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Abstract: Air renewal rate is an important parameter for both indoor air quality and thermal comfort.
However, to improve indoor thermal comfort, the air renewal rate to be used, in general, will depend
on the outdoor air temperature values. This article presents the modelling of indoor air quality and
thermal comfort for occupants of a passive building subject to a climate with warm conditions. The
ventilation and shading strategies implemented for the interior spaces are then considered, as well as
the use of an underground space for storing cooled air. The indoor air quality is evaluated using the
carbon dioxide concentration, and thermal comfort is evaluated using the Predicted Mean Vote index.
The geometry of the passive building, with complex topology, is generated using a numerical model.
The simulation is performed by Building Thermal Response software, considering the building’s
geometry and materials, ventilation, and occupancy, among others. The building studied is a circular
auditorium. The auditorium is divided into four semi-circular auditoriums and a central circular
space, with vertical glazed windows and horizontal shading devices on its entire outer surface.
Typical summer conditions existing in a Mediterranean-type environment were considered. In this
work, two cases were simulated: in Case 1, the occupation is verified in the central space and the four
semi-circular auditoriums and all spaces are considered as one; in Case 2, the occupation is verified
only in each semi-circular auditorium and each one works independently. For both cases, three
strategies were applied: A, without shading and geothermal devices; B, with a geothermal device
and without a shading device; and C, with both shading and geothermal devices. The airflow rate
contributes to improving indoor air quality throughout the day and thermal comfort for occupants,
especially in the morning. The geothermal and shading devices improve the thermal comfort level,
mainly in the afternoon.

Keywords: indoor air quality; thermal comfort; passive buildings; numerical simulation

1. Introduction

The levels of thermal comfort (TC) and indoor air quality (IAQ) found in buildings
are influenced by the ventilation process used [1]. IAQ depends fundamentally on the
airflow rate provided by the implemented ventilation system, which improves with an
increase in the airflow rate in the occupied area of the buildings [2]. However, the influence
of the airflow rate on the TC level, in addition to its value, also depends on the outside air
temperature [3,4]. In summer, when the outside air temperature is lower than the inside
air temperature, the increase in airflow rate contributes to improving the occupants’ TC
conditions. On the other hand, the airflow rate should be decreased when the outside air
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temperature is higher than the indoor air temperature. In this case, the IAQ level must be
combined with the TC level to have the appropriate airflow rate.

The lowest outside air temperature is usually before sunrise, and the highest outside
air temperature is often in the middle of the afternoon. In summer, it is important to
consider the hours between sunset and sunrise, when the indoor air temperature is higher
than the outdoor air temperature, to reduce the air temperature inside the building when it
is unoccupied. It is also important to reduce the air temperature during the day when the
building is occupied. Therefore, during the day and night, the indoor spaces of the building
need to be ventilated. During the night or at midday, when there is no occupancy, the
concept of air change rate is used, while during the day, in the morning and the afternoon,
when there is occupancy, the concept of airflow rate is used. The first concept considers
the number of air renewals per hour, while the second concept considers the airflow rate
according to the number of people inside each indoor space of the building.

During the summer, in hot climates, it is important to choose the appropriate cooling
strategy to use. The strategy must take into account the architecture of the building, its
intended purpose, and its occupancy cycle. The option for passive or hybrid cooling strate-
gies allows energy saving to be achieved simultaneously with the appropriate adjustment
of TC conditions acceptable to the building’s occupants [5–7]. Passive cooling strategies,
such as night ventilation, solar shading devices, or a large stored cold thermal mass, can
improve thermal comfort conditions for occupants in the hot season [8–11].

The use of passive strategies in buildings located in different climates and their
contribution to energy saving [12,13] and the thermal comfort of occupants [13] have
been the subjects of research over the last few years. Passive techniques, particularly in
the cooling season, involve solar and heat protection solutions, solar control, the use of
thermal mass, free cooling, and heat dissipation solutions [14]. The use of underground
thermal storage is a rarely used passive technique, although a recent study demonstrates
the effectiveness of its application for cooling a residence compartment located in a hot
climate [15].

Underground spaces can be used to store geothermal energy in a wide range of
climates, whether to provide heating or cooling. These types of spaces can have other uses,
other than for human occupation, being temporarily used as thermal energy storage spaces.
One aspect that should be taken into account when choosing them is their size (possible air
storage volume) and their intended purpose. Spaces that are hot during the day but cool at
night should be chosen, i.e., spaces that have a fairly high temperature difference between
day and night. The choice of this type of space can be made in advance through numerical
simulations based on knowledge of the external climate data existing in the region of the
building under study.

This study uses geothermal energy stored underground as a possible cooling strategy
(it can also be used as a strategy in the heating season). This space is well insulated from the
outside environment, either by walls or by several layers of earth substrate. Both at night
and during the day, this space is subject to a ventilation process by perfect mixing. This
means that, at the entrance, the air mixes completely with the existing air and then leaves
at the same temperature as the internal environment. This methodology can be provided
by some internal fans to ensure that there will be no internal recirculation zones that could
reduce the efficiency of the process. The calculation of the air change rate must be taken
into account, whether for cooling or heating, to ensure that the process is carried out for
the expected time.

Regarding the shading strategy used in this study, it was considered that this will
occur in two phases, fixed horizontal shading and mobile shading during the day, in
order to guarantee total shading. In any case, in practice, the shading system consists of a
system of blinds installed on each window that is moved by controlled motors or simply
by human action.

The ventilation system installed in this work is designed to cool the space at night.
In the morning, as the air temperature in some spaces is higher than the air temperature
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outside, ventilation is used to reduce the air temperature inside occupied spaces. During
the middle of the day, there is no occupancy in indoor spaces, and the air temperature
level outside is considerably higher than the indoor air temperature. Thus, the ventilation
level is reduced to minimize the increase in internal air temperature. In the early afternoon,
high outside air temperatures are registered. During these hours, the ventilation from an
underground space, cooled during the night by geothermal energy, is used to cool the
occupied spaces naturally.

Thus, the following points summarize the main innovations proposed in this work:

• Use of an underground space for storing cooled air;
• A shading strategy for interior spaces using adjustable shading devices;
• A ventilation strategy.

This article presents the work developed on a ventilation system installed in a circular
auditorium. The auditorium is divided into four semi-circular zones and a central circular
space. It is also provided with surrounding vertical windows and horizontal surrounding
shading devices. The study considered warm climatic conditions (summer season), assum-
ing the auditorium is located in a region characterized by a Mediterranean-type climate,
namely the south of Portugal. Two cases were studied: one in which the occupation is
verified in the central space and the four semi-circular auditoriums and all spaces work
together, and the second in which the occupation is only in each semi-circular auditorium
and each one works independently. For both cases, three strategies were also considered:
the auditorium does not have geothermal and shading devices, the auditorium has only
the geothermal device, and the auditorium has both geothermal and shading devices. The
airflow rate improves the indoor air quality all day and the thermal comfort mainly in the
morning periods. The geothermal and shading devices improve the thermal comfort level,
mainly in the afternoon.

This work aims to assess the comfort and air quality levels to which a circular audito-
rium is subjected in summer conditions. The ventilation system is combined with a shading
system and a geothermal system. The first system involves a set of horizontal louvres
around the building, placed above the level of the windows. This type of system, with a
length equal to the height of the windows, guarantees shading during the hours of the day
with the highest levels of insolation. During the early morning and late afternoon, when
the sun rises and sets, this shading system, equipped with hinges, can be used to reduce
the thermal load during sunrise and sunset. The geothermal system, installed underneath
the circular auditorium, stores a quantity of cool air to be used in the afternoon when the
outside air temperature reaches its highest value.

2. Literature Review

The level of thermal comfort depends on a set of environmental variables and personal
parameters. Fanger [16], through experimental studies, developed a model based on the
balance equation in the human body. This model considers heat transfer by convection
between the body and the surrounding environment, either by forced convection or natural
convection. The former takes air velocity into account, while the latter considers air
temperature. This model also considers heat transfer by evaporation and radiation between
the body and the surrounding environment. The former considers relative humidity, while
the latter considers mean radiant temperature. This model also considers the thermal
insulation of clothing (using the clo variable to evaluate its level) and heat generation
(using the met variable to assess the metabolism rate). Fanger proposed evaluating the
thermal comfort level of occupants in conditioned environments using two indices: PMV
(Predicted Mean Vote), which changes between −3 and 3, and PPD (Predicted Percentage
of Dissatisfied people) [16]. In the formulation of these indices, environmental variables
were considered (such as indoor air temperature (ta), indoor relative humidity (RH), mean
radiant temperature (tr), and relative air velocity (va)), as well as personal variables (such
as metabolic rate and clothing insulation). These indices were adopted by international
standards [17,18] to classify indoor environments occupied by people and their perceived
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TC level. In ISO 7730 [18], this classification is made according to three categories: A, with
the PMV being between −0.2 and +0.2; B, with the PMV being between −0.5 and +0.5;
and C, with the PMV being between −0.7 and +0.7. The use of these indices to assess the
thermal comfort of building occupants has become widespread in many articles published
on this subject [19–22]. However, the use of the PMV index in warm climates has shown
some drawbacks for accurately predicting TC conditions [23]. Several studies have pointed
to differences between the values predicted by the PMV index and those corresponding to
the thermal sensations attributed by the occupants [24–26]. To adjust for these differences,
it was suggested in 2002, by Fanger and Toftum [27], to use a correction factor called the
“expectancy factor”. According to these authors [27], the value of this expectation factor can
vary between 0.5 and 1 depending on the ventilation system used and how long the warm
season lasts annually. Since then, several articles have addressed the implementation of this
expectancy factor in the most varied situations [28–30]. Consequently, adaptive comfort
models have emerged that seek to incorporate the adaptive behaviours of occupants who,
when exposed to situations of thermal discomfort, react in different ways to restore the
conditions that guarantee their return to a state of thermal comfort [31]. For example,
Yao et al. [32] proposed an adaptive model that allows for minimizing the impact of PMV
index overestimation in warm climates. On the other hand, Zhang et al. [33] proposed an
algorithm to improve the estimation of the adaptive coefficient present in the PMV model.
Other types of adaptive comfort models can be found in Carlucci et al. [34].

Among other variables, assessing the level of air quality is associated with the level of
contaminants inside occupied spaces. This concentration depends, among other things, on
the airflow rate, the number of occupants and the volume of the space. The ASHRAE 62-1
standard [35] recommends the airflow rate as a function of the number of occupants in the
space to be ventilated, considering the type of contaminant to be removed. The volume
of the space influences the evolution of the concentration in the transient regime but does
not influence the maximum value obtained. Regarding contaminants, according to the
ASHRAE 62-1 standard [35], in occupied spaces, the concentration of carbon dioxide (CO2)
can be used as a reference for IAQ present in spaces occupied by people. This standard
proposes a CO2 concentration up to a limit of 1000 ppm as acceptable. The use of CO2
concentration as a marker of the air quality offered to people in interior spaces of buildings
is common in studies conducted by the most diverse authors on this subject. For example,
studies on IAQ were carried out in school buildings [36–39], office buildings [40], and
institutional buildings [41], among other types of buildings [42,43].

The use of solar radiation incident on glazed surfaces can represent a cost-free heating
source for adjacent interior spaces and, therefore, contribute to improving the TC conditions
of occupants during the heating season [44,45]. However, solar gains through glazed
surfaces due to incident solar radiation must be reduced during the cooling season. In
these circumstances, it is common to install outside horizontal shading devices above
windows to control the entry of solar radiation into interior spaces [46–48]. In the northern
hemisphere, in latitudes that cover the territory of Portugal, which are characterized by
a Mediterranean-type climate, this device is very effective on transparent south-facing
surfaces [49]. On surfaces facing east and west, when the sun is at a lower height, this device
does not prevent all solar radiation from entering. In this situation, blinds or obstacles
between the transparent surfaces and the sun are preferable [50].

Thermal energy storage can be used to support ventilation systems that condition the
air in building compartments during the heating and cooling seasons [51]. In this work, a
numerical simulation is carried out to test the possibility of using an underground space
(located under the building) to store cooled air during the night that will be distributed
throughout the building’s compartments during certain periods of the day. The aim is to
implement this solution during the summer season, evaluating its potential contribution
to reducing the interior air temperature of the compartments and improving the TC of
its occupants.
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The Building Thermal Response simulation tool is a fundamental way of under-
standing the evolution of air temperature fields and solar radiation through opaque and
transparent bodies, the evolution of contaminant concentrations, the evolution of energy
consumption, and the evaluation of IAQ and conditions TC in the building compartments,
among other aspects. Applications of this type of simulation tool can be seen in research
work carried out in buildings where passive ventilation systems [52,53], natural ventilation
systems [54,55], and active ventilation systems [56] were used, as well as where the thermal
environmental conditions and air quality [57] existing there were evaluated.

3. Building Thermal Response Methodology

In the study developed in this article, software called Building Thermal Response
(BTR) is used, which was designed to analyze the thermal response of buildings with
complex topology [58,59]. The BTR software is used to simulate the thermal behaviour of a
circular amphitheatre with a complex topology.

The BTR software has been developed by the authors for more than two decades with
the main objective of developing a specific tool, similar to a virtual laboratory, that considers
the thermal behaviour of passive buildings using renewable energy and, consequently, can
evaluate the conditions of thermal comfort and air quality to which people are subjected
inside buildings [58–60]. This software considers tools that allow the development of the
design of a building with complex topology, the simulation of external environmental
conditions from a few experimental data, the thermal response of passive buildings taking
into account a library of existing opaque and transparent surfaces, the simulation of external
solar radiation taking into account the shading system existing in the building and the
various elements existing in the atmosphere, and the evaluation of the thermal comfort
conditions of the occupants and indoor air quality, among others. This software, in very
specific case studies, communicates with other software, allowing very detailed and specific
assessments to be carried out, such as the simulation of three-dimensional internal flow in
the building’s compartments (considering the presence of occupants and the assessment
of internal air quality), unidirectional flow inside ventilation ducts (taking into account
different ventilation systems), the simulation of human thermophysiology and clothing
(considering the assessment of the level of thermal comfort and draught risk), and the
acoustic response of buildings (considering the presence of binaural manikins), among
additional added value. This last component of the software, which considers the coupling
between different software applications, allows the exchange of data and geometry between
them. This type of methodology allows the user to relatively quickly design a complex
building using an innovative and rapid methodology to obtain a group of variables taking
into account external climatic conditions, the use of renewable energy, construction, and
human comfort.

3.1. Geometric Model

This section presents the geometric model used to represent the building consisting
of a circular auditorium with particular characteristics. In this sense, CAD (Computer-
Aided Design) software and GBD (Geometric Building Design) software were used. The
GBD software was used to develop the geometry of the circular auditorium [60], while
the CAD methodology was used to view the geometry of the circular auditorium. CAD
methodologies are frequently applied in building design [61,62].

The circular auditorium presented in this work includes four semi-circular auditoriums
and a central circular area (Figures 1 and 2). The semi-circular auditoriums can operate
individually or together to form a single circular auditorium. Therefore, in this work, two
study cases were defined as follows:

• Case 1: The building functions as a single circular auditorium, and the central circular
area functions as a stage with seated people distributed across the four semi-circular
auditoriums. Both central space and semi-circular auditoriums are occupied by people.
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• Case 2: The circular central area functions as a passage space and people sit simul-
taneously in the four semi-circular auditoriums. In this case, only the semi-circular
auditoriums are occupied, with the stage placed on the steps next to the central
circular space.
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In both cases, the following three strategies were applied:

• Strategy A: Without geothermal and shading devices;
• Strategy B: With a geothermal device and without a shading device;
• Strategy C: With geothermal and shading devices.

Between two semi-circular auditoriums, there is a corridor. It is used for people to
enter through the central circular area into the respective semi-circular auditorium. The
vertical walls surrounding each semi-circular auditorium, whether in contact with the
outside environment or facing the corridor, are made of simple glass.

The ceiling of the circular auditorium is made of an opaque material and is divided
into three parts (Figure 1):

• An inner part, at the top of the central circular area, with an ellipsoid configuration;
• A central part, above each semi-circular auditorium, with a flat horizontal configuration;
• An outer part, with a horizontal flat configuration. This part is articulated and can be

positioned vertically in front of the windows, thus functioning as a shading device.
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The solution used in this work, using the envelope built with glazed surfaces and
the roof equipped with a shading system, guarantees good levels of interior luminosity,
controlling the entry of solar radiation to reduce the thermal load on the occupied spaces.

The length of the shading system’s louvres is equal to the height of the windows.
This arrangement allows the blinds to be used as shutters. Three scenarios can therefore
be achieved:

• Sunrise and sunset: During this period, east- or west-facing windows and the sur-
rounding glazed surfaces are subject to direct solar radiation. Therefore, shade
canopies are used in the closed position.

• Early morning and late afternoon: during this period, windows facing south-west and
south-east, and the surrounding glazed surfaces, are subject to direct solar radiation;
therefore, shade canopies are used in a partially closed position.

• Late morning and early afternoon: during this period, the main south-facing windows
and the surrounding glazed surfaces are not subject to direct solar radiation due to the
installed shading system.

This building is equipped with an underground space. Its volume is twice the volume
corresponding to the occupied spaces of the circular auditorium. This type of space can
operate as a thermal energy storage system as it is possible to store cold air at night to be
used in the building’s compartments during the day when the outside air temperature is
higher. In this case, it will be used during the afternoon.

Figures 1 and 2 show three-dimensional views of the circular auditorium, respectively,
with and without the shading device.

3.2. Mathematic Model

The numerical model present in the BTR software was presented and validated in
the work developed by Conceição and Lúcio [63], having been applied over the years in
different types of research studies involving the thermal behaviour of buildings [58,59,64].
BTR is software that works through an integral methodology. The mathematical model
considers integral equations of mass and energy balance in the transient regime. The
mathematical model is divided into two parts:

• One consisting of a system of mass balance integral equations, in a transient regime:
The flows of water vapour and contaminants, in particular carbon dioxide, are consid-
ered for each space in the circular semi-auditorium and the central circular zone.

• Another consisting of a system of energy balance integral equations, in a transient
regime, in which the model takes into account the floor of the circular central area, the
floor of the circular semi-auditoriums, the ceiling of the circular auditorium, vertical
transparent surfaces, and horizontal shading devices placed on top of the windows.

The mass and energy balance integral equations take into account heat conduction,
mass and heat convection, mass diffusion, heat exchange by radiation, energy transport,
mass adsorption and desorption, and heat evaporation, among others. They also consider
the accumulation of heat and mass in the left-hand term and heat and mass flows, heat
generation, etc., in the right-hand term.

An integral energy conservation equation is developed for each of the bodies that
make up the building, namely, for each transparent body, for each layer of each opaque
surface, for each layer of each interior body, and for each interior space. Also, an integral
mass conservation equation is developed for each interior space and for each component.
In this study, water vapour and CO2 concentrations were considered. In the case of opaque
and transparent bodies, integral mass conservation equations are also considered for the
surfaces in contact with the external environment that represents the adsorption and
desorption of water vapour on these surfaces. All equations work as a coupling system;
that is, all equations have connections with neighbouring equations. This methodology
ensures that all variables are dependent on neighbouring variables.
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To solve the set of integral energy balance equations and integral mass balance equa-
tions generated by the software, the Runge–Kutta–Felberg method is used, in which the
error is controlled in order to speed up the simulation time.

The following are verified in calculating the integral energy balance equations:

• Use of dimensionless coefficients in calculating heat dissipation that occurs through
natural, forced, and mixed convection;

• The heat transfer by conduction is considered inside the opaque body layers;
• The radiative exchanges take into account the incident solar radiation, the solar radia-

tion absorbed by glasses, and the solar radiation transmitted through the glass.

The following are verified in calculating the integral mass balance equations:

• Use of dimensionless coefficients in calculating mass transfer that occurs through
natural, forced, and mixed convection;

• Use of Fick’s law in calculating mass transfer by the diffusion phenomenon.

The following simplifications are considered in the former balances of the model:

• Disregard of non-uniformities existing in the distribution of temperatures throughout
each body;

• One-dimensional treatment of conductive and convective heat fluxes through walls;
• Always writing the sensible heat storage term on the left-hand side and the heat flux

terms on the right-hand side of the heat balance equations.

The PMV model depends on the environmental variables ta, tr, RH and va. This model
depends on the thermal balance between heat generated in the body and the heat lost to
the surrounding environment. In general, the heat lost to the environment depends on
convective, conductive, evaporative, and radiative exchanges. In convective exchanges,
ta (calculated by BTR) is considered for natural convection, and va (calculated by BTR) is
considered for forced convection. Conductive exchanges are verified, in most situations,
through clothing. This heat is subsequently transferred to the outside through convection
and radiation. Evaporative exchanges consider RH (calculated by BTR) and ta (calculated
by BTR). Finally, in radiative exchanges, including between surfaces and the human body,
tr (calculated by BTR) is considered.

In this study, the numerical model calculates the mean values of the environmental
variables. As summer conditions are considered and low mean values of va in the occupied
spaces are obtained, the local thermal discomfort phenomenon associated with the draught
risk is not considered.

3.3. Initial and Boundary Conditions

In this type of simulation, in order to obtain a more realistic distribution of tempera-
tures and contaminant concentrations in all the bodies considered in the building, average
values are considered at the beginning of a day, and the previous 5 days are simulated.
This methodology provides a more realistic distribution of temperatures and contaminant
concentrations, which will be used at the beginning of the simulation process.

The external environment conditions, used as boundary conditions, namely the solar
radiation, air temperature, air relative humidity, wind velocity, wind direction, and car-
bon dioxide concentration, are calculated numerically. The solar radiation is evaluated
numerically during the simulation using the geometric solar equation.

The numerical evolutions of the boundary conditions are developed from experimen-
tal data measured by a meteorological station located near the building. In the case of
air temperature and air relative humidity, the maximum and minimum values and the
respective times when these values are obtained are considered and, from trigonometric
equations, their daily evolutions are calculated numerically. In the case of wind velocity
and wind direction, average values and standard deviations are calculated and, through
random computational functions, the evolutions of these variables are generated numeri-
cally. In the case of CO2 concentration, an average value measured experimentally in the
region where the building is located is used. Since the real measurements present values
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and fluctuations characteristic of the days corresponding to the simulations carried out,
in this case, it was decided to consider a typical day representative of a clear summer
day in the region where the building is located. The theoretical evolution thus obtained
allows results to be obtained that are very close to the real ones, without considering the
occurrence of possible fluctuations characteristic of specific climatic phenomena.

The external environmental conditions considered are the following:

• The air temperature varies between 21.1 ◦C at 5 a.m. and 34.8 ◦C at 3:30 p.m.; the
fluctuation in the air temperature value, around the average value, is presented as a
value of 1 ◦C;

• Relative air humidity varies between 32% at 5:17 am and 72% at 3:30 p.m.; the fluctua-
tion in the value of relative air humidity, around the average value, is presented as a
value of 5%;

• Air speed has an average value of 12 m/s, with a fluctuation of 11.2 m/s from its
average value;

• The direction of air speed has an average value of 180◦ and a fluctuation of 135◦ from
its average value.

The CO2 concentration outside was considered to be 280 ppm.

3.4. Airflow

In warm climates, such as the Mediterranean climate, during the cooling season,
namely from June to September, the variation in outside air temperature is significant
and can fluctuate throughout the day by around 20 ◦C between early morning and the
hottest time of day (around 2–3 p.m.). Therefore, in passive buildings, it is important to
plan cooling strategies that allow for dealing with these significant changes in outside
temperatures. These strategies may involve having variable airflow levels and using
variable shading systems (like those mentioned in Section 3.2) that are adaptable to the
outside environmental conditions throughout the day.

The airflow rate exchange between the outdoor and the occupied indoor spaces
influences the level of air quality and thermal comfort [65–67]. However, considering
variations in occupancy and outdoor environmental variables, the airflow rate needs to
vary throughout the day. Therefore, this study considers four different regimes throughout
the day:

• Regime that runs during the night: The air change rate used during the night is
associated with cooling the occupied interior and the underground spaces when it is
used. In this study, during the night and until sunrise, an air change rate of 10 per hour
was used.

• Regime that takes place during the morning: During the day, an airflow rate was used
that takes into account the number of occupants in the space (based on international
standards). When the air temperature in indoor spaces is higher than the outdoor air
temperature, as is the case in the morning, the airflow rate is doubled to reduce the air
temperature in indoor spaces.

• Regime that takes place during the afternoon: During this period, the outside air
temperature reaches very high values. However, the outdoor temperature continues
to be higher than the indoor air temperature despite the additional thermal load due
to the occupants. In this situation, an airflow rate was considered taking occupancy
(based on international standards) into account. As an alternative to outside air,
previously cooled air from the underground storage space can be used.

• Regime that takes place during midday: There is no occupancy at lunchtime. However,
it is important to reduce the CO2 concentration, but the outside air temperature is
higher than the indoor air temperature. Therefore, only one air change was used.

In this study, in accordance with Portuguese standards [68], a ventilation rate of
35 m3/h per person was used.
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In Case 1, during the ventilation process, the air is exchanged between the outdoor (or
underground space) and each space (central circular space and semi-circular auditorium).
In Case 2, during the ventilation process, the air is exchanged between the outdoor (or un-
derground space) and the central circular space. From this central circular space, the airflow
goes to the semi-circular auditoriums and, subsequently, to the outdoor environment.

The airflow topology is shown in Figure 3. Figure 3a refers to the topology used at
night in both Cases 1 and 2. Figure 3b refers to the topology used during the morning,
midday and afternoon (strategy A) for Case 1. Figure 3c refers to the topology used during
the afternoon (strategies B and C) for Case 1. Figure 3d refers to the topology used during
the morning, midday and afternoon (strategy A) for Case 2. Figure 3e refers to the topology
used during the afternoon (strategies B and C) for Case 2.
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The influence of the strategies implemented in the assessment of TC and IAQ levels
will be analyzed and compared in Section 4. The spaces evaluated are those presented in
Figure 3, and are renamed in Section 4 as follows: space 1 as OUT; space 2 as SA_2; space 3
as SA_3; space 4 as SA_4; space 5 as SA_5; and space 6 as SC_6.

3.5. Occupation

In this study, it was considered that occupation occurs in the morning and afternoon.
The spaces are occupied in the morning between 8 am and 12 pm and in the afternoon
between 2 pm and 6 pm. For each case, the occupancy level is as follows:

• Case 1: 24 people in each semi-circular auditorium and 12 people in the central space;
• Case 2: 27 people in each semi-circular auditorium.

3.6. Mesh Generation

When calculating the incident solar radiation, each surface is divided into smaller
surfaces using a mesh. This calculation makes it possible to calculate, with greater precision,
the incident, absorbed, and transmitted radiation on transparent surfaces and the incident
and absorbed radiation on opaque surfaces.

3.6.1. Grid Independence

In this section, the grid’s independence is evaluated. In this analysis, each surface
is divided into several subsurfaces. Figure 4(1–4) show the mesh generation when the
following subdivisions are applied: 1 × 1; 2 × 2; 3 × 3; 4 × 4; 5 × 5; 10 × 10; and 15 × 15.
This study consists of calculating the sum of the total incident radiation to which each
surface is subjected when the horizontal shading device is applied.

As an example of the influence of mesh discretization on the calculation of total solar
radiation, the evolution of the total solar radiation transmitted on the transparent surfaces
for the different subdivisions of the surfaces (shown in Figure 4(1–4)) is presented in
Figure 5.

According to the results shown in Figure 5, the 5 × 5, 10 × 10, and 15 × 15 subdi-
visions show good convergence between themselves. Regarding the option for the 5 ×
5 subdivision, the differences in the 10 × 10 subdivision are, on average, −0.54%, while
the differences in the 15 × 15 subdivision are, on average, −0.53%. The 3 × 3 and 4 × 4
subdivisions show slight discrepancies with the previous results, while the 1 × 1 and 2 × 2
subdivisions show large differences between the results. Therefore, the 5 × 5 subdivision
was chosen because it presents a good compromise between the results.

3.6.2. Grid Applied in This Study

In this study, each surface is divided into at least 5 × 5 elements. All bodies have
surfaces with a width and height and are formed by a trapezoid or a triangle. These
surfaces, where the heat flow passes through the smallest thickness in a unidirectional
manner, are divided into infinitesimal areas with trapezoidal or triangular configurations.
In the centre of the circular zones, the surfaces are considered to be a set of concentric and
juxtaposed triangles. These triangles are, in turn, divided into infinitesimal triangular areas.

Figure 6 shows the mesh generation used in a semi-circular auditorium and a quarter
of the central space. In Figure 6a,b, the mesh generation is observed, respectively, without
and with the ceiling and shading devices. In Figure 6, the lower area and side walls are
represented in black and the ceiling and shading system are represented in magenta.
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Figure 4. (1) Grid generation applied in the numerical simulations made for Case 1 when each surface
is subdivided into 1 × 1 elements. (2) Grid generation applied in the numerical simulations made for
Case 1 when each surface is subdivided into (a) 2 × 2 and (b) 3 × 3 elements. (3) Grid generation
applied in the numerical simulations made for Case 1 when each surface is subdivided into (a) 4 × 4
and (b) 5 × 5 elements. (4) Grid generation applied in the numerical simulations made for Case 1
when each surface is subdivided into (a) 10 × 10 and (b) 15 × 15 elements.
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Figure 5. Evolution of the total solar radiation transmitted on the transparent surfaces for the different
subdivisions of the surfaces (1 × 1; 2 × 2; 3 × 3; 4 × 4; 5 × 5; 10 × 10; 15 × 15).
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3.7. Materials

The circular auditorium was built with opaque and transparent surfaces. The opaque
bodies are the roof, shading devices, floor, and ground. The number of layers considered in
these bodies is as follows:

• Nine for the roof, used as a boundary with the external environment;
• Seven for the shading devices, used as a boundary with the external environment;
• Ten for the floor and ground, used as a border with the soil.

In the thermal analysis of the opaque surfaces, the following variables for each layer
of these surfaces were considered:

• Thickness;
• Specific heat at constant pressure;
• Thermal conductivity;
• Specific mass.

When constructing the roof, the existence of gypsum board, insulation materials,
cement, intermediate materials, wood, waterproof materials, and tiles was considered. It
was considered that the shading device was made up of an aluminum structure. The layer
near the floor presented a small thickness, while the layer far from the floor presented a
larger thickness.

Thus, in this work, the numerical model calculates, inside each opaque body, the tem-
perature of different layers using each one’s thermal information. The obtained temperature
distributions, in transient conditions, inside each opaque body are more representative of
the real situation.
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The transparent bodies are located around the auditorium and consist of windows
and doors made of single glass pane. The thickness of this glass is 4 mm. These transparent
bodies, used as a boundary with the external environment, are considered to be made of
one layer.

In the thermal analysis of the transparent surfaces, the following variables for the layer
of these surfaces were considered:

• Thickness;
• Specific heat at constant pressure;
• Thermal conductivity;
• Specific mass.

Thus, the numerical model calculates the temperature evolution of each transparent
body using the thermal information of each body.

3.8. Model Validation

The numerical model was validated in steady-state and transient conditions using
spaces of a real building and an experimental chamber. In steady-state conditions, the
numerical model was validated in winter conditions in an experimental chamber that had
a radiant floor system powered by a solar collector, one desk, and two seated experimental
manikins [63]. According to Conceição and Lúcio [63], the comparison between the ex-
perimental and numerical results of the surrounding surface and internal temperatures
was successfully guaranteed. In transient conditions, the numerical model was validated
in a real school building for winter and summer conditions [69,70]. In both conditions, a
comparison was made between the values of the temperature of the air inside a school
building, under the effect of solar radiation, obtained experimentally, and those obtained
numerically, the result of which was very similar.

4. Results and Discussion

This section presents the results obtained by the Building Thermal Response software
used to evaluate the evolution of the CO2, the indoor relative air velocity (va), the indoor air
temperature (ta), the indoor relative humidity (RH), the mean radiant temperature (tr), and
the PMV index verified in the studied building. The evolution of each of these variables
is obtained in each of the spaces of the auditorium and corresponds to the average value
calculated in the entire space in each time interval. The results are presented and discussed
for Cases 1 and 2 and strategies A, B and C, considering their analysis separately.

In the following figures, referring to the results obtained, the analyzed spaces (marked
in Figure 3) are identified as follows:

• Outdoor environment—OUT;
• Underground Air Storage Space—UASS;
• Semi-circular auditorium 2—SA_2;
• Semi-circular auditorium 3—SA_3;
• Semi-circular auditorium 4—SA_4;
• Semi-circular Auditorium 5—SA_5;
• Central space 6—SC_6.

4.1. Carbon Dioxide Concentration

Figure 7 presents the evolution of CO2 to which occupants are subjected in the circular
semi-auditoriums and the central space. Figure 7a refers to Case 1 and Figure 7b refers to
Case 2.



Atmosphere 2024, 15, 1282 18 of 32

Atmosphere 2024, 15, 1282 18 of 33 
 

 

and the PMV index verified in the studied building. The evolution of each of these varia-
bles is obtained in each of the spaces of the auditorium and corresponds to the average 
value calculated in the entire space in each time interval. The results are presented and 
discussed for Cases 1 and 2 and strategies A, B and C, considering their analysis sepa-
rately. 

In the following figures, referring to the results obtained, the analyzed spaces 
(marked in Figure 3) are identified as follows: 
• Outdoor environment—OUT; 
• Underground Air Storage Space—UASS; 
• Semi-circular auditorium 2—SA_2; 
• Semi-circular auditorium 3—SA_3; 
• Semi-circular auditorium 4—SA_4; 
• Semi-circular Auditorium 5—SA_5; 
• Central space 6—SC_6. 

4.1. Carbon Dioxide Concentration 
Figure 7 presents the evolution of CO2 to which occupants are subjected in the circu-

lar semi-auditoriums and the central space. Figure 7a refers to Case 1 and Figure 7b refers 
to Case 2. 

(a) (b) 

Figure 7. Average evolution of CO2 to which occupants are subjected in the circular semi-auditori-
ums and in the central space: (a) Case 1; (b) Case 2. 

As the occupation is the same in the spaces and the volume of the spaces is equal, the 
evolution of CO2 concentration in the four semi-circular auditoriums is also equal. In Case 
1, the CO2 concentration is lower in the central circular space than in the semi-circular 
auditoriums. However, in all occupied spaces evaluated, the airflow rate is sufficient to 
promote an acceptable level of IAQ [35]. The CO2 concentration in the semi-circular audi-
toriums is slightly higher in Case 2 than in Case 1. 

The airflow rate during the night, in both cases, is sufficient to eliminate all indoor 
CO2 concentrations. However, the airflow rate during lunchtime is not sufficient to elimi-
nate all CO2 concentrations in the spaces. 

The evolution of CO2 concentration depends on the airflow rate and the volume of 
the space. The airflow rate influences the maximum value of the CO2 concentration, and 
the volume influences the evolution of the CO2 concentration. In this study, the semi-cir-
cular auditoriums and the central circular spaces do not reach the maximum CO2 concen-
tration during the day. This is due to the occupancy time being only 4 h in the morning 
and 4 h in the afternoon, and after vacating the spaces, the airflow rate is used to reduce 
the level of CO2 concentration. 

270

310

350

390

430

470

510

550

0 2 4 6 8 10 12 14 16 18 20 22 24

C
O

2
(p

pm
)

t (hours)

SA_2 SA_3 SA_4 SA_5 SC_6

270

310

350

390

430

470

510

550

0 2 4 6 8 10 12 14 16 18 20 22 24

C
O

2
(p

pm
)

t (hours)

SA_2 SA_3 SA_4 SA_5

Figure 7. Average evolution of CO2 to which occupants are subjected in the circular semi-auditoriums
and in the central space: (a) Case 1; (b) Case 2.

As the occupation is the same in the spaces and the volume of the spaces is equal,
the evolution of CO2 concentration in the four semi-circular auditoriums is also equal. In
Case 1, the CO2 concentration is lower in the central circular space than in the semi-circular
auditoriums. However, in all occupied spaces evaluated, the airflow rate is sufficient
to promote an acceptable level of IAQ [35]. The CO2 concentration in the semi-circular
auditoriums is slightly higher in Case 2 than in Case 1.

The airflow rate during the night, in both cases, is sufficient to eliminate all indoor CO2
concentrations. However, the airflow rate during lunchtime is not sufficient to eliminate all
CO2 concentrations in the spaces.

The evolution of CO2 concentration depends on the airflow rate and the volume of the
space. The airflow rate influences the maximum value of the CO2 concentration, and the
volume influences the evolution of the CO2 concentration. In this study, the semi-circular
auditoriums and the central circular spaces do not reach the maximum CO2 concentration
during the day. This is due to the occupancy time being only 4 h in the morning and 4 h in
the afternoon, and after vacating the spaces, the airflow rate is used to reduce the level of
CO2 concentration.

In general, the CO2 concentration values in Cases 1 and 2 are similar. However, in
Case 2, the difference in the CO2 concentration in the central compartment and outside is
zero because this space is not occupied.

4.2. Indoor Air Velocity

Table 1 presents the average va obtained in the circular semi-auditoriums and the
central space for Cases 1 and 2. Note that in Table 1 the columns corresponding to the
period of occupation of the semi-circular auditoriums are marked by a green zone.

Table 1. Average va (m/s) obtained in the circular semi-auditoriums and the central space for Cases 1
and 2. Period of occupation of the semi-circular auditoriums are marked by a green zone.

Case Spaces
Time Period

0:00 to 8:00 8:00 to
12:00

12:00 to
1400

14:00 to
18:00

18:00 to
24:00

1
SA_2 to

SA_5 0.225 0.245 0.031 0.245 0.225

SC_6 0.889 0.135 0.125 0.135 0.889

2
SA_2 to

SA_5 1.346 0.271 0.187 0.271 1.346

SC_6 0.993 0.890 0.138 0.890 0.993
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The results show that the indoor va values depend on the ventilation process and
directly on the airflow rate value used (see Section 3.4). During the occupancy period
(between 8 and 12 h and between 14 and 18 h) of the semi-circular auditoriums, the IAV is
slightly higher (about 10%) in Case 2 than in Case 1. During the non-occupancy period of
the semi-circular auditoriums, the indoor va is significantly higher (about 600%) in Case 2
than in Case 1, which contributes to better cooling of these spaces.

4.3. Indoor Air Temperature

This section presents the evolution of ta in the auditorium spaces and the outdoor
environment. Figures 8–10 refer, respectively, to strategies A, B and C used in Case 1 (point
a) and Case 2 (point b). Note that the orientations of the exterior facades of the semi-circular
auditoriums are as follows: 2, the facade facing northeast; 3, the facade facing northwest; 4,
the facade facing southwest; and 5, the facade facing southeast.
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Case Spaces 
Time Period 

0:00 to 8:00 8:00 to 12:00 12:00 to 1400 14:00 to 18:00 18:00 to 24:00 

1 
SA_2 to SA_5 0.225 0.245 0.031 0.245 0.225 

SC_6 0.889 0.135 0.125 0.135 0.889 

2 
SA_2 to SA_5 1.346 0.271 0.187 0.271 1.346 

SC_6 0.993 0.890 0.138 0.890 0.993 

The results show that the indoor va values depend on the ventilation process and 
directly on the airflow rate value used (see Section 3.4). During the occupancy period (be-
tween 8 and 12 h and between 14 and 18 h) of the semi-circular auditoriums, the IAV is 
slightly higher (about 10%) in Case 2 than in Case 1. During the non-occupancy period of 
the semi-circular auditoriums, the indoor va is significantly higher (about 600%) in Case 2 
than in Case 1, which contributes to better cooling of these spaces. 

4.3. Indoor Air Temperature 
This section presents the evolution of ta in the auditorium spaces and the outdoor 

environment. Figures 8–10 refer, respectively, to strategies A, B and C used in Case 1 
(point a) and Case 2 (point b). Note that the orientations of the exterior facades of the semi-
circular auditoriums are as follows: 2, the facade facing northeast; 3, the facade facing 
northwest; 4, the facade facing southwest; and 5, the facade facing southeast. 
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Figure 8. Average evolution of the outside temperature and indoor ta in each space of the auditorium 
when using strategy A: (a) Case 1; (b) Case 2. 
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Figure 8. Average evolution of the outside temperature and indoor ta in each space of the auditorium
when using strategy A: (a) Case 1; (b) Case 2.

Atmosphere 2024, 15, 1282 20 of 33 
 

 

(a) (b) 

Figure 9. Average evolution of the outside temperature and indoor ta in each space of the auditorium 
when using strategy B: (a) Case 1; (b) Case 2. 

Before sunrise, when the lowest values of the outdoor air temperature are verified, 
an air change rate of 10 per hour is used to reduce the value of the air temperature in the 
indoor environment. When the higher values of outdoor air temperature are verified, seen 
in the early afternoon, the airflow rate (based on the occupancy) is used to avoid increas-
ing the value of indoor air temperature. 

Solar radiation transmitted through the glass, the generation of heat caused by the 
occupation of spaces, and the transmission of energy caused by the airflow rate in interior 
spaces are the most important factors in the variation in air temperature in interior spaces. 

(a) (b) 

Figure 10. Average evolution of the outside temperature and indoor ta in each space of the audito-
rium and in the underground storage space when using strategy C: (a) Case 1; (b) Case 2. 

The horizontal shading system used ensures compartment shading in the late morn-
ing and early afternoon. However, in the early morning and late afternoon, when the sun 
height is lower, the shading system, when placed horizontally, allows some solar radia-
tion to enter through the glazed surfaces. Therefore, the indoor ta value in semi-circular 
auditoriums 2 and 5 increases in the early morning, and the indoor ta value in semi-circu-
lar auditoriums 3 and 4 increases in the late afternoon. 

During the morning and afternoon, the existence of occupants in the semi-circular 
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in these spaces. This is due to the generation of heat produced by the human body. 
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Figure 9. Average evolution of the outside temperature and indoor ta in each space of the auditorium
when using strategy B: (a) Case 1; (b) Case 2.

Before sunrise, when the lowest values of the outdoor air temperature are verified,
an air change rate of 10 per hour is used to reduce the value of the air temperature in the
indoor environment. When the higher values of outdoor air temperature are verified, seen
in the early afternoon, the airflow rate (based on the occupancy) is used to avoid increasing
the value of indoor air temperature.

Solar radiation transmitted through the glass, the generation of heat caused by the
occupation of spaces, and the transmission of energy caused by the airflow rate in interior
spaces are the most important factors in the variation in air temperature in interior spaces.
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Figure 10. Average evolution of the outside temperature and indoor ta in each space of the auditorium
and in the underground storage space when using strategy C: (a) Case 1; (b) Case 2.

The horizontal shading system used ensures compartment shading in the late morning
and early afternoon. However, in the early morning and late afternoon, when the sun height
is lower, the shading system, when placed horizontally, allows some solar radiation to enter
through the glazed surfaces. Therefore, the indoor ta value in semi-circular auditoriums 2
and 5 increases in the early morning, and the indoor ta value in semi-circular auditoriums
3 and 4 increases in the late afternoon.

During the morning and afternoon, the existence of occupants in the semi-circular
auditoriums and the central space (only in Case 1) contributes to the increase in indoor ta
in these spaces. This is due to the generation of heat produced by the human body.

The transfer of energy, from the outdoor to the indoor environments and consequently
from the indoor environment to the outdoor environment, through forced ventilation,
allows the indoor ta value to be reduced in the compartments in the following situations:

• During the night, air change is used to reduce the CO2 concentration and, mainly,
to reduce the indoor ta value in all compartments to levels very close to the air
temperature value in the outside environment.

• During the morning, the air change is used so that the indoor ta value in the interior
spaces, mainly in semi-circular auditoriums 2 and 5, is limited to the value of the
air temperature in the outdoor environment. Therefore, the increase in the indoor ta
value is smaller than the increase in the air temperature in the outdoor environment
and, at around 12 h, the indoor ta values in all compartments are lower than the air
temperature value in the outdoor environment.

• During lunchtime, on the one hand, the air change used allows for a reduction in the
concentration of CO2 in the spaces to be occupied during the afternoon, and on the
other hand, it does not allow for a significant increase in the indoor ta value.

• In the afternoon, taking into account the high outdoor air temperature, the value of the
air change is reduced so that the indoor ta value does not increase excessively, taking
into account the need to maintain the indoor ta within the acceptable limit.

Taking into account the increase in air temperature in interior spaces in the afternoon,
mainly in semi-circular auditoriums 2 and 5, the use of underground space was imple-
mented to store cooled air during the night to be used in part of the afternoon (see strategies
B and C). As presented in Figures 9 and 10, the underground space (UASS) stores cool
from the moment the indoor ta value in this space becomes lower than the outside air
temperature until the beginning of the afternoon. The cool air stored in the interior air
of this space, whose temperature value is around 22 ◦C, when transferred to the interior
spaces of the auditorium allows for a slight reduction in the indoor ta value in these spaces
in the afternoon.
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In order to reduce the solar thermal load to which the compartments are subjected,
in the early morning and late afternoon, in strategy C, a horizontal shading system is
used, with the possibility of being adjustable. In this situation, as none of the semi-circular
auditoriums are subject to solar thermal load and the occupancy is the same, the indoor ta
value is the same in the four semi-circular auditoriums. As presented in Figure 8, the use of
this shading system slightly reduces the indoor ta value in the central circular space (Case 1).
Additionally, it significantly reduces the indoor ta value in the semi-circular auditoriums in
the morning and, mainly, in the afternoon.

During the day, in general, the indoor ta in semi-circular auditoriums, in both Cases 1 and 2,
shows similar values. However, in strategy A, the indoor ta value in the central circular
space is greater in Case 2 than in Case 1. On the other hand, in strategies B and C, the
indoor ta value in the central circular space is greater in Case 1 than in Case 2. The indoor
ta behaviour observed in both situations is due to the airflow in the central circular space
being greater in Case 2 than in Case 1: in the first situation, the airflow coming from the
outside environment increases the indoor ta, while in the second situation, the airflow
coming from the underground storage space decreases the indoor ta.

During the night, in general, the indoor ta values in the semi-circular auditoriums and
in the central circular space, in both Cases 1 and 2, present similar values.

4.4. Indoor Relative Humidity

This section presents the evolution of RH in the auditorium spaces and the outdoor
environment. Figures 11–13 refer, respectively, to strategies A, B and C used in Case 1
(point a) and Case 2 (point b).
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Figure 11. Average evolution of the outside relative humidity and indoor RH in each space of the
auditorium when using strategy A: (a) Case 1; (b) Case 2.

As expected, the evolution of indoor RH has an inverse evolution to that of indoor
ta; that is, the highest indoor RH values coincide with the lowest indoor ta values and the
lowest indoor RH values coincide with the highest IAT values.

When strategy A is used for Case 1, during the occupancy period, the highest indoor
RH values are reached in spaces SA_3 and SA_4, with a value of approximately 70%, in the
early morning (around 8 h); the lowest indoor RH values are reached in spaces SA_3 and
SA_4, with a value of approximately 28%, in the late afternoon (around 18 h). Compared to
Case 1, in Case 2, the indoor RH evolution values are slightly higher in all semi-circular
auditoriums. In Case 2, during the occupancy period, the highest indoor RH values are
reached in spaces SA_3 and SA_4, with a value of approximately 76%, in the early morning
(around 8 h); the lowest indoor RH values are reached in the same spaces, SA_3 and SA_4,
with a value of approximately 29%, in the late afternoon (around 18 h).
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Figure 12. Average evolution of the outside relative humidity and indoor RH in each space of the
auditorium when using strategy B: (a) Case 1; (b) Case 2.
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Figure 13. Average evolution of the outside relative humidity and indoor RH in each space of the
auditorium when using strategy C: (a) Case 1; (b) Case 2.

When strategy B is used, the behaviour of the indoor RH evolution observed for both
Cases 1 and 2 is very similar to that obtained when strategy A is used.

When strategy C is used, the evolution of the indoor RH observed for both Cases 1 and 2
presents higher values than those obtained when using strategies A and B. It is also verified,
in both Cases 1 and 2, that the evolution of the indoor RH is the same in all semi-circular
auditoriums, as was also verified for the evolution of the indoor ta when using strategy C.
In Case 1, during the occupancy period, the highest indoor RH values are approximately
72%, reached in the early morning (around 8 h), and the lowest indoor RH values are
approximately 36%, reached in the late afternoon (around 18 h). Compared to Case 1, in
Case 2, the indoor RH evolution values are slightly higher in all semi-circular auditoriums.
In Case 2, during the occupancy period, the highest indoor RH values are approximately
77%, reached in the early morning (around 8 h), and the lowest indoor RH values are 38%,
reached in the late afternoon (around 18 h).

4.5. Mean Radiant Temperature

The thermal comfort level depends not only on the indoor ta values but also on the
mean radiant temperature (tr) values. Thus, this section presents the evolution of tr in
Figures 14–16, referring, respectively, to strategies A, B and C used in Case 1 (point a) and
Case 2 (point b). The mean radiant temperature, tr, is approximatively calculated from
the mean temperature of the surrounding surfaces [71,72], where these temperatures are
weighted according to the area of these surfaces assuming a unitary value of emissivity.
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The value obtained represents an average estimate of the tr in the space considered, repre-
sentative of the centre of the space. In order to more accurately assess the value of the tr
to which each occupant is subject, it will be necessary to take into account the geometry
of the surrounding space, the emissivity of each surrounding surface, the real position of
each occupant in the space, the geometry of each occupant, and the temperature field of
the surrounding space.

Atmosphere 2024, 15, 1282 24 of 33 
 

 

(a) (b) 

Figure 14. Average evolution of the tr in each space of the auditorium when using strategy A: (a) 
Case 1; (b) Case 2. 

The surrounding surfaces of the central circular space (SC_6, Case 1) are not subject 
to the transmission of solar radiation into the interior. In addition to the heat generated 
by the occupants, this space is subject to heat exchange with the surrounding surfaces, 
namely the roof and the surfaces of the semi-circular auditoriums. During the day, the 
indoor ta value is slightly higher than the tr value, while the opposite is true at night. Dur-
ing the day, this is due to the generation of internal heat caused by the occupants, while 
at night, this is due to the cooling of the interior air promoted by the flow of recirculating 
air from the outside environment. 

(a) (b) 

Figure 15. Average evolution of the tr in each space of the auditorium when using strategy B: (a) 
Case 1; (b) Case 2. 

20

22

24

26

28

30

32

34

36

38

0 2 4 6 8 10 12 14 16 18 20 22 24

t r
(°

C
)

t (hours)

SA_2 SA_3 SA_4 SA_5 SC_6

20

22

24

26

28

30

32

34

36

38

0 2 4 6 8 10 12 14 16 18 20 22 24

t r
(°

C
)

t (hours)

SA_2 SA_3 SA_4 SA_5 SC_6

20

22

24

26

28

30

32

34

36

38

0 2 4 6 8 10 12 14 16 18 20 22 24

t r
(°

C
)

t (hours)

SA_2 SA_3 SA_4 SA_5 SC_6

20

22

24

26

28

30

32

34

36

38

0 2 4 6 8 10 12 14 16 18 20 22 24

t r
(°

C
)

t (hours)

SA_2 SA_3 SA_4 SA_5 SC_6

Figure 14. Average evolution of the tr in each space of the auditorium when using strategy A:
(a) Case 1; (b) Case 2.
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Figure 15. Average evolution of the tr in each space of the auditorium when using strategy B:
(a) Case 1; (b) Case 2.

In semi-circular auditoriums, the following is generally observed:

• The indoor ta value is greater than the tr value mainly when the space is occupied and
when the compartments are subject to incident solar radiation on their transparent
surfaces, in the early morning and late afternoon. In this case, the indoor ta value
contributes more than the tr value to the increase in the value of the PMV index. This
is due to the heating of the air in interior spaces caused either by the heat generated
by the occupants or by solar radiation transmitted through transparent surfaces.

• During the night and lunchtime, the indoor ta and tr values are similar. This is due to
the uniformity of indoor ta values and the temperatures of the surrounding surfaces.

The surrounding surfaces of the central circular space (SC_6, Case 1) are not subject to
the transmission of solar radiation into the interior. In addition to the heat generated by the
occupants, this space is subject to heat exchange with the surrounding surfaces, namely
the roof and the surfaces of the semi-circular auditoriums. During the day, the indoor ta
value is slightly higher than the tr value, while the opposite is true at night. During the day,
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this is due to the generation of internal heat caused by the occupants, while at night, this
is due to the cooling of the interior air promoted by the flow of recirculating air from the
outside environment.
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Figure 16. Average evolution of the tr in each space of the auditorium when using strategy C:
(a) Case 1; (b) Case 2.

During the day, for strategies A, B and C, the tr value is approximately the same in
the semi-circular auditoriums and is higher in Case 2 than in Case 1 in the central circular
space. This is due to the airflow rate in the central circular space in Case 2 being greater
than in Case 1. In strategies B and C, when the airflow in the central circular space comes
from the underground storage space, in Case 2, the tr value decreases slightly. However,
it is not enough to be lower than the tr value obtained in Case 1, due to the high increase
that occurs in the morning, when the central circular space is ventilated with air from the
outside environment.

4.6. Predicted Mean Vote Index

This section presents the evolution of the PMV index in the auditorium spaces.
Figures 17–19 refer, respectively, to strategies A, B and C used in Case 1 (point a) and
Case 2 (point b). The PMV was obtained from the methodology presented in ISO 7730 [18].
It depends on the environmental variables ta, RH, ta and va (whose evolution over time
is calculated numerically by the software in each space of the auditorium) and on the
parameters relating to the metabolic activity (in this study, 1.2 met [18], a typical value for
seated people) and the level of clothing insulation (in this study, 0.5 clo, a value considered
typical for a summer day in the region). The acceptable TC level, according to international
standards [18], is associated with PMV index values between −0.7 and 0.7 (category C, [18]);
negative values refer to the thermal comfort in cooler situations and positive values refer to
the thermal comfort in warmer situations.

According to Figure 17 (strategy A), in the early morning, the highest PMV index is
found in the semi-circular auditoriums located to the east (SA_2 and SA_5). Furthermore,
the semi-circular auditorium located to the northeast (SA_2) presents slightly higher values
than the semi-circular auditorium located to the southeast (SA_5). This is due to the
incident solar radiation in these spaces at sunrise. During the morning, with ventilation
and occupancy in these two compartments, similar PMV values are obtained, remaining as
the compartments with the highest PMV indexes among all compartments. Throughout
the morning, the lowest PMV index value is registered in the central circular space (SC_6),
mainly in Case 1.

In the early afternoon (beginning of occupancy), the highest PMV index value is found
in the semi-circular auditoriums facing east (SA_2 and SA_5); in the late afternoon, the
highest PMV index value is found in the semi-circular auditoriums facing west (SA_3 and
SA_4). In the late afternoon, due to the influence of solar radiation, the PMV index value
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of semi-circular auditorium SA_4 is higher than the PMV index value of semi-circular
auditorium SA_3. Throughout the afternoon, the lowest PMV index value is obtained in
the central circular space (SC_6), mainly in Case 1.
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Figure 17. Average evolution of the PMV index in each space of the auditorium when using strategy
A: (a) Case 1; (b) Case 2. The shaded zone defines the thermal comfort zone considered for the
occupants (category C [18]).
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Figure 18. Average evolution of the PMV index in each space of the auditorium when using strategy
B: (a) Case 1; (b) Case 2. The shaded zone defines the thermal comfort zone considered for the
occupants (category C [18]).

In all compartments, the value of the PMV index increases from the beginning to
the end of occupancy. During the morning, the TC level is acceptable due to essentially
positive values of the PMV index in compartments SA_2 and SA_5, negative values until
around mid-morning, and positive values in the remaining compartments. In the after-
noon, the PMV index values increase, moving away from the acceptable level, despite the
thermal comfort level in compartment SC_6 being close to the value considered acceptable.
Throughout the afternoon, the TC level in the compartments is considered unacceptable
due to the positive values of the PMV index.

When strategy B is implemented (Figure 18), the TC level obtained in the morning is
similar to that obtained during the same period when strategy A is implemented. However,
in the afternoon, the use of cooled air in the space of underground storage allows, in
general, for a slight improvement in the TC level compared to that observed during the
same period when strategy A is implemented.
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Figure 19. Average evolution of the PMV index in each space of the auditorium when using strategy
C: (a) Case 1; (b) Case 2. The shaded zone defines the thermal comfort zone considered for the
occupants (category C [18]).

When strategy C is implemented (Figure 19), the TC level obtained improves more
clearly in the semi-circular auditoriums, remaining practically unchanged in the central
circular space (SC_6).

Therefore, the TC level obtained when using strategy B presents improvements in
relation to the one obtained when using strategy A. On the other hand, the TC level
obtained when using strategy C presents improvements regarding the one obtained when
using strategy B. In all strategies used, the TC level is acceptable in the morning. However,
in the afternoon, the TC level obtained in the central circular space (SC_6, Case 1), when
using strategy C, presents acceptable values until mid-afternoon and then values very close
to the acceptable level. During this period, semi-circular auditoriums present, in turn, TC
levels close to the acceptable level. The results obtained in Case 1, in general, are better
than those obtained in Case 2.

Semi-circular auditoriums present, in general, for strategies A, B and C, similar levels
of TC in both Cases 1 and 2. However, the central circular space presents four distinct
situations concerning thermal TC level:

• During the night, in general, for strategies A, B and C, TC levels are similar in both
Cases 1 and 2.

• In the morning, in general, for strategies A, B and C, the PMV index values are higher
in Case 1 than in Case 2. This is due to the central circular space being occupied in
Case 1 and unoccupied in Case 2. On the other hand, the central circular space is
subject to higher levels of air velocity in Case 2 (with higher levels of ventilation) than
in Case 1.

• During lunchtime, in general, for strategies A, B and C, the PMV index values are
higher in Case 2 than in Case 1.

• In the afternoon, in general, for strategy A, the PMV index values are higher in Case 2
than in Case 1, while for strategies B and C it is observed that the PMV index values
are higher in Case 1 than in Case 2.

5. Discussion

This study suggests that the implementation of passive cooling solutions in buildings
can contribute to improving the thermal comfort of occupants, in line with the findings
obtained in other similar studies [11,73,74]. The results showed that the use of underground
spaces can contribute to the storage of thermal energy for later use, as proven by Alka-
ragoly et al. [15]. However, during the afternoon, the implemented shading system is not
sufficient to maintain the thermal comfort of the occupants within acceptable limits, so the
implementation of additional passive solutions should be considered. These solutions may
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involve improving the insulation of the external envelope [75] or designing a roof with
more efficient heat dissipation [76].

The application of horizontal shading systems will be important mainly on south-
facing facades, as they are not very efficient on east and west facades in the early and
late hours of the day. To overcome this drawback, adjustable shading systems are used.
This type of system can be controlled mechanically or, more simply, operated by the user.
In this case, most of the east-facing shading systems are closed in the morning, while
most of the west-facing shading systems are closed in the afternoon. The application of
thermal energy storage (cooled air or heated air depending on the season) in underground
spaces, preferably located below the building, is a possibility that should be considered and
properly evaluated. In this case, it is important to efficiently control ventilation so that the
system stores most of the energy at night and manages the consumption of thermal energy
in the compartments during the day. In this way, it will be possible to take advantage of the
energy storage capacity of the underground space in order to obtain maximum efficiency
from the entire system.

In general, the advantages of this system are the use of renewable energy sources and
the consequent savings in energy and related economic costs. The main disadvantage of
this type of system is that it is less effective than a Heating, Ventilation and Air Conditioning
(HVAC) system because it depends on solar radiation. The shading system using blinds has
the advantage of being adjustable and not allowing heat to pass through direct radiation;
however, it allows heat to enter through convection and conduction phenomena. The
geothermal system takes advantage of the storage capacity of cold night air; however, it
has the disadvantages of high initial investment and heat losses that occur throughout the
day in storage.

The use of the strategies implemented in this study allows for savings in the con-
sumption of fossil fuel energy because it essentially uses solar energy. Therefore, it also
contributes to a reduction in greenhouse gas emissions and to better environmental sustain-
ability. Underground spaces for energy storage can also be used during the heating season,
thus contributing to the thermal comfort of occupants and energy savings throughout the
year. However, during the cooling season, it is not possible to guarantee thermal comfort
conditions for occupants throughout the day with the strategies implemented here alone.
One possible solution is to reduce the occupancy hours, coinciding with the periods of the
day when conditions that guarantee acceptable thermal comfort levels are obtained.

In summer conditions, it will be important to develop models to control shading
systems in order to ensure the minimum passage of direct solar radiation through the
windows, while maintaining the maximum passage of diffuse solar radiation in order
to provide good levels of visual comfort to the occupants. This methodology consists of
ensuring the maximum opening of the shading systems or, alternatively, placing horizontal
systems that rotate around a vertical axis.

In winter conditions, it will be important to use shading systems that allow the entry
of most of the solar radiation and to implement a ventilation system that allows the transfer
of airflow from warmer areas to colder areas, where more energy is needed. In this case,
it will be important to ensure air change rates that can guarantee good IAQ levels for
the occupants.

6. Conclusions

This numerical study presented the modelling of indoor air quality and thermal
comfort for occupants of a passive building subject to a climate with warm conditions. IAQ
was evaluated by CO2 concentration and thermal comfort was evaluated by PMV index.

In this study, two possible uses of the circular building were considered: Case 1
involved four occupied semi-circular auditoriums with a central space; Case 2 considered
four occupied semi-circular auditoriums only. For both cases, three passive strategies were
implemented: A, without shading and geothermal devices; B, with geothermal devices and
without shading devices; and C, with both shading and geothermal devices.
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For Case 1, the CO2 concentration due to occupancy is lower in the central circular
space than in the semi-circular auditoriums. In these compartments, the airflow rate used is
sufficient to provide an acceptable level of IAQ throughout the occupancy cycle. The CO2
concentration in the semi-circular auditoriums is slightly higher in Case 2 than in Case 1,
although it remains within the acceptable level for IAQ. The airflow rate used during the
night is sufficient to reduce all CO2 concentrations inside the compartments. However,
the airflow rate used at lunchtime is not sufficient to reduce all CO2 concentrations inside
the compartments.

According to the values obtained for the PMV index, the TC level of the occupants
when using strategy B improves compared to that when using strategy A. On the other
hand, the use of strategy C allows improvements in the TC level of occupants compared to
that using strategy B.

During the entire morning occupancy period, whether strategy A, B or C is used, the
TC level is acceptable, with PMV index values between −0.7 and +0.7. During the entire
afternoon occupancy period, when strategy C is used, the TC level is only acceptable, for
positive values of the PMV index up to +0.7, for approximately half of this period in the
central circular space. In semi-circular auditoriums, whatever strategy (A, B or C) is used,
TC levels are close to the acceptable limit (i.e., positive values of the PMV index). Therefore,
these compartments have slightly warm indoor environmental conditions.

The semi-circular auditoriums present, in general, for strategies A, B and C, similar
levels of TC in both Cases 1 and 2. During the night in the central circular space, in general,
the TC levels are similar for both Cases 1 and 2. In this central circular space, during the
morning and lunchtime interval, in general, the PMV index values are higher in Case 1
than in Case 2, regardless of whether strategy A, B or C is used. During the afternoon, in
general, the PMV index values are higher in Case 2 than in Case 1 for strategy A and are
higher in Case 1 than in Case 2 for strategies B and C.

The main limitations of this study are the insufficient capacity of the underground
energy storage system to provide cool air to the spaces during their occupancy period,
in addition to the heat losses that occur during the day in storage. Another limitation is
the influence that solar radiation has on the thermal behaviour of the building, especially
during the afternoon when the shading device system is less efficient in minimizing the
entry of solar radiation through the windows. Regarding future work, it is proposed to
implement an automatic control system that acts on the shading devices in order to make
them more efficient in preventing the entry of direct solar radiation into the interior spaces
throughout the day. Another future endeavour is to evaluate how the system studied in
this work can be efficiently implemented during the heating season.
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Nomenclature

Abbreviations
BTR Building Thermal Response
CAD Computer-Aided Design
GBD Geometric Building Design
IAQ indoor air quality
OUT outdoor;
PMV Predicted Mean Vote
PPD Predicted Percentage of Dissatisfied people
SA semi-circular auditorium
SC central space
TC thermal comfort
UASS Underground Air Storage Space.
Symbols
CO2 carbon dioxide concentration (ppm)
RH relative humidity (%)
t time (h)
ta air temperature (◦C)
tr mean radiant temperature (◦C)
va relative air velocity (m/s)
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