 37].

This chapter discusses an introduction to ventilation, distinct ventilation strategies
such as natural ventilation, mechanical ventilation, mixed mode, or hybrid ventila-
tion, as well as their perks and permits in preventing the spread of viruses. Also
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covered are the detailed case studies for analyzing mixed-mode ventilation that were
published in pertinent articles after the COVID-19 pandemic.

2. Ventilation

Ventilation is the act of blending or substituting stale. Contaminated air found
inside with the fresh air is drawn in from the outside of the building in order to lower
the overall amount of contaminants found within it [38]. Ventilation is a crucial
component for achieving high air quality and thermal comfort within a building. The
installation of a ventilation system is recommended for a variety of reasons. The prime
objective is to maintain the air’s quality by providing an adequate amount of fresh air
for metabolic processes and diluting of contaminants. A ventilation system purifies an
interior space by removing impurities, undesirable heat, and excess moisture via the
process of air extraction. Besides, the purposes of ventilation are (1) protecting the
health and comfort of human beings, (2) in the event that it is required, providing
adequate air or oxygen for activities such as combustion, (3) eliminating the
byproducts of respiration as well as body odor, (4) eliminating potentially hazardous
chemicals, and (5) improving air circulation [39–41].

Three fundamental aspects of building ventilation need to be taken into consider-
ation for this design:

• Rate of ventilation: the quantity of outside air that is brought into the interior
space, and the quality of the air that is brought in from the outdoors;

• Airflow direction: refers to the general direction of airflow in a building that ought
to flow from clean zones to filthy zones; and

• Air distribution or airflow pattern: outside air ought to be supplied to each section
of the space in an effective way, and airborne pollutants should be removed as
they circulate around the space.

2.1 Ventilation methods

A building may be ventilated using one of the three methods: natural, mechanical,
or hybrid (mixed-mode) [10, 39, 41–44]. In this chapter, we provide a briefing
regarding these approaches and their potential in reducing the dissemination of the
virus.

2.1.1 Natural ventilation (NV)

The act of delivering fresh air circulation inside of an enclosure by the utilization of
air pressure differentials brought on largely by the effects of wind and buoyancy
effect which is again caused by temperature differences in and around the enclosure is
referred to as natural ventilation. This method may be defined as a natural way to
provide ventilation [10, 45]. The wind that flows along the windward side eliminates
the occupants’ body heat through convective and evaporative heat transfer, resulting
in chill body. Buoyancy effect is the effect whereby heated and less dense air rises,
while cold and high-density air descends [10, 46–48]. NV is a standard green alterna-
tive to mechanical ventilation (MV) systems that contributes to energy saving as it
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operates without mechanical systems and energy usage by using natural forces
[10, 49–51]. Two categories of NV are controlled, organized NV and nonorganied NV
or infiltration [10, 52]. There are three different forms of controlled ventilation:
single-sided ventilation, cross-ventilation, and passive stack ventilation [10, 49, 53].
One of the authors [46] in their earlier work has detailed about natural ventilation
strategy called wind catcher. Wind catchers are an integral element of the construc-
tion process in Middle Eastern countries for many years so that buildings may take
advantage of natural ventilation and cooling. The wind catcher allows for naturally
occurring ventilation because of both the wind effect and the stack buoyancy effect
[46]. Although the WHO strongly recommended NV as a means of reducing the risk
of infection [39], it is not commonly used because of some disadvantages, including
erratic airflow, a fluctuating ventilation rate, reduced thermal comfort, and it is not
adequate for high occupancy levels [54–60]. As a result of these, the researchers have
a hypothesis that mixed mode ventilation (MMV) or a hybrid method made up of
natural and mechanical ventilation devices may be considered a more consistent
strategy to offer steady airflow, diffuse contaminants, and freshen indoor air while
also providing thermal comfort, particularly when paired with controls [10, 61, 62].

2.1.2 Mechanical ventilation (MV)

Mechanical ventilation systems utilize ducts and fans to circulate air. Fans can
either be set straight in windows or the walls, or they can be positioned in air ducts,
which allows them to either introduce fresh air into an environment or remove stale
air from it [39]. Mechanical ventilation methods include distinct benefits and draw-
backs. Below are some advantages [39] that may be considered more broadly:

• The integration of this system with the air conditioning system may be achieved
with ease.

• The regulation of indoor humidity and temperature is readily achievable.

• The addition of a filtration system to the mechanical ventilation system is a viable
option. The removal of dangerous bacteria, particles, gases, smells, and vapors
may be achieved.

• Irrespective of the prevailing ambient temperature and wind conditions,
continuous access to the necessary flow rate may be achieved.

• The only need for its functionality is the provision of electrical power.

• The control of airflow direction is possible.

Nevertheless, mechanical ventilation systems are not without their challenges.
Mechanical ventilation systems often encounter operational challenges, leading to
disruptions in their intended functionality. These interruptions may arise from
several factors, such as equipment malfunction, utility service discontinuity,
suboptimal design, inadequate maintenance, or improper management. In the event
that the system caters to a vital facility and necessitates uninterrupted operation, it
may be essential to implement backup measures for every piece of equipment. How-
ever, it is important to acknowledge that such an endeavor might incur significant
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costs and may not be environmentally sustainable in the long term. The expenses
associated with the installation and maintenance of a mechanical ventilation system
might be quite expensive. If a mechanical system is unable to be adequately built or
maintained as a result of insufficient financial resources, its performance would be
adversely affected [39]. Morawska et al. [63] observed the establishment of very large
emergency hospital wards, such as those located inside exhibition centers, capable of
accommodating hundreds or even thousands of patients. While the mechanical venti-
lation in these facilities is deemed sufficient for regular exhibition or conference
activities, it remains uncertain whether there will be adequate ventilation for patient
management and infection control when these facilities are utilized for such purposes,
particularly during the COVID-19 pandemic. Studies have shown a correlation
between the cleanliness of air filters and HVAC systems and the extent of symptoms
tied to sick building syndromes [11]. Moreover, it has been established that inadequate
ventilation rates and improper ventilation strategies, such as the mixing of in-room or
recirculated air and poor maintenance of mechanical ventilation systems, have been
associated with adverse health effects among those inhabiting high occupancy build-
ings [11]. In their study, Sha et al. [64] conducted an analysis of the rates of mechan-
ical ventilation with the aim of mitigating the risk of COVID-19 transmission. The
researchers attempted to establish a correlation between the probability of infection
and the requirement for ventilation (the ventilation rate necessary is influenced by
five key factors: infection probability, quantum generation rate, social distance with
or without mask use, and exposure duration). When the probability of
infection decreases to a certain range, there may be a significant rise in the
necessary ventilation rate. As an example, while maintaining a social distance of 1.8
meters and being exposed for a duration of 8 hours, the necessary ventilation rate
exhibits an increase from 2.6 air changes per hour (ACH) to 5.2 ACH as the
infection chance decreases from 2–1%. Nevertheless, when the probability of infection
decreases from 1 to 0.1%, there is a corresponding requirement to raise the ventilation
rate from 5.2 air changes per hour (ACH) to 52.4 ACH [64]. Based on Chow’s out-
comes [65], it can be inferred that in order to effectively manage the spread of
COVID-19 throughout various buildings, it is necessary to maintain a minimum
air exchange rate of six air changes per hour (ACH). The adoption of this
particular value has shown its efficacy; nevertheless, it has also presented several
problems. The operational expenses associated with mechanical ventilation systems
are significantly elevated. This might perhaps explain why some locations have
periods of zero air changes per hour (ACH). The measurement of flow parameters in
mechanical air handling systems is a time-consuming process. Determining the venti-
lation rate of six ACH expeditiously is a challenge. Verifying if the ventilation system
is intermittently deactivated for the sake of fuel conservation presents an additional
level of complexity. The transmission of viruses may occur effortlessly [65]. A
research indicated the use of mechanical ventilation with recirculation as a means to
minimize ventilation costs. In this particular case, the ventilation system had a role
in enabling the transmission of SARS-CoV-19 to all the individuals residing in a
nursing home [66, 67].

The use of mechanical ventilation systems that do not include recirculation
mechanisms has been shown to mitigate the potential risk of infection [67–70].
Mechanical ventilation systems have high efficacy in managing indoor air quality
(IAQ); nonetheless, it is essential to acknowledge the concomitant rise in energy
consumption associated with their operation. One potentially effective strategy that
might make a valuable contribution to this subject matter is the implementation of a
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hybrid or mixed mode ventilation technique [71, 72], which will be discussed in the
next session.

2.1.3 Mixed mode or hybrid ventilation

Mixed-mode or hybrid ventilation refers to the integration of natural ventilation
systems with mechanical cooling systems. Hybrid systems endeavor to maximize the
utilization of free cooling via the amalgamation of outside and inside air, while using
mechanical cooling to maintain thermal comfort when external circumstances are
unsuitable for ventilative cooling [10, 61, 62, 71–73]. There is an increasing inclination
toward enhancing research endeavors that investigate the mixed-mode ventilation
concept as a means to enhance energy efficiency and improve occupant comfort in
buildings [74]. Furthermore, it is well acknowledged that ventilation plays a crucial
role in mitigating the transmission of COVID-19, and mixed-mode ventilation is
deemed suitable for achieving this objective [75]. The following section provides a
comprehensive assessment of published research studies that examine the mixed
mode techniques for different buildings and the effects of design on the effective
refreshment of indoor spaces, the removal of particles, and the management of
indoor airborne transmission across different environments and improves the indoor
air quality which aid in the mitigation of airborne viral transmission as detailed in
Section 1.2.

3. Case studies

3.1 Case 1: educational classroom buildings

Ren et al. [76] provided recommendations to prevent an infectious disease spread
in only naturally ventilated university classrooms. The authors suggest combining
natural ventilation with window-integrated fans for hybrid ventilation and optimizing
window size. Virtual simulations were done using ANSYS Fluent. The Air Diffusion
Performance Index (ADPI) and Wells-Riley infection risk calculation were used to
evaluate performance. It was found ADPI may be enhanced by 17% and infection risk
reduced by 27%. Infection illness prevention and ventilation efficacy are greatly
improved by hybrid ventilation. Figure 1a depicts the study classroom sketch. Rodrí-
guez-Vidal et al. [77] compared natural, mechanical, and hybrid ventilation systems in
a university classroom, analyzing their benefits and downsides in the Basque Country,

Figure 1.
Classroom model used by Ren et al. [76] (a) and Rodríguez-Vidal et al. [77] (b).
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Spain. CO2 concentrations are compared among scenarios. This research examines
IAQ, including CO2 concentration, thermal comfort, and energy analysis. For this
research, 50% room occupancy was considered. The study was done using the Design
Builder tool. The hybrid ventilation system efficiently controlled IAQ, creating a
healthy and pleasant atmosphere for inhabitants. The hybrid system showed enhanced
energy efficiency over mechanical ventilation while preserving comfortable indoor
air. It improves indoor air quality and is recommended to decrease viral transmission.
Figure 1b depicts the simulated classroom.

Quijada et al. [78] investigated how to use hybrid ventilation for university class-
rooms in Panama City to improve students’ thermal comfort and indoor air quality.
DesignBuilder 6.0 was utilized. A hybrid approach that increases fresh air intake from
5 L/s/person to 10 L/s/person via mechanical ventilation and occupancy reduction is
advised. Cheong et al. [79] tested numerous ventilation techniques to reduce
instructor-transmitted airborne illnesses in elementary classrooms. Traditional
mechanical and hybrid ventilation solutions have been tested. This investigation uses
Star CCM + CFD software. The hybrid ventilation approach that was presented
showed the potential to effectively eliminating airborne infections.

3.2 Case 2: hospitals

Anuraghava et al. [80] investigated the spread of airborne viruses within a nega-
tive pressure room using a mixed-mode ventilation system. Negative-pressure isola-
tion rooms are intended to keep hazardous particles from spreading into the
surrounding environment. This is accomplished by creating a negative pressure
within the space, so that when the door is opened, the ambient air is sucked in rather
than the air already presents inside the room leaving. The computational fluid
dynamics (CFD) tool ANSYS FLUENT was used for numerical study. The researchers
used discrete-phase modeling to replicate the movement and dispersion of virus
droplets while changing the ventilation flow rate parameters. The model consists of a
room with two beds. There are also two human bodies on the beds, as well as two
rectangular inlets and two circular outlets. Figure 2a displays the model under evalu-
ation from an aerial viewpoint. The K-epsilon turbulence model was applied. The
results showed that the mixed-mode ventilation system is more effective in managing
virus droplet dispersion within the enclosed environment. It should be noted, how-
ever, that this research did not include a comparison with other alternative ventilation
strategies. Yu et al. [81] studied the efficiency of ventilation design options in normal
hospital wards for virus elimination. CFD tool ANSYS FLUENT was used to simulate

Figure 2.
Model overview of Anuraghava et al. [80] (a) and Yu et al. [81] (b).
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airflow field and virus dispersion in a typical six-bed general ward in a Hong Kong
hospital. The respiratory viruses included MERS-CoV, SARS-CoV, and H1N1 influ-
enza virus. A 9 h-1 air change rate efficiently reduces respiratory virus particle depo-
sition and floating time while optimizing energy efficiency. Despite not focusing on
mixed-mode ventilation, this research on general ventilation techniques for improv-
ing IAQ may help hospital management reduce infection risk via improved ventilation
design strategies. Figure 2b displays the model used for CFD analyses. Biological
particles that may lead to surgical site infections were investigated by Liu et al. [82] in
the context of the operating room (OR) air environment. The best ventilation system
for maintaining clean air in the OR was discovered to be hybrid ventilation systems
with the temperature-controlled airflow (TAF) system included.

3.3 Case 3: office buildings

Srivastava et al. [83] examined the effects of adding an air disinfection system to
an office building’s mixed-mode ventilation system. Increased air changes per hour
(ACH) in confined spaces may reduce infection risk. However, this strategy signifi-
cantly raises HVAC system running costs. The same goal may be achieved using
region-specific air disinfection technologies. The research employed RM3 UV-C air
disinfection. A CFD numerical simulation was performed on a real-life office building
with offices and workstations. The model is in Figure 3a. This research used ANSYS
FLUENT software and the RNG k� ε turbulence model for CFD simulation. The
Eulerian approach was chosen over the Lagrangian method for viral concentration
modeling for more accurate prediction. Four cases were studied. The numerical results
suggest that a hybrid system with 100% outdoor air intake and UV-C technology in
HVAC ducts is ideal. This arrangement disinfects HVAC air using RM3 UV-C devices.
In this research, infection risk dropped from 27% (10% outside air) to 3.1% utilizing
100% outdoor air. If infection must be reduced below 2%, it is recommended to utilize
UV-C devices. Cai et al. [84] examined mixing ventilation options for upgrading an
office meeting room to reduce airborne infectious virus and particle concentrations.
Infection risk has been demonstrated using the Well-Riley model. The base scenario
was analyzed by measuring CO2 concentrations and particulates in the meeting room
with one, two, or no individuals. Phoenics CFD tool was used to analyze improvement
models. With a low-pressure filter with 99.9% efficiency and mixing ventilation, CFD
models suggest an infection risk < 1%. Figure 3b shows the virtual model. Duan et al.
[85] modeled mixed-mode ventilation to analyze the energy savings of upgrading the
ventilation strategy of an office in Beijing. DesignBuilder 7.0 and CFD were used for

Figure 3.
Illustration of models used by Srivastava et al. [83] (a) and Cai et al. [84] (b).

91

Priority of Mixed-Mode Ventilation during Epidemics: A Comprehensive Investigation
DOI: http://dx.doi.org/10.5772/intechopen.114112



the research. Hamdy and Mauro [86] presented three hybrid ventilation control
technologies for an open-plan office building in Glasgow, Scotland. The three solu-
tions were compared to a mechanical ventilation system using IDA ICE software. For
indoor comfort, performance assessment includes interior temperature and predicted
the percentage of dissatisfied (PPD). Assessment of indoor air quality (IAQ) includes
CO2 monitoring. Though these last two works do not involve the assessment of
infectious risk, they provide good insights into optimizing the mixed mode ventilation
to improve the IAQ.

3.4 Case 4: residential buildings

The study done by Al-Hilfi et al. [87] focused on the improvement of indoor air
quality (IAQ) via the management of an environmental-controlled fan. The research
was carried out in Malaysia. In tropical nations such as Malaysia, it is insufficient for
air quality improvement to rely only on natural ventilation. However, the implemen-
tation of home isolation measures during the lockdown period has resulted in a surge
in the use of air conditioning systems. This has therefore heightened individuals’
susceptibility to respiratory ailments and compromised their immune system, render-
ing them more susceptible to the COVID-19 pandemic. The concept of designing
automated fan systems that monitor indoor air quality (IAQ) in order to enhance air
velocity and provide sufficient ventilation has been motivated by several environ-
mental elements, including humidity levels, airflow velocity, concentrations of CO2

and CO, and temperature levels. The study included the collection of data from the
master bedroom of a residential unit in Malaysia over a period of about 2 weeks.
Various sensors were used to measure the characteristics indicated above. The analysis
of the thermal comfort state was conducted using the predicted mean vote (PMV)
approach. The benchmark outlines the ten primary circumstances including all
potential indoor air conditions and their associated fan speeds required in accordance
with the ASHRAE 55-2020 and EN-16798 standards. While ensuring the desired level
of IAQ by implementing an environmental fan system, it is also found that a signifi-
cant decrease of 31.4% in energy consumption of air conditioning units is accom-
plished. This research primarily focuses on the optimization of hybrid ventilation
systems via the use of sensors and controllers, with a specific emphasis on ensuring
the maintenance of sufficient indoor air quality (IAQ) and also energy savings.
Tognon et al. [88] used a co-simulation methodology to examine two distinct case
studies, and one of the studies is residential building. The objective was to assess
various control techniques for hybrid ventilation systems, focusing on their impact on
the mitigation of risks and also energy savings. The simulations were conducted with
the TRNSYS and CONTAM software, with the subsequent use of the Wells-Riley
model to predict the risk of airborne infection. The study determined that when
properly managed using an appropriate management method, the hybrid ventilation
system shows potential in effectively sustaining indoor settings that promote health,
while also lowering energy usage.

4. Conclusions

The paramount significance of appropriate ventilation strategies during periods of
epidemic crises is indisputable. In this book chapter, we have undertaken an exhaus-
tive examination of multiple dimensions pertaining to the operation of mixed-mode
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ventilation strategies in such challenging contexts. Our central goal is to explore the
full spectrum of ventilation techniques that can be deployed to mitigate the transmis-
sion of airborne diseases.

A core theme of our discussion centers on the critical role that indoor air quality
(IAQ) assumes in safeguarding health and well-being, more specifically within the
framework of airborne infections during epidemics. The subject of IAQ is complex
and multifaceted, involving a myriad of components, each contributing to the overall
air quality experienced by individuals inside buildings.

We shed light on the importance of diverse ventilation strategies as effective tools
to manage IAQ. Our examination extends to an in-depth survey of ventilation stan-
dards, both those particular to Singapore and those recognized internationally.
Through this survey, we underscore the imperative of adhering to these benchmarks
in striving for and sustaining optimal IAQ.

In this chapter, various ventilation strategies, such as natural, mechanical, and
hybrid ventilation strategies are discussed. However, the primary emphasis of this
chapter lies in the domain of mixed-mode or hybrid ventilation. As an innovative
approach that amalgamates the merits of natural and mechanical ventilation tech-
niques, mixed-mode ventilation emerges as a plausible and potentially energy-
efficient solution to manage IAQ efficaciously. An extensive dissection of this tech-
nique is provided, delineating its principles, potential advantages, and the contexts in
which it can be aptly applied.

To supplement our analysis, we delve into a range of case studies that portray the
practical applications of the aforementioned ventilation strategies. These case studies
elucidate the implementation and optimization of these techniques in real-world
settings, further emphasizing the effectiveness of mixed-mode ventilation across dif-
ferent environments. Our case studies include various building types, such as educa-
tional buildings, hospitals, office buildings, and residential buildings. Each case study
employs a unique analytical approach, ranging from computational fluid dynamics
(CFD) to empirical experimentation. This diverse set of methodologies provides a
holistic picture of the challenges and opportunities involved in improving IAQ across
different environments.

In conclusion, robust ventilation strategies, and in particular mixed-mode ventila-
tion, are instrumental in sustaining IAQ, mitigating the risk of airborne infections,
and augmenting occupant comfort, particularly during epidemic crises. However, this
chapter is a stepping stone in this ever-evolving field. Further research is warranted to
foster the development of robust, adaptive strategies for the effective implementation
of mixed-mode ventilation. Future investigations should aim to enhance energy effi-
ciency, comfort, and safety across a diverse portfolio of building types and environ-
mental conditions. In another chapter Machine Learning Techniques in Indoor
Environmental Quality Assessment, we have discussed recent advancements in
ML-based techniques for Indoor Environmental Quality Assessment.
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Machine Learning Techniques in
Indoor Environmental Quality
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Abstract

This chapter provides a comprehensive exploration of the evolving role of machine
learning in Indoor Environmental Quality (IEQ) assessment. As urban living spaces
become increasingly enclosed, the importance of maintaining optimal IEQ for human
health and well-being has surged. Traditional methods for IEQ assessment, while
effective, often fail to provide real-time monitoring and control. This gap is increas-
ingly being addressed by the integration of machine learning techniques, allowing for
enhanced predictive modeling, real-time optimization, and robust anomaly detection.
The chapter delves into a comparative analysis of various machine learning techniques
including supervised, unsupervised, and reinforcement learning, demonstrating their
unique benefits in IEQ assessment. Practical implementations of these techniques in
residential, commercial, and specialized environments are further illustrated through
detailed case studies. The chapter also addresses the existing challenges in
implementing machine learning for IEQ assessment and provides an outlook on future
trends and potential research directions. The comprehensive review offered in this
chapter encourages continued innovation and research in leveraging machine learn-
ing. for more efficient and effective IEQ assessment.

Keywords: indoor environmental quality, machine learning, IEQ assessment,
predictive modeling, supervised learning, unsupervised learning, reinforcement
learning, real-time control, anomaly detection, residential buildings, commercial
buildings, future trends

1. Introduction

This chapter delves into the integration of Indoor Environmental Quality (IEQ)
assessment with Machine Learning (ML), emphasizing the critical role of optimal IEQ
in urban living spaces. It explores the impact of IEQ on occupant health, comfort, and
productivity [1], and examines how ML can revolutionize IEQ assessment, offering
significant advantages for building management, urban planning, and public health
sectors.
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IEQ encompasses the conditions within buildings that affect human health and
comfort, including air quality, thermal comfort, acoustical comfort, and visual com-
fort [2]. These elements, as illustrated in Figure 1, significantly influence occupant
well-being and productivity [4]. The scope of IEQ spans various building types, from
residential to commercial and institutional spaces like schools and hospitals [5]. Mon-
itoring of IEQ involves diverse methods, ranging from manual controls to automated
systems, and adheres to standards set by organizations like the EPA and ASHRAE [6].

Accurate and efficient assessment of IEQ is essential for maintaining healthy
indoor environments. It aids in optimizing HVAC systems for energy efficiency and
comfort [7] and addresses health concerns such as Sick Building Syndrome (SBS) and
Building-Related Illnesses (BRI) [8]. Traditional IEQ assessment methods often fall
short in real-time monitoring and managing the dynamic nature of indoor
environments [9].

Machine learning, a transformative branch of artificial intelligence, is increasingly
applied in IEQ assessment. ML offers advanced capabilities in data processing, pre-
dictive modeling, pattern recognition, anomaly detection, and real-time adaptive
control [10]. Through various techniques, such as supervised, unsupervised, and
reinforcement learning, ML enhances the accuracy and efficiency of IEQ
assessments [11].

IEQ is a complex, multifaceted concept integral to occupant well-being. It spans a
wide range of parameters, from physical to biochemical and psychological aspects
[12]. The trend towards energy-efficient building designs has intensified the need to
focus on maintaining IEQ [7], which includes factors like air quality, lighting, thermal

Figure 1.
Factors Influencing IEQ [3].
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conditions, and acoustics, as well as emerging considerations such as ergonomics,
esthetics, and electromagnetic field quality, as defined by entities like ASHRAE, the
EPA, and WHO [13–15].

Each aspect of IEQ, critically impacting human health and comfort, is depicted in
Figure 1. For instance, poor air quality can lead to a range of health issues, from
allergies to severe conditions like cancer [1]. Inadequate thermal conditions can
diminish comfort and reduce productivity [2], while neglect in acoustical and visual
comfort can result in stress, cognitive impairments, and long-term mental health
issues [16, 17].

To illustrate further, air quality is influenced by various pollutants, both internal
and external to the building, with effects ranging from minor discomfort to serious
conditions like asthma and cancer [18]. Thermal comfort, a subjective but crucial
metric, hinges on multiple environmental and personal factors [2]. Acoustical com-
fort, dependent on sound characteristics, is vital for mental well-being [16]. Visual
comfort, shaped by lighting and visual elements, affects everything from eye strain to
mood and circadian rhythms [17].

The integration of ML into IEQ assessment represents a significant advancement.
ML’s ability to analyze complex datasets and discern patterns enables a more nuanced
understanding and control of indoor environments. This chapter aims to explore the
applications of ML in enhancing various facets of IEQ, from air quality analysis to
thermal comfort prediction. The integration of ML in IEQ assessment not only prom-
ises improved real-time monitoring and proactive management but also opens doors
to personalized environmental controls tailored to individual needs and health
requirements.

As we delve into the specifics of applying ML to IEQ, the chapter will address both
the technical advancements and the challenges, including ethical considerations. Our
goal is to provide a comprehensive overview of how ML can be leveraged to improve
indoor environmental quality, ultimately contributing to the enhanced health, com-
fort, and well-being of occupants in urban living spaces.

2. IEQ assessment: Traditional methods and their limitations

The assessment of Indoor Environmental Quality (IEQ) plays a pivotal role in
ensuring environments that support the health, comfort, and productivity of building
occupants. While traditional methods of IEQ assessment have been the cornerstone of
this field, they exhibit significant limitations, impacting their overall effectiveness and
reliability. In this section, we will expand upon these traditional methods,
underscoring their constraints and paving the way for the introduction of machine
learning techniques as a more robust solution.

2.1 Traditional assessment methods

2.1.1 Spot measurements

• Description: This method involves taking discrete measurements of various
IEQ parameters such as temperature, humidity, carbon dioxide levels,
particulate matter, and light intensity at a specific moment using specialized
instruments [19].
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• Advantages: The primary benefits include simplicity in execution and the
immediate availability of results, making it a convenient option for quick
assessments.

• Limitations: However, spot measurements may not accurately represent ongoing
exposure conditions, as they overlook temporal and spatial variability. The
accuracy of these measurements is also heavily dependent on the calibration and
precision of the instruments used [20].

2.1.2 Long-term monitoring

• Description: This approach utilizes sensors or data loggers to continuously record
IEQ parameters over extended periods. It is designed to capture daily and
seasonal variations, providing a more comprehensive view of the indoor
environment [21].

• Advantages: Offers a broader and more detailed perspective on IEQ, capturing
long-term trends and fluctuations.

• Limitations: The challenge lies in the significant resources required for data
management and analysis. Additionally, there is a potential for data errors and
inconsistencies due to sensor calibration issues or environmental interference
[22].

2.1.3 Occupant surveys

• Description: This method involves collecting subjective responses from occupants
about their perceptions and satisfaction with the indoor environment [23].

• Advantages: Occupant surveys can uncover issues that might be overlooked by
physical measurements, providing valuable insights into the human aspect of
IEQ.

• Limitations: However, these surveys are prone to response biases and may not
accurately reflect the actual IEQ conditions. The qualitative nature of this data
also makes it challenging to quantify or systematically analyze [24].

2.1.4 Physical inspections

• Description: Physical inspections involve thorough examinations of the building
by professionals to identify visible or detectable issues such as water leaks, mold
growth, or insufficient ventilation [25].

• Advantages: They are particularly effective in identifying overt and tangible
problems within a building.

• Limitations: The limitation of physical inspections lies in their inability to detect
latent or intermittent problems. They also require significant expertise and can be
time-consuming and labor-intensive [26].
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2.2 Limitations and the need for advanced methods

The traditional methods discussed above share a common drawback: their limited
ability to provide real-time, continuous data. They often fail to capture the dynamic
and interactive nature of various IEQ parameters, leading to an incomplete or skewed
understanding of the indoor environment. Furthermore, these methods generally lack
predictive capabilities, which are essential for proactive IEQ management. They can
also be resource-intensive, both in terms of time and financial investment [27].

2.3 Emerging advancements and the role of machine learning

In response to these limitations, emerging advancements in sensor technology and
data analytics, particularly machine learning (ML), present promising solutions.
Machine learning techniques, with their capability to process vast amounts of data,
enable continuous monitoring, real-time analysis, and predictive modeling of IEQ
parameters. This paradigm shift aims not only to enhance the accuracy and compre-
hensiveness of IEQ assessments but also to streamline the process, reducing the
demand on resources. The integration of ML in IEQ assessment represents a signifi-
cant step towards more intelligent, adaptive, and occupant-centered building man-
agement.

However, it is important to note that the full-scale adoption of these advanced
technologies is still in progress. Further research and development are necessary to
establish their effectiveness, ease of use, and integration into existing building man-
agement systems. As the field of IEQ assessment evolves, the potential of machine
learning to transform this domain is immense, offering a pathway towards more
sustainable, healthy, and productive indoor environments [27, 28].

3. An overview of machine learning techniques

Machine learning, as a pivotal subfield of artificial intelligence, has seen notable
evolution since its inception. This discipline, coined by Arthur Samuel in 1959, ini-
tially revolved around the idea of giving “computers the ability to learn without being
explicitly programmed” [29]. Samuel’s work with checkers-playing programs laid the
groundwork for subsequent progress in this field. The following years saw pioneering
efforts from researchers like Rosenblatt who, in 1958, introduced the concept of the
perceptron, an early neural network that could classify linearly separable patterns
[30]. At the same time, Nilsson and Minsky’s explorations in learning machines added
depth to the understanding of how computational models could replicate cognitive
processes [31].

The 1970s and 1980s introduced the concepts of decision trees [32], a fundamental
machine learning approach which paved the way for more sophisticated algorithms
like Random Forests. This era also witnessed the emergence of the kernel methods,
which includes the Support Vector Machine (SVM) - a powerful classification tool
that marked a significant shift in the direction of machine learning [33]. The advent of
the Backpropagation algorithm in the 1980s sparked a renewed interest in neural
networks [34]. However, the full potential of this method wasn’t realized until recent
years, due to the limitation in computational capabilities and lack of large-scale,
labeled datasets.
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The 1990s saw a move towards data-driven approaches, prompted by the increas-
ing availability of digital data. The introduction of ensemble methods such as boosting
and bagging brought forth a new phase in machine learning, improving model
robustness and predictive power [35]. The turn of the millennium marked the era of
‘big data’, pushing the boundaries of machine learning further. The development of
more sophisticated algorithms, like deep learning, could now be propelled by the
explosion of data and advancements in computational capabilities [36]. The seminal
AlexNet model, developed by Krizhevsky, Sutskever, and Hinton, for the ImageNet
competition in 2012, demonstrated the incredible potential of deep learning in prac-
tice, revolutionizing the field and driving a resurgence in neural networks [37].

Today, machine learning has permeated various sectors, revolutionizing
healthcare, finance, environmental science, and many more fields. From a theoretical
concept to a practical tool, machine learning has become an integral part of scientific
research and technological development.

3.1 Fundamentals of machine learning

In this subsection, we will delve into the core concepts that form the foundation of
machine learning, encompassing its definition, the nature of the data it utilizes, the
problems it addresses, and the metrics used to evaluate its performance. Machine
learning, a subset of artificial intelligence, enables computers to learn autonomously
by training mathematical models on data, thereby going beyond the explicit pro-
gramming used in traditional computing [38]. Unlike classical programming that
relies on pre-defined rules, machine learning algorithms identify patterns within data,
offering a unique capacity for experiential learning.

Data is essential for machine learning performance. It can vary in type—numeri-
cal, categorical, or a blend—and often requires preprocessing steps such as data
cleaning and missing data imputation to ensure model quality [38]. Machine learning
can address multiple problem types, including but not limited to regression, classifi-
cation, clustering, anomaly detection, and recommendation systems [39].

Evaluating the effectiveness of a machine learning model involves various metrics.
In classification tasks, commonly used metrics include accuracy, precision, recall, F1-
score, and ROC-AUC [40]. For regression tasks, mean absolute error, mean squared
error, and R-square are commonly applied [38]. The choice of evaluation metric is
contingent on the specific problem and objectives, making a thorough understanding
of these elements vital for developing robust machine learning models.

3.2 Relevance of machine learning in environmental data analysis

Environmental systems are inherently complex, characterized by high variability
and unpredictability. Traditional statistical models often struggle to capture the
nuances of these systems due to their linear nature and the assumption of
independence among predictors. Machine learning, on the other hand, offers the
flexibility to model non-linear relationships and consider interaction effects among
multiple variables, making it adept at capturing the complexity inherent in environ-
mental systems [41].

Machine learning’s strength lies not just in its ability to model complex systems,
but also in its ability to handle unstructured data. Unlike traditional models that
require structured tabular data, machine learning algorithms can handle a variety of
data types, including text, images, and sound. For instance, images from remote
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sensing can be used in land use classification or change detection tasks using
convolutional neural networks, a type of deep learning algorithm [42]. Text from
social media posts can be analyzed using natural language processing techniques to
gauge public sentiment towards environmental issues or to detect early signs of
natural disasters [43].

Time-series analysis is another critical aspect of environmental data analysis.
Environmental data is often collected over time, leading to a temporal sequence of
observations. Machine learning plays a crucial role in the analysis of these time-series
data. Recurrent neural networks (RNN) and Long Short Term Memory (LSTM)
networks, types of deep learning algorithms, have shown significant promise in
modeling temporal dependencies in environmental data, such as weather forecasting
and prediction of air quality indices [44].

Lastly, the importance of feature engineering cannot be understated in the context
of environmental data analysis. Feature engineering is the process of creating new
features or modifying existing ones to improve model performance. While machine
learning algorithms can automatically learn features in some cases (particularly in
deep learning), domain knowledge can often guide more effective feature creation.
For instance, in the case of predicting rainfall, features such as the season, geograph-
ical location, historical weather patterns, and other atmospheric conditions might be
crucial. Incorporating such features in the model could potentially improve the
model’s predictive performance [38, 45].

3.3 Supervised, unsupervised, and reinforcement learning: a comparative
analysis

This subsection aims to delve deeper into the nuances of supervised,
unsupervised, and reinforcement learning, providing a comparative analysis across
multiple dimensions.

Supervised Learning: Supervised learning algorithms learn from labeled training
data to predict outcomes for unforeseen data [46]. The concepts of bias and variance
are central to understanding the performance of these algorithms [47]. Bias refers to
the error due to the model’s assumptions in the learning algorithm, while variance
pertains to the error from the model’s sensitivity to fluctuations in the training set. An
optimal balance between the two is crucial to avoid overfitting (high variance) and
underfitting (high bias), both of which harm the model’s predictive accuracy on new
data. This balance is often achieved through methods such as cross-validation and
hyperparameter tuning. Ensemble methods, including bootstrapping and bagging,
and boosting methods, aim to enhance model performance by combining several weak
learners to form a stronger overall model [38].

Unsupervised Learning: Unlike supervised learning, unsupervised learning algo-
rithms discern patterns in data without pre-existing labels, primarily through cluster-
ing and dimensionality reduction techniques [48]. Concepts such as data density and
similarity measures are instrumental in these techniques, and specific algorithms,
such as hierarchical clustering and DBSCAN, utilize these concepts [49]. Handling
outliers, determining the appropriate number of clusters (e.g., via the elbow method
or silhouette score), are other critical aspects of unsupervised learning [50].

Reinforcement Learning: In reinforcement learning, an agent learns to perform
actions in an environment to maximize a reward through the process of trial and error
[51]. This learning paradigm is defined in terms of a Markov decision process, where
the agent’s actions in a certain state determine the probabilities of transitioning to
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other states [52]. The exploration versus exploitation dilemma is central to reinforce-
ment learning, guiding the balance between trying new actions and exploiting known
ones [53]. Techniques like Q-learning, SARSA, policy gradient methods, and more
recent advances in deep reinforcement learning, provide frameworks to navigate this
space [54].

Comparative Analysis: The three learning paradigms vary significantly in terms of
data requirements, computational resources, interpretability, susceptibility to noise
and outliers, and the level of human supervision required. For instance, supervised
learning often requires large labeled datasets, which can be resource-intensive to
collect, while unsupervised and reinforcement learning can work with unlabeled data.
Supervised models are generally more interpretable than unsupervised and reinforce-
ment learning models, making them suitable for applications where interpretability is
a concern [55]. However, each of these learning paradigms has its strengths and
weaknesses, and their appropriate usage largely depends on the specific problem
at hand.

Understanding the subtleties of these paradigms is crucial for their effective appli-
cation in environmental data analysis, given the complexity and high dimensionality
of the data typically involved in this field [56].

4. Machine learning for enhanced IEQ assessment

In this section, we explore the practical applications of machine learning in
assessing and enhancing Indoor Environmental Quality (IEQ) across a range of set-
tings—residential, commercial, and specialized environments. We will examine how
these algorithms contribute to optimized living conditions in homes, facilitate real-
time environmental adjustments in commercial buildings, and ensure stringent IEQ
compliance in specialized settings like healthcare facilities and data centers. Through
these case studies, the section aims to provide an empirical substantiation of the
machine learning methodologies discussed earlier, demonstrating their transformative
potential in diverse IEQ contexts.

4.1 Residential buildings: Improving IEQ with machine learning

Machine learning has become a transformative force in improving Indoor Envi-
ronmental Quality (IEQ) in residential buildings, offering significant advancements in
Indoor Air Quality (IAQ), energy management, and occupancy detection.

Machine learning algorithms such as stochastic gradient boosting and support
vector machines have demonstrated effectiveness in the domain of IAQ. These algo-
rithms play a pivotal role in offering accurate predictions concerning room occupancy
based on air quality indicators [57, 58]. Moreover, they are capable of efficiently
classifying factors affecting IAQ under various conditions [59]. Other innovative
approaches, including decision trees and hidden Markov models, have been applied to
account for both real-time and anticipated occupancy states. These models have
shown the capability to rectify sensor errors, thereby ensuring the reliability of IAQ
parameters [60, 61].

Focusing on the challenges of sensor failures in pollutant monitoring, a significant
study evaluated three Machine Learning (ML) algorithms – Multi-layer Perceptron
(MLP), K-Nearest Neighbor (KNN), and Random Forest (RF) – for their effectiveness
in classifying sensor readings as faulty or not. These algorithms demonstrated their
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superiority over standard statistical methods by creating better separation boundaries
and utilizing contextual information. Numeric results from a 20-fold cross-validation
displayed high average Area Under Curve (AUC) scores for each pollutant: 0.96 for
MLP, 0.97 for KNN, and 0.97 for RF, indicating their robust performance in detecting
faulty sensor readings [62].

Another key aspect of machine learning in IEQ is its application in energy effi-
ciency. Studies have validated sensor data using techniques like artificial neural net-
works (ANNs) and Bayesian Networks, particularly focusing on U.S. commercial and
residential buildings. Analyzing data from various sensors, these studies found that
the root-mean-square error (RMSE) was generally less than 10% of the sensor’s mean
value for most sensors. However, the energy sensor data showed higher RMSEs, often
exceeding 200%. Bayesian Networks, despite requiring longer training times, yielded
lower errors compared to ANNs. Comparative RMSEs for ANNs and Bayesian Net-
works were 17.7% vs. 13.5% for liquid pressure, 5.0% vs. 2.1% for humidity, 1.9% vs.
1.1% for temperature, 0.03 vs. 0.02 for water flow, and 0.89 vs. 0.85 for energy
consumption, highlighting the potential of these methods in enhancing sensor accu-
racy and energy efficiency [63].

In the field of residential energy management, machine learning, particularly
Random Forest algorithms, has shown impressive efficacy in predicting home occu-
pancy based on thermostat data. This was evident in a study evaluating various
machine learning models, including heuristic baselines, traditional classifiers, and
sequential models like recurrent neural networks (RNNs), for their ability to predict
home occupancy. The Random Forest algorithm was noted for its high accuracy across
different time horizons and efficient training for individual edge devices. Key numeric
results included training times of 0.38 seconds for the Random Forest and 10 seconds
for the RNN, with inference times of 0.001 seconds and 0.01 seconds, respectively,
underscoring the potential of machine learning in adaptive thermal control in resi-
dential buildings [64, 65].

Further advancements in residential IEQ have been made using ensemble tech-
niques and ANNs for the precise prediction of heating and cooling loads, especially in
air-conditioned residential buildings in warm climates. One particular study focused
on reducing energy consumption through energy-efficient building design, employing
machine learning methods to estimate heating and cooling loads based on physical
building characteristics. The performance of these methods was assessed using met-
rics like Mean Absolute Error (MAE) and Root Mean Square Error (RMSE), with
significant improvements noted in cooling load prediction. The lowest MAE was
0.390, and the highest R2 value was 0.996, indicating the model’s high accuracy and
efficiency [66, 67].

The integration of machine learning with smart home technologies has opened
new avenues in IEQ management. For example, machine learning algorithms, used
alongside IoT sensors, have enabled real-time monitoring and predictive analysis of
indoor air pollutants and noise levels. Techniques such as fuzzy logic have been
utilized to assess the efficacy of HVAC systems. These multifaceted applications of
machine learning provide a robust foundation for enhancing IEQ in residential build-
ings and pave the way for a holistic approach to residential IEQ, marking a strong.

4.2 Commercial buildings: Real-time IEQ control with machine learning

Managing Indoor Environmental Quality (IEQ) in commercial buildings presents
unique challenges due to varied occupancy patterns and the multifunctional nature of
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these spaces. The deployment of machine learning techniques has emerged as a key
solution, offering real-time adaptability and predictive power for IEQ management.

Machine learning’s versatility in real-time monitoring, classification, and predic-
tive modeling is evident from studies that utilized algorithms like decision tree,
random forest, and Support Vector Machine (SVM) for air quality and noise level
predictions. Notably, SVM showed significant effectiveness in air quality prediction,
with its accuracy improving from 75–95% after data quality adjustments. In contrast,
decision tree and random forest algorithms achieved accuracies of 76% and 82%,
respectively. For noise data classification, SVM achieved a remarkable 98% accuracy,
consistently outperforming other models over a six-year evaluation period. The criti-
cal role of data quality and normalization in improving prediction accuracy was
highlighted, with CO and SO2 sensors achieving high accuracies, while PM2.5 sensor
accuracy was comparatively lower [68].

Despite these advancements, gaps in the literature are evident. Some studies have
developed forecast models for CO2 buildup without elaborating on real-time IEQ
monitoring [69]. Others have explored innovative areas like integrating machine
learning with EEG signals for predicting IEQ conditions based on occupants’
brainwave patterns [70]. Additional studies employed decision trees, hidden Markov
models, and stochastic gradient boosting algorithms for immediate and future state
occupancy prediction, demonstrating machine learning’s potential for real-time IEQ
control [57, 60]. The advantages of machine learning over traditional statistical
approaches were also noted in IAQ sensor reading classification [62].

Specialized applications in commercial settings have seen the use of neural net-
work modeling for identifying contaminant source positions and Sparse Spectrum
Gaussian Process Regression (GPR) for real-time air quality prediction. These appli-
cations highlight machine learning’s adaptability to various commercial environmen-
tal challenges [71, 72]. In educational and enterprise environments, studies have
focused on ventilation rate control using IoT protocols and employing machine learn-
ing for air quality forecasting, further underscoring the diverse applicability of these
technologies [73, 74].

Empirical evaluations often favor neural network-based models, using metrics
such as RMSE, R2 score, and error rate. The ongoing advancements in these tech-
niques, particularly in algorithm development and sensor calibration, promise
enhanced precision and efficiency in monitoring indoor pollutants [75].

While machine learning offers promising opportunities for real-time IEQ control
in commercial buildings, further research is needed for its effective implementation.
Future research directions may explore the integration of machine learning with
biometric signals for personalized environmental control [76].

4.3 Specialized environments: Strict IEQ regulation through machine learning

The challenge of maintaining optimal Indoor Environmental Quality (IEQ) in
specialized environments, notably hospitals, has been rigorously researched. In such
contexts, regulating IEQ is critical, impacting patient health, recovery, and satisfac-
tion. Recognizing the limitations of conventional methods, researchers are increas-
ingly turning to machine learning algorithms for more advanced computational
approaches to these complexities.

Machine learning’s application in hospitals has been pivotal in enhancing patient
satisfaction, particularly concerning IEQ. A significant study at King Abdullah Uni-
versity Hospital (KAUH) in Jordan utilized Support Vector Machines (SVM) with a
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linear kernel and K-Nearest Neighbors (K-NN) to predict patient satisfaction. The
SVM model, with a configuration of C = 0.01, proved more effective than other SVM
kernels and K-NN. This effectiveness is evidenced by SVM’s Pearson R-square value of
0.8948 with a P-value of .0001, surpassing K-NN’s Pearson R-square of 0.2984. The
study involved gathering self-reported data and field monitoring of environmental
indicators within patient rooms at KAUH, using the same dataset for both training and
testing. These outcomes highlight machine learning’s role in providing insights that
impact healthcare outcomes, particularly in enhancing IEQ to improve patient well-
being [77].

Data collection in these environments often involves a mix of methodologies,
including self-reported data, field monitoring, and sensor networks, creating diverse
datasets for machine learning training and validation. For example, Elnaklah et al.
combined sensor-generated data and human-reported satisfaction metrics to amass a
comprehensive dataset [78].

Several machine learning models have shown effectiveness in regulating IEQ in
hospital settings. An Autoregressive Hidden Markov Model (ARHMM) developed for
a laboratory equipped with a sensor network demonstrated an average estimation
accuracy of 80.78% in predicting occupancy patterns. This model, utilizing data from
passive infra-red (PIR) sensors, CO2 concentration sensors, and relative humidity
(RH) sensors, was benchmarked against classical Hidden Markov Models (HMM) and
Support Vector Machines (SVM).

Bayesian networks have also been used to assess the risk of symptomatological
complaints related to poor IEQ in Intensive Care Units (ICUs). A study in nine ICUs
in João Pessoa, Brazil, analyzed temperature, noise, lighting, and air quality data,
along with professional interviews. The Bayesian model revealed a 42.2%
probability of physical symptoms and a 45.3% probability of psychological symptoms
from environmental discomfort among ICU employees, with environmental temper-
ature identified as a significant impacting factor [79, 80]. These probabilistic graphical
models provide insightful perspectives on potential risk areas in IEQ within hospital
settings.

Notably, there are gaps in existing literature, with several studies investigating IEQ
through questionnaires and field studies without employing machine learning. For
example, a study examining apartment and office buildings did not leverage machine
learning, representing a missed opportunity for data-driven insights [81]. This high-
lights the significant potential for integrating machine learning techniques in future
studies to provide more accurate, actionable recommendations for IEQ regulation in
hospitals.

5. Conclusions

The chapter has provided an in-depth exploration of the integration of Machine
Learning (ML) techniques into Indoor Environmental Quality (IEQ) assessment. IEQ,
an aspect critical to human well-being, is intricately linked with numerous parameters
including air quality, thermal, acoustical, and visual comfort. The chapter delineated
the limitations of traditional methods in IEQ assessment, especially the lack of real-
time data and predictive capabilities, and suggested machine learning as a potent
solution for augmenting both the scope and accuracy of such evaluations. The impli-
cations are far-reaching, impacting residential buildings, commercial structures, and
specialized environments such as healthcare facilities.
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While machine learning appears to offer a robust approach to managing and
enhancing IEQ, there are questions that remain unanswered. For instance, the ethical
considerations of data collection and usage, particularly in specialized environments
like healthcare facilities, warrant attention. Similarly, the interpretability of complex
machine learning models and the implications for regulatory compliance are subjects
requiring more in-depth study.

5.1 Future research directions

Data Ethics and Privacy: As machine learning increasingly intersects with IEQ
assessment, ethical considerations around data collection and use will become more
pressing. Future studies could focus on the ethical guidelines that ought to govern this
intersection.

Interpretable Machine Learning Models: Future work could concentrate on develop-
ing more interpretable models without sacrificing predictive power, which is crucial
for gaining regulatory approval and social acceptance.

Adaptive Systems: Research could delve into the development of adaptive machine
learning systems that can evolve in real-time to meet the dynamic nature of IEQ
elements, thereby offering more precise control mechanisms.

Personalization: Given the inter-individual differences in comfort and health
responses, studies focusing on personalized IEQ assessment and control algorithms
could offer a more nuanced approach to managing indoor environments.

Longitudinal Studies: To robustly assess the impact of machine learning on IEQ over
time, future research could employ longitudinal study designs, perhaps integrated
with natural experiments in real-world settings.

Cross-Sector Collaboration: As machine learning and IEQ assessment are topics with
multidisciplinary ramifications, partnerships between AI researchers, environmental
scientists, healthcare professionals, and policy-makers are essential for holistic solu-
tions.

Resource Optimization: Machine learning algorithms capable of balancing both IEQ
and energy efficiency would be a significant advancement, addressing the practical
constraints of implementing ML in building management systems.

Global Standards: The development and adoption of global standards for machine
learning in IEQ assessment could further facilitate interoperability and effectiveness
across diverse building types and geographical locations.
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Chapter 6

Indoor Air Quality in Health
Care Units (Case Study:
Namazi Hospital, Shiraz, Iran)
Forough Farhadi, Saeid Chahardoli and Mehdi Khakzand

Abstract

Indoor air quality (IAQ) represents an important research focus due to its direct
and substantial implications on human health outcomes. Existing research showed
that substandard IAQ exacerbates the effects of airborne diseases. The objective of this
chapter would be to explore the correlation among indoor air quality (IAQ), location
of air outlet valves, and fluctuations in IAQ indicators within the cardiovascular care
unit (CCU). In this regard, a combination of experimental and numerical methods has
been utilized. These included direct IAQ measurements within the unit and the appli-
cation of computational fluid dynamics to simulate indoor air conditions based on the
collected experimental data. In this specific circumstance, the state of the air outflow
valve and the condition of the air change rate significantly affect the enhancement of
IAQ levels. To confirm this hypothesis, existing literature was thoroughly reviewed
according to IAQ guidelines. In a similar vein, the study included measurements of
emissions such as CO2, CO, PM2.5, and PM10. Additionally, it examined the associa-
tion relating to IAQ, air outlet placement, and dynamics of the emissions within the
patient’s room.

Keywords: indoor air quality, building performance, healthy indoor spaces, infectious
diseases, computational fluid dynamics

1. Introduction

Indoor air quality (IAQ) in healthcare facilities has the greatest significance due to
its enormous effects on patient well-being, staff productivity, and overall health out-
comes [1]. Airborne diseases highlight the potential to enhance healthcare settings’
preventative procedures [2, 3]. Comprehending and managing prevalent indoor pol-
lutants can mitigate the potential health risks and adverse health consequences asso-
ciated with indoor air contaminants [4, 5].

World Health Organization (WHO) estimates that air pollutants cause up to 7.3
million fatalities annually, of which 4.3 million are due to indoor air pollutants [6].
Recently, the Harvard School of Public Health conducted a study that noticed a
correlation between mortality rates attributed to infectious diseases and the rising
levels of particulate matter concentration [5, 7, 8]. The impact of IAQ is particularly
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consequential for these individuals as those with compromised immune systems could
be exposed to potentially life-threatening infections within hospitals due to poor air
quality [3, 9, 10].

Studies and efforts related to this field emphasize how poor IAQ magnifies the
effects of airborne pathogens [11–13] and the enormous risk that respiratory infec-
tions carried by aerosols pose, particularly in compact, inadequately ventilated spaces
[14]. Finding the causes of the rising transmission of airborne diseases and their
mortality rate has drawn recent scientific attention. The damage caused to human
health varies, and this issue depends on particle pollutants’ concentration [6, 15, 16].

Preventing or managing airborne infectious illnesses would be improved by IAQ
research, characterization, and increased interest in creating healthy indoor settings
[17]. Standards have been established for assessing IAQ in a building for its intended
purpose. As an example, the EPA has developed a series of specific reference pro-
cedures to precisely gauge the levels of individual pollutants [18–20], and the World
Health Organization (WHO) set a comparison of different indoor air quality guide-
lines [21–23]. These methods provide outstanding accuracy and precise time mea-
surements, yet they present challenges such as the requirement for quality control
assessments, frequent calibration, significant costs, and the necessity for an operator
possessing specialized expertise [24–26]. Given the damaging impact on IAQ and
individuals’ vulnerability within healthcare facilities, addressing this concern in treat-
ment areas holds paramount significance.

Recently, computational fluid dynamics (CFD) has potential techniques for ana-
lyzing particles’ behavior in a room [27, 28]. It is influenced by a number of variables,
including airborne contaminants, ventilation systems, and building layout [29, 30]. To
maintain a balanced airflow and avoid recirculating contaminated air, the placement
of air outflow valves is essential [31].

This issue should be considered in hospitals in order to control and monitor the
microbiological quality of indoor air [32, 33]. At present, there exists a dearth of
understanding among individuals concerning the assessment, recognition, and possi-
ble health consequences of indoor air quality (IAQ) [34–36]. Hence, the ongoing
monitoring and regulation of indoor air quality within hospitals are integral compo-
nents of infection prevention strategies and the promotion of a healthful indoor
environment.

Recent studies investigated the importance of IAQ monitoring according to guide-
lines [31, 36, 37]. Abdel-Salam et al. investigated PM10, PM2.5, and CO2 experimen-
tally for 24 h in urban homes in Egypt based on WHO guidelines [21]. Kephart et al.
investigated NO2 measurements for 48 h in Homes in Peru based on WHO guidelines
[38]. Woolley et al. studied CO concentration fromWednesday to Friday evenings for
48 h in home residence apartments based on WHO guidelines in the United Kingdom
[39]. Amadeo et al. studied O3, NO2, SO2, and PM10 measurements from December
2008 to December 2009 in schools based on WHO guidelines in Guadeloupe (French
West Indies) [40]. Shen et al., Huang et al., and Abdel-Salam investigated IAQ
measurements based on EPA guidelines [41–43]. Poulin et al. studied IAQ measure-
ments based on Canadian IAQ guidelines [44].

Also, Singh et al. investigated PM2.5 for two weeks of measurements in a com-
mercial shopping complex (CSC) based on NIOSH guidelines in Delhi.

Branco and colleagues conducted a study on indoor air quality (IAQ) and discov-
ered that children sensitized to common aeroallergens had an increased likelihood of
developing childhood asthma when exposed to particulate matter [45]. These factors
can have adverse effects on human well-being, potentially causing disruptions to daily
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life [25, 46–48]. Connections have been demonstrated to exist between particular
indoor exposures, even when they are at low levels. This can pose health risks,
particularly for individuals who have not developed prior sensitivities [49–52].

Groulx et al. have concluded that alterations in outdoor air quality significantly
affect the composition of medical air administered to patients. They also emphasize
the crucial significance of monitoring and controlling the quality of medical air within
healthcare facilities [53]. In their study, Jung et al. examined levels related to signifi-
cant airborne pollutants, which encompassed CO, CO2, O3, total volatile organic
compounds (TVOC), formaldehyde HCHO, and particulate matter (PM2.5 and
PM10). Their research revealed that inpatient rooms had significantly elevated levels
of CO2 and TVOC compared to nursing stations, clinics, and clinic waiting rooms [54].
In contrast, Nair et al. [55] verified that pollutants including particulate matter
(PM10, PM2.5), NO2, SO2, CO, O3, and CO2 elevate the risk of contracting airborne
illnesses, resulting in prolonged infectiousness of airborne viruses and contributing to
an unhealthy environment.

Recent studies used short-period monitoring as a technique to analyze the quality
of indoor air [21, 38, 56]. Piexoto et al. [57] experimentally investigated CO2 and CO in
the fitness center. Related activities in healthcare facilities induce specific emissions.
This condition may become harmful if it exceeds the acceptable limits and may
accelerate the virus’s contagion [58–60]. As a result, the particles transferred with the
incoming air would affect the transmission of infectious diseases. Recent studies based
on IAQ measurements show that this experimental system is an effective method to
help us understand the status of the environment and can prevent the chances of
infectious transition and mechanically or naturally reach the appropriate IAQ. This is
effective because it can lead to more healthy spaces, especially in healthcare facilities.
Within this context, the crucial role of maintaining indoor air quality in infection
control becomes evident. Inspired by the above-mentioned facts, the objective of this
study is to contribute scientific insights into indoor air quality (IAQ) within
healthcare facilities. This will be achieved through experimental measurements of IAQ
indicators, which will then be compared to the acceptable limits established by IAQ
guidelines. Research focused on health underscores the growing importance of
comprehending the interplay between the built environment and the transmission of
infections [61–63]. Examining the dispersion and mobility patterns of indoor particles
can improve indoor air quality and promote the sustainable and healthy development
of indoor environments. Recently, government agencies have implemented regula-
tions and enforcement measures to enhance environmental health by controlling
outdoor air pollutants. Different guidelines have been established to help monitor the
air quality both indoors and outdoors [64].

Since 1979, WHO has consistently addressed indoor environmental conditions in
numerous reports [65], with the objective of ensuring adequate indoor air quality,
particularly within hospital facilities [66, 67].

According to WHO, numerous indoor air pollutants can adversely impact both the
indoor environment and human health [68]. Airborne pollutants, including VOCs,
PMs, SO2, CO, NO, PAHs, microbial spores, pollen, allergens, and more, are the
primary contributors to the deterioration of IAQ [69]. In their study, Kim et al. have
come to the conclusion that high levels of PM10 have the potential to transmit indoor
infections in closed spaces [36].

As awareness of the significance of indoor environments for human health grew,
scientists began proposing various recommendations. These recommendations
include establishing optimal air exchange rates within specific timeframes, regulating
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the subsequent emission of air pollutants from various products, and establishing a
foundation of guidelines and references for indoor environmental considerations [70].
Achieving an ideal air changes per hour (ACH) is crucial in IAQ within healthcare
facilities to maintain efficient ventilation and reduce the danger of airborne pollution.

In previous research, it has been established that low air changes per hour (ACH)
and insufficient ventilation negatively impact occupants’ health. Recent analyses have
revealed that ACH rates in many European countries range from approximately 0.35–
1 ACH [71], while in China, they vary from about 0.35 to 0.78 ACH [72]. These earlier
studies predominantly concentrated on aspects like achieving net zero energy build-
ings (NZEB), optimizing thermal comfort, and reducing energy consumption, which
often led to lower ACH rates. However, a significant knowledge gap exists regarding
the design criteria. This gap relates to determining the ideal ACH thresholds and
achieving the best air quality with the lowest health risk for occupants.

In this chapter, we have conducted numerical simulations to replicate fluid
dynamics using the RNG k-e turbulence model and to analyze the motion of particles
using the discrete particle model (DPM). These simulations are employed to investi-
gate the behavior of particles within the unit and their interaction with the surround-
ing fluid. The study’s findings should provide an extensive understanding of the
ventilation system design by air outlet valve height on particle dispersion and removal
in situations when high outdoor contamination loads are an issue.

This chapter is based on CO, CO2, PM2.5, and PM10 measurements in a patient’s
room in the CCU of Namazi Hospital in Shiraz, Iran. Based on previous research, IAQ
measurements have been compared to IAQ guidelines (EPA, NIOSH, WHO, and
Canadian). This study aims to understand the air quality inside Namazi Hospital,
particularly in the Cardiovascular Care Unit. We’re looking at how the direction of air
outlet valves affects the indoor air quality and its potential impact on preventing the
spread of diseases.

The study follows this sequence: (i) Experimental measurements are carried out,
(ii) the obtained results are compared to IAQ guidelines, and (iii) the findings from
this investigation are analyzed utilizing CFD computational design.

2. Method

This study is based on experimental data collection, CFD modeling, and analysis,
commencing with a real-world case study. Namazi Hospital has been chosen for a case
study due to its location in a congested area of Shiraz, Southern Iran, with a dry and
warm climate. Measurements were undertaken both indoors and outdoors within the
CCU (critical care unit). The sampling encompassed pollutants like CO, CO2, PM2.5
and PM10. Monitoring was carried out during typical daily activities and under con-
ditions representative of occupancy, following the ISO 4224 standard. To simulate the
patient’s breathing zone accurately, the measurement devices were positioned on a
level surface at a 1-m height, maintaining a minimum distance of 1 m from any doors
or active heating equipment. The devices used were calibrated before and after mea-
surements.

2.1 IAQ sampling and analysis

The sampling devices were securely positioned in locations equipped with elec-
tricity, shielded from direct sunlight and rain within a protective shelter. They were
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positioned at a height of 1 m above the ground to ensure unobstructed access for the
sampling inlets and sensors, thus preserving the integrity of the sampling process. The
levels of CO, CO2, PM2.5, and PM10 were simultaneously measured alongside other
air parameters both indoors and outdoors at 10:20 AM and 6:20 PM on Monday,
March 1, 2021. The following measurements were conducted using the following
equipments: IAQ for CO (Aeroqual, model S200, N/A), AQ100 for CO2 (Aeroqual,
model S200, 250313-2307), DustTrak for PM2.5 and PM10 (model ISI, 21221), and a
flow meter (model N/A) (Figure 1).

Measurements have taken place in Room 6, which has an area of 14.5 m2 and
occupants on every shift. This room is mechanically ventilated by 2 inlets with a
velocity of 2.5 m/s, dimensions of 25�25 cm, and an outlet that has a dimension of
50�50 cm. Windows and doors were closed during the measurement period. The
results have been compared to IAQ guidelines (EPA, NIOSH, WHO, LEED, and
Canadian).

This study centers on the utilization of computational fluid dynamics (CFD) and
particle tracking to model indoor air quality (IAQ) within healthcare environments. In
this context, the Reynolds-averaged Navier-Stokes (RANS) equations serve as the
foundation for describing turbulent, incompressible airflow. To address various tur-
bulence scales effectively, a customized RNG k-ε model is employed.

In this research, both Eulerian and Lagrangian methods are simultaneously used to
model indoor airflow and particle trajectories. The particle motion equation includes
gravity and drag forces. The accuracy of particles’simulation is ensured by integrating
RANS models with the model of discrete random walk (DRW).

Regarding the deposition of particles, wall-normal turbulent velocity fluctuations
play a crucial role. Particle deposition on surfaces is assumed when particles hit the
walls.

For computational simulations, ANSYS-FLUENT 18.2 software is utilized, with an
Intel(R) core (TM) i7-6800 CPU @ 3.40 GHz processor and 32 GB RAM. The airflow
conditions include a velocity of 2.5 m/s and air density of 1.225 kg/m3. Particle sizes
range from 1 to 10 μm, with a density of 2000 kg/m3. A one-way method is employed
due to diluting particle concentration.

The study also examines particle deposition on walls in a patient room using a
Eulerian-Lagrangian approach and validates results against other literature. Various
pollutants are monitored in this mechanically ventilated room.

Figure 2 illustrates how the velocity magnitude’s competitors vary across diverse
computational grids when employing the realizable k-ε model. Grid independence

Figure 1.
Created the room geometry description drawing and the fine unstructured mesh.

127

Indoor Air Quality in Health Care Units (Case Study: Namazi Hospital, Shiraz, Iran)
DOI: http://dx.doi.org/10.5772/intechopen.113724



shows the domain with 1 million mesh has the best accuracy for fluid flow simulation.
The velocity profiles have been acquired and are being compared across varying grid
resolutions at heights of 1, 2, and 3 m. Additionally, for the solving of the governing
equation, the SIMPLE algorithm, as well as the finite volume method, are employed.

2.2 Mathematical equation and model description

The Reynolds-averaged Navier-Stokes (RANS) equations are applied to describe
turbulent airflow that remains incompressible. Within this context, we observe the
utilization of the continuity and momentum equations [73]:

∂Ui

∂xi
¼ 0, (1)

ρUj
∂Ui

∂xj
¼ � ∂P

∂xi
þ ∂

∂xi
μ

∂Ui

∂xi
þ ∂Uj

∂xi

 !
� ρuiuj

" #
, (2)

Here, Ui stands for the fluctuation velocity, and U and P stand for the average
speed and pressure, respectively. In addition, (�uiuj) and μ are the fluid viscosity and
the Reynolds stress tensor, additionally, ρ is density.

Yakhot et al. [73] developed the RNG k-model by applying a process of
renormalization to the Navier-Stokes equations, taking into account diverse scales of
turbulent motion. RNG k-model’s transport equations are provided as:

∂

∂xi
ρkuið Þ ¼ Gk � Yk þ ∂

∂xi
μþ μt

σk

� �
∂k
∂xj

� �
, (3)

∂
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ρεuið Þ ¼ Cε1

ε

k
Gk � Cε2,RNGρ

ε2

K
þ ∂

∂xi
μþ μt

σk

� �
∂k
∂xj

� �
, (4)

here:

Yk ¼ ρε and, S ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
,Gk ¼ S2μt, Sij ¼

1
2

∂ui
∂xj

þ ∂uj
∂xi

� �
, (5)

Figure 2.
Grid independence for velocity magnitude with 100; 500,000; and 1,000,000 grids.

128

Advancements in Indoor Environmental Quality and Health



Cε2,RNG ¼ Cε2 þ
Cμη3 1� η

η0

� �

1þ βη3
η ¼ 2SijSij

� �1
2
k
ε
, η0 ¼ 4:337, β ¼ 0:012, (6)

The importance of demonstrating particle dispersion inside buildings has led to
specific concentrations being determined for simulating diffusion and deposition.
Lagrangian particle trajectories offer advantages as they enable the tracking of ran-
dom particles within the computational domain while also facilitating a straightfor-
ward interaction between the particles and walls, thanks to well-defined boundary
conditions. In the present study, both Eulerian and Lagrangian methods are employed
to simultaneously compute the indoor flow field and particle trajectories. Gravity and
drag force are included in the particle motion equation as follows:

dupi
dt

¼ CD Re p
24τ

ui � upi
� �þ gi, (7)

Combining the particle velocities yields the particle position as follows:

dxi
dt

¼ upi , (8)

RANS models are used to calculate the kinetic energy of turbulence, mean flow
velocity fields, and turbulence dissipation rate. They combine realistic simulation of
particle motion with precise modeling of fluid flow fluctuations. The following equa-
tions [74] are used in the DRW model for this purpose:

u0 ¼ ζu0rms, v
0 ¼ ζv0rms,w

0 ¼ w0
rms (9)

Ref. [74] Research has indicated that achieving precise forecasts for the velocity of
sediment particles moving through a duct necessitates the consideration of turbulent
velocity fluctuations in the wall-normal direction within the near-wall region.
Lecrivain et al. [75] wrote the equation [11]. To accurately model particle deposition,
complicated wall turbulent flow is represented as follows:

ffiffiffiffiffiffi
u022

q
¼ u ∗ a1yþ2

1þ b1yþ þ c1yþ2:41

� �
, for yþ < 30 (10)

here, c1 = 0.0014, b1 = 0.203, and a1 = 0.0116 y plus can be described by,

yþ ¼ yu ∗

v
(11)

3. Result

This study relies on the collection of experimental data at Namazi Hospital. The
findings magnified the importance of keeping levels of CO, CO2, PM2.5, and PM10
concentrations low for various health-related purposes, possibly even in transmission
of SARS-CoV-2. Results showed the measurements of CO and CO2 concentrations
have been lower than acceptable limitations offered by IAQ guidelines (EPA, NIOSH,

129

Indoor Air Quality in Health Care Units (Case Study: Namazi Hospital, Shiraz, Iran)
DOI: http://dx.doi.org/10.5772/intechopen.113724



WHO, LEED, and Canadian). Also, indoor and outdoor measurements of PM2.5 and
PM10 have been above LEED and EPA guidelines.

Utilizing CFD as an analytical tool, its influence on indoor air quality and ventila-
tion has been investigated and specifically applied to facilitate particle dispersion in an
intensive care unit (ICU), with a primary research objective of assessing how varia-
tions in outlet valve heights impact indoor air quality. In space, on Monday, March 1,
2021, at 10:20 a.m. and 18:20 p.m., we measured the pollutants CO, CO2, PM2.5, and
PM10 in the room at two separate times of day.

For the simulation phase, we employed ANSYS Fluent to model the room based on
its actual dimensions. The inlet velocity in this room was 2.5 m/s. The entrance valves
measure 25 by 25 cm, while the output valves measure 50 by 50 cm. The grid inde-
pendence computation determined that an unstructured mesh with roughly 1,106
cells should be installed. Then, to replicate airflow in the room, we used RNG k. Based
on the outcomes of the simulation, we found that the airflow velocity was higher
when the exit valve was placed 20 cm from the wall.

The domain was then filled with particles that were 1, 2.5, 4, 7.5, and 10 mm in
diameter. By altering the location of the outlet valve, we successfully reduced con-
tamination in the room equipped with an airflow ventilation system. Different air
outlet valve heights have an impact on the flow field and particle deposition. This
issue has been investigated by using velocity contours and streamlines. The outcome
shows that a higher exit valve would result in particle entrapment in the space. As the
height of the outlet valve decreases, the flow of air would increase, and the particles’
concentration would be removed. Therefore, the chances of infectious transmission
will be reduced.

The calculated ACH for the case studies, based on a room area of 61.41 m3

(3.45 m � 4.45 m � 4 m), two inflows totaling 0.062 m2, an inlet velocity of 5.5 m/s,
and an airflow rate of 0.15 m3/s, falls within the acceptable IAQ range at 8.8 ACH
(Figure 3).

Based on the simulation results, the inlet valve is strategically situated at a height of
20 cm, accounting for the natural tendency of cold air to accumulate at lower levels
and facilitating its exit through the lower outlet valve. Additionally, the higher airflow
velocity, as represented by the yellow color in Table 1, signifies efficient air move-
ment. This observation, coupled with air change rates meeting industry standards,
promises improved indoor air quality.

Figure 4 show the dispersion of the particles inside the room and illustrate how
convenient it is for particles to exit the room if they are placed at 20-cm height.

DPM concentration at the 20-cm outlet height varies with time. Initial seconds
exhibit high emissions near the outlet, but after 90 s, CFD indicates substantial
particle removal from the room. This indicates effective ventilation dynamics.

Figure 3.
A contour velocity magnitude for the model at the z/x plane located at the center surface.
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4. Discussion

The comfort, productivity, and health of building inhabitants are directly impacted
by indoor air quality. Indoor pollution, which has been linked to 4.1% of global
fatalities in recent decades, can have immediate or long-term health consequences.
Recent studies utilizing indoor air quality (IAQ) and computational fluid dynamics
(CFD) demonstrate how useful this experimental approach is for assisting architects
in producing improved designs. This method provides crucial information about
airflow patterns and their effect on pollutant particles, enhancing architects’ under-
standing of IAQ. This approach is effective as it bridges the gap between technological
analysis, such as the CFD results, and architectural design.

A good indoor air quality is important in operating rooms where contaminated air
can cause surgical site infections. An appropriate ventilation strategy, underscored by
a comprehensive understanding of airflow patterns and pollutant dispersion, is essen-
tial for controlling and reducing indoor pollution while optimizing the performance of
the ventilation system. This study employed computational fluid dynamics to analyze
airflow patterns and the spread of airborne contaminants within indoor settings.

In recent research, there has been an emphasis on the surveillance of indoor air
quality [27, 76, 77]. Ascione et al. [78], in a study on university classrooms in Italy, by
investigation of IAQ measurements proposed new scenarios and provided supporting

Figure 4.
Particle dispersion inside the room.

Date
(Time)

Indoor Outdoor

PM2.5
(Mg/m3)

PM10
(Mg/m3)

CO
(ppm)

CO2

(ppm)
PM2.5

(Mg/m3)
PM10

(Mg/m3)
CO

(ppm)
CO2

(ppm)

10:20 0.005 0.011 1.16 913.0 0.017 0.023 4.03 668.0

18:20 0.005 0.012 0.16 796.0 0.006 0.015 5.17 774.0

Table 1.
Indoor and outdoor measurements [31].
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evidence regarding the effectiveness of the systems responsible for thermal comfort
that wouldn’t pollute airflow. Additionally, they assessed the appropriateness of cer-
tain air distribution strategies, such as ceiling squared and linear slot diffusers, in
comparison to conventional methods. Leconte et al. [79] conducted an experimental
assessment of airflow and inventive active air ducts impact IAQ in a residential
building. Cetin at al. [80] examined efficiency of varying air exchange rates on the
dispersion and settling of indoor particles within a ventilated room.

Dobson et al. [81] investigated the quality of indoor air based on WHO guideline
limits, in residential homes in Scotland, Florence, Greece, Milan, and Catalonia. The
findings indicated that, in the context of this study, only a small number of house-
holds achieved complete smoke-free status. Lewis et al. [82], by investigating PM2.5
measurements from December 2011 to January 2012 in 105 residential homes in India,
found out that in houses in which traditional stoves were used, pollution levels still
remained above WHO guidelines.

Can et al. [83] studied NO2, O3, and VOCs for 7 days in a university in Turkey, the
lifetime cancer risks for individuals employed within the department, including fac-
ulty members and technicians, exceeded the acceptable risk threshold established by
the USEPA. Shen et al. [41] surveyed the IAQ within healthcare facilities, and based
on the research findings, proposed the potential use of AgZ filtering as a means to
manage bacteria and fungi parameters in hospital settings for indoor air quality
management.

Baurès et al. [84] explored the levels of chemical and microbiological
compounds present in the indoor air of two hospitals in France, which found that
these concentrations (aldehydes, limonene, phthalates, aromatic hydrocarbons),
exist in the space even low and are related to ventilation efficiency. Baboli et al.
[85], conducted an investigation into the airborne transmission of infectious
diseases at Razi Hospital in Iran, specifically chosen for this study. The findings
corroborate the presence of airborne transmission of SARS-CoV-2 bioaerosols indoors.
On May 7, 2020, Kenarkoohi et al. [7] conducted research into the transmission of the
COVID-19 virus among confirmed COVID-19 patients within the indoor air of hospi-
tal wards.

These investigations clearly showed a strong influence on IAQ monitoring and
controlling to achieve healthy spaces. There has been limited research conducted on
indoor air quality (IAQ) within healthcare facilities. Furthermore, certain scholars
propose exploring strategies for regulating and reducing pollution levels. The aim of
this study is to assess the indoor air quality in Namazi Hospital’s critical care unit
(CCU) and to confirm whether the room is healthy or not for patients, also, reduce the
possibility of the transition of infectious diseases by non-polluted air.

We came to the fact that the indoor and outdoor measurements of PM2.5 and
PM10 have been higher than the guidelines’ limitations. This condition can make
it easier for infectious diseases to spread, especially those that are transmitted
through contagious means. This matter has the potential to be for the corrupted
HVAC filters and misfunctioning outlet valves or HVAC systems. Indoor and outdoor
air should be monitored frequently for early detection of possible ventilation prob-
lems. This investigation suggests that frequent IAQ monitoring can lead to healthier
spaces.

The ACH (air changes per hour) in numerous European countries for residential
buildings ranges from approximately 0.35–1 [71]. However, the recommended proto-
col to minimize airborne infection transmission, especially during the COVID-19
pandemic, suggests a minimum of 12 ACH [86].
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5. Conclusion

Recent studies showed the impact of IAQ on the transmission of infectious dis-
eases. Also, how monitoring and controlling IAQ can be effective. Therefore, the IAQ
of the CCU of Namazi Hospital was studied both experimentally and conceptually to
understand the indoor air quality and its consequences on outlet valve height. It was
found that the IAQ with respect to CO, CO2, PM2.5, and PM10 was critical in the
patient room due to room procedure’s significance and the count of individuals pre-
sent. If the IAQ indicators were above the guidelines’ limitations, the chances of
catching airborne diseases would increase sharply. In conclusion, frequently monitor-
ing indoor air will be more effective in making a better IAQ and reducing the likeli-
hood of infectious diseases transmission becomes more probable. Secondly, an
observation revealed measurements of PM2.5 and PM10 within the patient’s room in
the critical care unit (CCU) in Namazi Hospital were above IAQ guidelines limita-
tions.

Based on ANSYS Fluent output, particle concentration remains trapped when the
outlet is at 380 cm due to airflow pressure. At 200 cm, emissions escape, while at
20 cm, substantial airflow removes particles. The highest deposit fraction occurs at
380 cm, resulting in the lowest air quality. Conversely, placing the valve at the bottom
yields better particle removal.

We came to the fact that if the outlet valve position is above the ground height,
mechanical ventilation systems will not provide enough air renewal throughout the
patient room’s interior space. And this would lead to the trapped and built up condi-
tion of the air pollutants, especially in highly polluted locations. Therefore, the IAQ
will be lowered, and the likelihood of spreading infectious diseases will increase. It is
advised to use these principles since lowering the particle deposition fraction is
needed more than other options. Setting the exit valves lower can significantly alter
the air in the space and help with incoming flow egress. By managing this matter, we
could enhance our effectiveness in reducing the probability of airborne disease trans-
mission within vulnerable environments such as healthcare facilities. There were few
studies with interventions to improve IAQ, IAQ monitoring in healthcare spaces, and
investigating the impact of IAQ on health based on IAQ guidelines.
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