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Abstract

The production of thermal energy in buildings using internal greenhouses makes it possible
to obtain substantial gains in energy consumption and, at the same time, contribute to
improving occupants’ thermal comfort (TC) levels. This article proposes a study on the
producing and transporting of renewable thermal energy in a circular auditorium equipped
with an enveloping semi-circular greenhouse. The numerical study is based on software
that simulates the building geometry and the building thermal response (BTR) numerical
model and assesses the TC level and indoor air quality (IAQ) provided to occupants in
spaces ventilated by the proposed system. The building considered in this study is a circular
auditorium constructed from three semi-circular auditoriums supplied with internal semi-
circular greenhouses. Each of the semi-circular auditoriums faces south, northeast, and
northwest, respectively. The semi-circular auditoriums are occupied by 80 people each: the
one facing south throughout the day, while the one facing northeast is only occupied in
the morning, and the one facing northwest is only occupied in the afternoon. The south-
facing semi-circular greenhouse is used by itself to heat all three semi-circular auditoriums.
The other two semi-circular greenhouses are only used to heat the interior space of the
greenhouse. It was considered that the building is located in a Mediterranean-type climate
and subject to the typical characteristics of clear winter days. The results allow us to verify
that the proposed heating system, in which the heat provided to the occupied spaces is
generated only in the semi-circular greenhouse facing south, can guarantee acceptable TC
conditions for the occupants throughout the occupancy cycle.

Keywords: building geometry; building thermal response; circular auditorium; semi-
circular auditorium; thermal comfort; indoor air quality; semi-circular greenhouses

1. Introduction
1.1. Context

Currently, climate change, mainly due to the increase in greenhouse gas emissions of
anthropogenic origin, has caused a significant increase in the external ambient temperature
and the concentration of carbon dioxide (CO;) in the atmosphere. Consequently, this
has been one of the most significant factors that have contributed to the conditions for
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establishing adequate levels of thermal comfort (TC) and indoor air quality (IAQ) in the
occupied interior spaces of buildings, increasingly demanding [1,2]. Consequently, more
and more buildings are resorting to the systematic use of mechanical heating, ventilation,
and air-conditioning (HVAC) systems, which also requires a systematic and increasing use
of energy to power these systems [3,4]. This impact on energy consumption is reflected
in energy demand in the buildings sector, accounting for more than 35% of global energy
use and more than 38% of reported CO, emissions [5]. In order to reduce this impact, with
regard to HVAC systems, efforts have been made to make these systems more efficient,
using, for example, new methods [6] or more effective control strategies [7]. In Europe,
the construction sector has been moving towards making buildings nearly zero energy
use [8,9]. There are several options to achieve this objective: use of diverse sources of
renewable energy; increase the energy efficiency of the building; and reduce the use of
fossil energy [10]. Santos-Herrero et al. [11] present a review article focused on strategies
used, such as the contribution of the building envelope or passive solutions implemented,
in the types of HVAC systems (with emphasis on the use of renewable energy sources or
heat pumps and the type of emitter) and the way the building’s energy management is
carried out (using a wireless sensor network, or the application of predictive control models
or simulation programs), among other issues. Another aspect to highlight is the influence
that occupancy has on the energy performance of the building, so its modeling must always
be considered and carefully defined [12]. Also, passive building concepts, close to zero
energy use, can contribute to a significant reduction in greenhouse gas emissions during
their life cycle, according to the study conducted by Maierhofer et al. [13]. Hybrid solutions,
involving the building envelope and the integration of photovoltaic systems, such as
those proposed in Masi et al. [14], contribute to achieving positive balances between the
energy savings obtained and the environmental performance verified. In Portugal, Resende
and Corvacho [15] showed that using only passive solutions, some thermal discomfort
is observed; however, it is possible to achieve adequate levels of thermal comfort if, in
addition, equipment that consumes energy from renewable sources is used, thus effectively
reducing the energy consumption of HVAC systems powered by the electricity grid. Some
studies show that the use of passive green glass space (GGS) technology has the potential
to achieve a positive balance between thermal comfort and energy savings [16,17]. GGS
is a transitional space made up of a glass facade separating the exterior and interior
environments. In winter conditions, this space can provide heat for heating interior spaces.
The study developed by Xi et al. [16] shows that it is possible to achieve savings in energy
consumption of around 50% and, at the same time, maintain acceptable thermal comfort
levels as shown by the results given by the indices used—air distribution performance
index above 85% and percentage of dissatisfied below 1%. However, in summer conditions
this system loses effectiveness and can lead to overheating, which is why Zhang et al. [17]
propose to complement the GGS system with the use of cooled air from an underground
tunnel connected to this system. In this way, it is possible to control the cooling loads by
varying the airflow rate.

1.2. Buildings Geometry and Energy

The building evaluated in this study resembles a real building on existing in a uni-
versity campus located in the southern region of Portugal. The building has the geometry
of a circular auditorium surrounded around the entire exterior perimeter by a corridor.
This corridor is surrounded by a glazed surface that is exposed to solar radiation in a
large part of its surroundings. The circular auditorium is made up of three independent
semi-circular auditoriums. Each semi-circular auditorium is surrounded by the correspond-
ing semi-circular portion of the corridor. This surrounding space, which is made up of
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a corridor, allows the creation of a greenhouse area that will be used to heat the air that
will be supplied to the auditoriums. In a passive way, especially in winter conditions,
solar radiation can be a very important source of renewable energy when there are glazed
surfaces that can receive it and allow it to be used in a very efficient way, depending on
glazing materials [18], the presence of shading devices [18,19], the position and orientation
of windows [20]. The amount of heating power due to solar radiation depends on external
factors such as the level of solar insolation and the presence of clouds of dust pollution
in the atmosphere [21]. However, other factors can influence the thermal behavior of the
building, such as external environmental factors (air temperature and wind speed) and the
behavioral attitudes of the occupants [21,22].

The type of space (auditorium) considered here is usually intended for theoretical
classes, seminars, and conferences, being occupied by a large number of people, so this
building must provide good thermal comfort, draught risk, indoor air quality, and acoustic
conditions [23-26].

The geometric layout of this type of circular auditorium surrounded by a closed
circular space whose outer surface is glazed and subject to the influence of incident solar
radiation, which operates as an internal greenhouse that is used to convert solar radiation
into thermal energy that will be used to heat occupied interior spaces in the winter season.
The way in which this auditorium and its surrounding internal greenhouse were divided
into three sets of semi-circular auditoriums plus semi-circular internal greenhouses allows
thermal energy to be stored in a given space (the one subject to the highest levels of
incident solar radiation) and that to be subsequently transported to other spaces. This
thermal energy is transported by ducts when these spaces are not in contact or by open
holes between the spaces when they adjoin each other. The geometry of this building was
developed using a computational aided design (CAD) methodology. CAD methodologies
are often applied in the most diverse building-related studies [27,28].

1.3. Internal Environmental Variables

The most relevant internal environmental variables used in the numerical study
developed in this article are CO, concentration, indoor air temperature (t,), indoor air
relative humidity (RH), mean radiant temperature (t;), and indoor air velocity (va).

CO; concentration due to human activity is one of the most used contaminants in
the assessment of IAQ in buildings [29-32], with values recorded in the occupants’ breath-
ing zone being particularly important [33]. IAQ depends on the air ventilation rates
implemented in the space occupied [34-36], so well-designed ventilation systems must
be in place. In most school buildings, IAQ can be effectively improved using natural
ventilation [37,38]. In order to maintain adequate IAQ levels, ASHRAE Standard 62.1 [39]
specifies the minimum air change rate depending on the type of building, the volume of
the space to be ventilated, and the airflow rate required per person (i.e., in function of
occupation). This standard also proposes an acceptable IAQ limit for a CO; concentration
of up to 700 ppm above outdoor air level [39]. The European standards, ISO 17772 [40,41]
and EN 16798 [42,43], indicate specific limits for CO, concentration according to the dif-
ferent Indoor Environmental Quality categories, which can vary between 550 ppm and
800 ppm above the external CO; concentration level. In line with European standards,
the Portuguese standard on ventilation requirements and indoor air quality, Portaria n°
353-A /2013 [44], indicates 1250 ppm as an acceptable limit for [AQ.

TC is influenced by indoor environmental parameters such as t,, RH, t;, and v,. To ob-
tain acceptable TC conditions, standards such as ASHRAE 55 [45] and ISO 7730 [46] suggest
requirements for the predicted mean vote (PMV) and predicted percentage of dissatisfied
(PPD) thermal comfort indexes, indoor operative temperature, and indoor air relative
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humidity. PMV and PPD indexes were established by Fanger [47]. Zomorodian et al. [48]
refer to several models for evaluating thermal comfort in educational buildings, where it
was shown that rational and adaptive models are mostly used to evaluate TC in classrooms
accurately. However, the PMV index is continues to be applied in the assessment of thermal
comfort [49-51]. It is commonly considered that the PMV index does not adequately pre-
dict thermal comfort in naturally ventilated buildings [52,53]. However, Alfano et al. [54]
concluded that it is also possible to effectively use the PMV index in the assessment of TC
in naturally ventilated compartments if an expectancy factor is applied. It is important to
note that it is necessary to continue to develop more accurate thermal comfort models that
can overcome the limitations of both adaptive and static models. In this sense, thermo-
physiological models [55,56], which provide precise thermal comfort predictions across a
wide range of microclimatic conditions and which have been validated based on a wide set
of experimentally obtained data, are a good example of a line of research to follow.

1.4. Numerical Models

In the numerical analysis of the thermal behavior of buildings, it is essential to use
software that effectively evaluates the performance of environmental variables inside
buildings based on the establishment of external environmental conditions, including
solar radiation, that reliably characterize the type of climate in which the building is
located. In this work, proprietary software called building thermal response (BTR) is
used, capable of simulating the thermal behavior of buildings with complex topologies,
whose application with proven results can be observed, for example, among other recent
works, in Conceicao et al. [57]. The BTR software calculates the temperature and mass
concentration distributions in the building, information that will allow the establishment of
the TC and IAQ conditions observed in the various spaces that make up the building. This
software was validated in steady-state and transient conditions, both in the cooling and
heating seasons, in school buildings and experimental chambers [58]. The use of numerical
programs in the analysis of the thermal behavior of buildings has been fundamental in
research, as demonstrated, for example, by the studies carried out by Picallo-Perez et al. [59],
Fawwaz Alrebei et al. [60] and Diz-Mellado et al. [61].

1.5. Contributions and Objectives

On the way to making buildings with energy balances close to zero and, therefore,
more sustainable because they also contribute to reducing greenhouse gas emissions, the
use of renewable energy is fundamental. The southern region of Portugal has high levels of
solar radiation, with normal direct irradiation values between 5.02 and 5.90 kWh/m? [62],
which justifies its use as a resource to be used, for example, passively for heating buildings
in the winter season. In this region, there is a university building with a circular structure
consisting of a set of auditoriums with a semi-circular geometry, surrounded by an accessi-
ble closed space whose surroundings have glazed surfaces around its entire perimeter. This
building, thus, presents constructive characteristics that allow a greenhouse to be created
between the auditoriums and the external glazed envelope in order to take advantage of
solar radiation, incident on most of its surroundings, to heat the air to be introduced into
the occupied spaces by the ventilation system during the winter season. In order to assess
its potential for use and consequent energy savings by avoiding the use of HVAC system:s,
a prior numerical study must be carried out.

The BTR software used in this study to simulate the thermal response of buildings
has been developed by the authors over the last three decades and offers a significant
set of added value. This software incorporates a set of innovative models and allows
communication with a set of upstream software (which operate as inputs) and a set of
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downstream software (which operate as outputs). Therefore, the BIR software, which
works like a virtual laboratory, allows us to develop innovative work in the most diverse
areas (passive uses for cooling and heating indoor environments, new HVAC systems,
dual-skin facades, among many others).

The BTR software consists of a set of models that, in a transient regime, allow the
calculation of, among others, the following:

e A system of integral equations for energy and mass balance, based on the geometry of
the building, which is automatically generated by the software itself;

e A set of temperatures in opaque, transparent and interior bodies as well as in
interior spaces;

e A set of concentrations of water vapor as well as a set of concentrations of different
contaminants emitted inside the space and entering it;

e Direct and diffuse solar radiation on different surfaces;

e Internal and external shading based on the distribution of the building’s own surfaces
and those of others located nearby;

e  The different convective phenomena by natural, forced and mixed convection occur-
ring on vertical, horizontal and inclined surfaces;

e  The different conductive phenomena depending on the different compositions of the
building bodies;

e  The radiative properties of glass;

e Internal radiation exchanges;

e  The levels of indoor thermal comfort and indoor air quality.

It is worth noting that the BTR software also considers the simulation of internal
duct systems.

In terms of inputs, the BTR software communicates with other software that generates
input data, such as external environmental variables, solar radiation, building geometry,
internal ventilation, occupancy, and others. In this work, the software that generates the
building surfaces presents significant added value, both in terms of increasing the speed
of design by automatically generating the building’s geometry, even complex geometries
such as that of the building under study here, and in the ability to implement changes to its
geometry in a short period of time. Regarding its outputs, the BTR software communicates,
for example, with the software used in the application of thermal response and human
thermophysiology to perform detailed calculations of thermal comfort levels, with the
Computer Fluid Dynamics software, to perform detailed calculations of air quality inside
spaces, and with the software that allows acoustic studies to be carried out in indoor spaces,
among others.

The major contribution of this article is the development of the software used here
to optimize the design of a passive building so that it achieves its best possible thermal
performance. Thus, this study is carried out using two coupled software programs, one that
simulates the geometry of the building and the other that simulates the thermal response
of the building. During the development process, the coupling between these two software
programs allows the geometry of the building to be adjusted more functionally and quickly
to the corresponding thermal response of the building, taking into account the desired
level of thermal comfort. Another contribution to be highlighted is the implementation of
circular internal greenhouses in this building. This circular indoor greenhouse, subject to
incident solar radiation from sunrise to sunset, will be used to heat the building’s internal
spaces. Efficient management of the use of thermal energy produced throughout the day
in these circular greenhouses and efficient distribution of the hot air stored there through
a well-designed ventilation system will provide better thermal comfort conditions for
the occupants.
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Following the work carried out in Conceigao et al. [63], where a numerical model was
developed that allows the design of this type of circular building, the objectives of the work
presented in this article are as follows:

e Develop a thermal system, in a circular auditorium, in winter conditions, that can
guarantee good TC and IAQ conditions for its occupants, throughout most of the
day, using renewable energy, namely the passive use of radiation solar incident on
a circular glazed enclosure of a space constituted as a greenhouse that surrounds
this auditorium,;

e  Numerically evaluate the transient thermal response of the building mentioned above;

e As a result of the implemented system, characterize the TC and IAQ conditions
provided to the occupants of this building by this passive solar heating system.

2. Models and Methods
2.1. Building Thermal Response

The numerical model applied in this work corresponds to that implemented in the
BTR software, which the authors developed and upgraded over the years. The numerical
model calculates the building’s temperature and mass distribution and evaluates the TC
and IAQ levels. It uses inputs from other software that generates the three-dimensional
geometry of the auditoriums of the circular structure building and other inputs, namely,
the external environmental conditions, geographical conditions, airflow rate distribution,
and occupation distribution, among other variables.

The numerical model, used to evaluate the circular auditorium’s thermal response, is
created considering a set of convective, conductive, radiative, and evaporative phenomena
in buildings. Therefore, it is constituted by [64,65]:

o Integral energy balance equations that allow the evaluation of the temperature field of
a set of bodies (interior, opaque, and transparent) as well as indoor spaces;

e Integral mass balance equations that evaluate the mass field of a group of gases, such
as water vapor and COx.

The integral energy balance equations consider the accumulation of energy on the
left side of the equation and the heat fluxes and generation on the right side of the equa-
tion. These equations consider heat fluxes by radiation, conduction, convection, and
evaporation/condensation.

The heat flux by radiation is due to solar radiation and radiative exchanges. Using the
BTR software, the direct and diffuse solar radiation incident on the building are calculated
throughout the day for a specific location on the globe. In solar radiation, absorption in
opaque bodies and absorption and transmission in transparent bodies are considered. In
opaque bodies located inside the compartments and in internal bodies, the absorption
of radiation that passed through the glass is considered. This transmission is calculated
through the radiative properties of the glass, which take into account both the thickness
and composition of the glass and the angle of incidence of solar radiation on the glass.
Radiative exchanges within each space are calculated taking into account the shape factors
between the different internal surfaces and the temperature of each of the surfaces.

The heat flux by radiation is considered in opaque bodies. This phenomenon takes
into account the thermal properties and dimensions of the different layers of the opaque
body. Thermal resistances in series and parallel are considered.

In opaque, transparent, and interior bodies, natural, forced, and mixed convection
phenomena are considered on their different surfaces. These calculations are performed on
horizontal, tilted, and vertical layers. In these calculations, dimensionless parameters are
used to calculate the heat transmission coefficient.
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Evaporation and condensation are considered on internal surfaces. In the evaluation
of these phenomena, the mass transmission coefficients (also calculated in a dimensionless
form) are considered, taking into account horizontal, tilted, and vertical surfaces.

Heat generation is carried out by the HVAC system and the occupants. In the case of
the occupants, due to their physical activity, heat generation is always positive, contributing
to an increase in the internal air temperature. In the case of the HVAC system, generation
can be positive, when in heating mode, or negative, when in cooling mode.

The integral mass balance equations consider mass accumulation on the left side of
the equation and mass fluxes and generation on the right side of the equations. In each
space, convective fluxes, generation, and adsorption/desorption in opaque and transparent
bodies are considered. Convection considers the flow that enters and leaves each space
from the external environment, directly from other compartments, or from ventilation
duct systems. The internal generation of water vapor and CO is carried out through the
bodies of the occupants and their respiratory systems. Adsorption/desorption is carried
out on the internal surfaces of the opaque and internal bodies. Adsorption occurs when
the internal concentration is higher in the internal space than in the bodies, and desorption
occurs when the internal concentration is lower in the internal space than in the bodies.

The integral energy and mass balance equations systems are solved by the Runge—
Kutta-Felberg numerical model with error control.

The geometry of the buildings is taken into account by the BTR software, namely:

e  Occupied and non-occupied indoor spaces, such as the semi-circular auditorium and
semi-circular greenhouse;

e  Opaque bodies, such as the inside and outside walls, ceiling, and floor, among others;

e  Transparent bodies, such as windows and other glazed surfaces;

e Inside bodies, such as the internal walls, pillars, furniture, among others.

The integral energy balance equations are generated for the following elements:

e Air inside spaces, whether occupied or not;
o Different layers of the opaque bodies;
e  Transparent and inner bodies.

The integral mass balance equations are generated to evaluate the following;:

e Adsorption and desorption of water vapor in opaque and inner bodies;
o  Water vapor and the CO, concentration (or other contaminants) inside spaces, whether
occupied or not.

The BTR software considers the following inputs:

e  Building data, namely, the building geometry, the building materials’ thermal proper-
ties, the occupation, and the ventilation;

e  Geographical parameters, such as the Mediterranean environment in the South of
Portugal at sea level;

e  External environmental variables, such as the external AT, external air RH, and external
wind speed, for a typical winter day (21 December).

The five days prior to the day to be evaluated are also simulated by the BTR software
to allow the transient simulation results to stabilize, and balance is achieved with external
environmental variables. This methodology is used to obtain the initial and boundary
conditions. All variables taken into account at the beginning of the simulation are in balance
with the environmental variables.

21 December was chosen because it is the day of the year in the region (Southern
Portugal) where the study is being conducted that has the lowest number of sunlight hours.
In studies involving the use of passive solar heating, this day is chosen because it is the one
that, in clear sky conditions, will have the lowest amount of available solar radiation. A
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good performance of the system under study on this day allows us to infer that, in similar
clear sky conditions, the system will also have a positive performance on the other days of
the winter season.

The model implemented here has some limitations in order to reduce calculation time
while maintaining good accuracy of the results obtained. It is worth mentioning that the
heat flow is unidirectional in walls, as well as in opaque and transparent bodies; the thermal
variables of the interior air and of the interior bodies, are uniform and the radiative heat
exchanges inside the space are not considered.

2.2. Building Geometry Generation

The circular auditorium geometry (CAG) software generates buildings with circular
geometry. In this work, the building geometry (shown in Figures 1 and 2 with and without
a roof, respectively) comprises three semi-circular auditoriums and respective surrounding
greenhouses and identifies the building’s materials. The CAG software is based on trigono-
metric geometric equations that consider cylindrical coordinates [63]. These equations
consider the following: ceiling; floor; semi-circular greenhouses; side; stage; steps; wall

surface; and window surface [63].

Figure 1. Building geometry, with a roof, considered in this study.

Figure 2. Building geometry, without a roof, considered in this study.
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First, the number of auditoriums and the initial and final angles of each one are defined.
The depth and initial and final radius of each auditorium must be taken into account. It is
also important to consider the number of occupants, paying attention to the space allocated
to the benches, staircase, and stage. The total height of the auditorium is also defined. In
the upper internal area of the auditorium, the height of a space is established that will be
reserved for ventilation systems and acoustic systems, among others.

The software starts by designing the stage, staircase, and benches, as well as the
vertical surfaces on the sides and fronts. The front surfaces of the upper area include the
entrance doors placed perpendicular to the walls. The internal greenhouse that surrounds
the outside of the auditorium is also taken into account. In this case, the depth and height
of this internal greenhouse must also be dimensioned. Finally, the roofs are designed
according to a radial shape.

When transferring information between software, the composition of each surface,
whether opaque, transparent, or internal, is also taken into account. This composition
includes the type of layers in series and parallel, three-dimensional dimensions of the sur-
faces used in the calculation of incident solar radiation and shading, angles of the different
surfaces used in the calculation of incident solar radiation, and spatial identification of
adjacent compartments.

The output data of the CAG software is used as input data in:

o  CAD software used to design the circular auditorium;
o BTR software used to simulate the circular auditorium thermal response.

The virtual circular auditorium consists of three equal semi-circular auditoriums
surrounded by semi-circular greenhouses, as shown in Figures 3-5. These semi-circular
auditoriums are numbered and oriented as follows:

e 2, northeast;
e 3, northwest;
e 4, south.
These surrounding semi-circular greenhouses are numbered and oriented as follows:

e 5 northeast;

e 6, northwest;
e 7,south.

Figure 3. South-east view of the three-dimensional passive circular auditorium equipped with three
semi-circular auditoriums, surrounded by three semi-circular greenhouses. X points to the east
direction and Y points to the north direction.
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Figure 4. South-east view of the three-dimensional passive semi-circular auditorium, surrounded by
a semi-circular greenhouse. X points to the east direction and Y points to the north direction.
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Figure 5. Top view of the three-dimensional passive circular auditorium with the numeration of the
three semi-circular auditoriums (2 to 4), surrounded by three semi-circular greenhouses (5 to 7).

The circular auditorium consists of:

e  Opaque surfaces: ceiling; doors; floor; interior walls made of simple brick; exterior
walls made of double brick; stage; and steps.

e  Thirty-six glazed surfaces heat the spaces inside the circular auditorium from the pas-
sive use of incoming solar radiation, available according to the sun’s path throughout
the day. Considering the counter-clockwise direction, the glazed surfaces per semi-
circular are numbered as follows (see also Figure 6): 1 to 12 in semi-circular greenhouse
2; 13 to 24 in semi-circular greenhouse 3; 25 to 36 in semi-circular greenhouse 4.
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Figure 6. Airflow topology.

2.3. Efficient Use of Solar Heat Gains

The efficient use of solar heat gains is performed in the surrounding greenhouses by
the accumulation of radiative heat in the air inside them and on their internal surfaces.
Since the greenhouses are circular and surround the entire auditorium, solar radiation hits
these greenhouses throughout the day from sunrise to sunset, which allows radiative heat
to accumulate in their interior space throughout this period. The transport of the thermal
energy accumulated in the air inside the surrounding circular greenhouses is performed by
mechanical ventilation through the ducts that make up the ventilation system that supplies
the circular auditorium.

2.4. Airflow Rate and Indoor Air Quality

The airflow rate used is shown in Table 1 and is in line with the Portuguese stan-
dard [44]. The ventilation system consists of fans installed at the entrance to the ducts that
distribute air throughout the occupied spaces. These fans can be mechanically driven or
electrically powered by photovoltaic panels with battery support. The ventilation system
implemented is of the perfect mixing type. The inlet air temperature is that provided by
the air temperature inside the surrounding circular greenhouses, and the inlet air speed
depends on the airflow rate. The ventilation system ducts are connected between the
surrounding circular greenhouses and the auditorium. Outside air is supplied through
openings in the circular greenhouses by mechanical ventilation.

Table 1. Airflow rate [44].

Occupation Ventilation

With occupation 35 m?/h by person

Without occupation 1h!
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In this work, CO, concentration is used as the contaminant that characterizes IAQ [44].
IAQ s influenced by the ventilation system’s airflow rate, volume, and number of occupants
in the ventilated space. The considered value of external CO, concentration is 400 ppm.

The airflow topology, shown in Figure 6, is the one used by the ventilation system:
the semi-circular greenhouse (number 7) in the semi-circular auditorium facing south is
used to heat the three semi-circular auditoriums (numbers 2, 3, and 4). The semi-circular
greenhouses facing northeast (number 5) and northwest (number 6) are used to heat the
semi-circular greenhouse itself.

2.5. Occupation Distribution

The semi-circular auditoriums (2, 3, and 4) are occupied according to the distribution
shown in Table 2. The occupation considered is 80 people. The occupancy depends on the
geometry of the space and corresponds, most of the time, to the maximum occupancy values
recorded in similar spaces in the region. Note that the semi-circular auditorium 4 (facing
south) is occupied during the morning and afternoon, while the semi-circular auditorium 2
(facing northeast) is only occupied during the morning and the semi-circular auditorium
3 (facing northwest) is only occupied in the afternoon. The occupancy cycle is defined
to take advantage of the distribution of incident solar radiation on the glazed surfaces of
the surrounding greenhouses. In semi-circular auditorium 2, incident solar radiation is
predominant during the morning; in semi-circular auditorium 3, incident solar radiation
is predominant during the afternoon; while in semi-circular auditorium 4, incident solar
radiation is predominant during a time period that varies between approximately 10 a.m.
and approximately 4 p.m. The main idea is to optimize the airflow topology implemented
in the ventilation system and, simultaneously, evaluate the performance of the ventilation
system when subjected to a high thermal load in the occupied spaces.

Table 2. Occupation cycle in the semi-circular auditoriums.

Semi-Circular Auditorium Number

Hours (h)
2 3 4
8 —12 80 0 80
14 — 18 0 80 80

The external environmental conditions typical of a Mediterranean-type climate
in Southern Portugal in the winter season were implemented in the simulation work
carried out.

Each usual occupant (mainly students or teachers) of this type of space (auditorium)
presents an average winter season clothing level in the region of 1.2 clo [45].

2.6. PMV and Thermal Comfort

The occupants’” TC level will be assessed by the PMV index [47], an index presents in
the commonly used ASHRAE 55 [46] and ISO 7730 [45] standards. When calculating the
PMV index, environmental and personal variables are taken into account:

e Environmental variables obtained inside the spaces: t,, va, RH and t;;
e  Personal variables such as metabolic rate and clothing insulation level.

In the present work, as all occupants are seated in an auditorium, a metabolic rate of
1.0 met was considered as provided for by the ISO 7730 [45].

The mean radiant temperature, t;, is determined approximately from the average
temperatures of the floor, surrounding walls, and ceiling [66,67]. These temperatures are
weighted considering the area corresponding to each of the surrounding surfaces, making
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the emissivity value equal to one. The value thus obtained is representative of the estimated
average of t; in the center of the considered space.

With regard to thermal comfort, the ASHRAE 55 [46] and ISO 7730 [45] standards
classify indoor spaces according to three categories (A, B, or C) depending on the value of
the calculated PMV index. In this work, category C (whose PMV values vary between —0.7
and +0.7) [45], the least restricted, was used to evaluate thermal comfort in the interior
space of the three semi-circular auditoriums.

Although the building does not use an HVAC system, the option to use the PMV index
to assess thermal comfort in this building is justified by the fact that it uses a ventilation
system to distribute the hot air generated in the greenhouses to the auditoriums during the
period of occupation.

To verify whether the results obtained with the PMV index in the assessment of
thermal comfort can be duly considered, the determination of the zone for adaptive comfort
based on the operative temperature (top) is also used. The evolution of top as a function of
time and top as a function of outside temperature will be calculated for each auditorium,
and its location in relation to the adaptive comfort zone will be analyzed.

From the conditions defined for naturally ventilated buildings, the applicable adaptive
comfort zone was obtained considering the equations of the upper and lower limits of
the top, both defined as a function of the mean outdoor temperature in the ISO 17772
standard [40]. These limits were considered for Category II of ISO 17772 [40]. The top in
each auditorium is determined according to the equations presented in Haiying et al. [68].
A compilation and respective critical analysis of the standards on thermal comfort and IAQ
can be consulted in Khovalyg et al. [69].

3. Results

In this section, results obtained by the BTR software will be presented. The external
environmental variables, the solar radiation to which the semi-circular greenhouse glass
surfaces are subjected, the IAQ level (using the CO, concentration), the indoor t,, the t,,
and the TC level (using the PMV and t,p), are presented.

3.1. External Environmental Variables

For a typical winter day in the southern region of Portugal, namely 21 December, the
external environmental variables generated are as follows:

e  External t,, whose variation is between 6.5 °C (at 7:00 a.m.) and 13.5 °C (at 3:00 p.m.);

e  External air RH, whose variation is between 37.2% (at 7:30 a.m.) and 64.0% (at
3:30 p.m.);

e  Wind speed, whose variation is between 6.5 and 18.1 m/s.

3.2. Solar Radiation

The solar radiation transmitted by the glazed surfaces that make up the semi-circular
greenhouses is shown in Figures 7-9. Solar radiation on the transparent surfaces of semi-
circular greenhouse number 5 is shown in Figure 7; solar radiation on the transparent
surfaces of semi-circular greenhouse number 6 is shown in Figure 8; and solar radiation on
the transparent surfaces of semi-circular greenhouse number 7 is shown in Figure 9.

The solar radiation transmitted on the transparent surfaces of semi-circular greenhouse
number 5, which faces northeast, is observed during the morning until around 2 p.m. On
the northernmost surfaces, the intensity of solar radiation is low, reaching its maximum
before 8 a.m. (below 6000 W). On the other hand, on surfaces further east, the intensity
of solar radiation is higher, reaching a value close to 13,000 W on surface number 1 (see
Figure 6) at around 9 a.m. This greenhouse has a low heat storage potential, meaning that
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the contribution of its glazed surfaces to heating the interior space of the greenhouse is
essentially between 8 a.m. and 10 a.m.

16,000
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Figure 7. Distribution of solar radiation on the transparent surfaces of the semi-circular greenhouse

transparent surfaces number 5.
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Figure 8. Distribution of solar radiation on the transparent surfaces of the semi-circular greenhouse

transparent surfaces number 6.
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Figure 9. Distribution of solar radiation on the transparent surfaces of the semi-circular greenhouse

transparent surfaces number 7.
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The solar radiation transmitted on the transparent surfaces of semi-circular greenhouse
number 6, which faces northwest, is observed mainly during the afternoon until around
4:30 p.m. On the northernmost surfaces, the intensity of solar radiation is low, reaching its
maximum around 4 p.m. (below 6000 W). On the other hand, on surfaces further west, the
intensity of solar radiation is higher, reaching a value close to 12,000 W on surface number
24 (see Figure 6) at around 3:30 p.m. Like greenhouse number 5, this greenhouse also has a
low heat storage potential, meaning that the contribution of its glazed surfaces to heating
the interior space of the greenhouse is essentially between 1 p.m. and 4 p.m.

The solar radiation transmitted on the transparent surfaces of semi-circular greenhouse
number 6, which faces south, is observed throughout the day. As can be seen in Figure 9,
the maximum value of solar radiation intensity is between 13,000 W and 14,000 W for all
glazed surfaces of the semi-circular greenhouse 7. Generally speaking, this maximum value
occurs on the easternmost surfaces in the morning and on the westernmost surfaces in the
afternoon. This greenhouse has a high heating potential for its interior space, practically
from sunrise to sunset, meaning the heat stored there can be used effectively to heat the
semi-circular auditorium spaces when occupied.

In general, the greatest amount of transmitted solar radiation is found in the semi-
circular greenhouse facing south. The semi-circular greenhouse facing northeast only
receives some solar radiation in the morning, while the semi-circular greenhouse facing
northwest only receives some solar radiation in the afternoon.

3.3. Indoor Air Quality

Figure 10 shows the daily evolution of CO; concentration calculated numerically
within the interior spaces of semi-circular auditoriums 2, 3, and 4. As can be seen, the CO,
concentration values are below the limit established by the Portuguese standard [44] as
acceptable, so it can be seen that IAQ inside auditoriums is acceptable.

1200

e Auditorium 2 eswAuditorium3 ——Auditorium 4

1100

1000

900

800

CO, (ppm)

700
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500 \

400

0 2 4 6 8 10 12 14 16 18 20 22 24
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Figure 10. CO; concentration evolution in the semi-circular auditoriums.

As expected, the highest CO, concentration values are obtained when the auditoriums
are occupied due to the accumulation of CO, produced during the occupants’ breathing
process. As shown by the obtained results, the airflow rate of 35 m3/h per person is
adequate to obtain an acceptable level of IAQ during auditorium occupancy; on the other
hand, the value of one air change per hour also contributes positively to reducing CO,
levels in auditoriums when they are unoccupied.
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3.4. Indoor Air Temperature

Figure 11 shows the internal t, evolution in the semi-circular auditoriums 2, 3 and 4
(full line) and in the semi-circular greenhouses 5, 6, and 7 (dashed line).

45

——Auditorium 2 ~ —— Auditorium 3
40

——Auditorium 4 - Greenhouse 5
35 || Greenhouse 6 =+ Greenhouse 7

30

25

t, (°O)
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Figure 11. Indoor t, evolution in the semi-circular auditoriums 2, 3, and 4 (full line) and in the
semi-circular greenhouses 5, 6, and 7 (dashed line).

When the auditoriums are occupied, the indoor t, varies according to the values
presented in Table 3. The results show that t, temperatures are higher in auditorium 4, in
the morning compared to auditorium 2, and in the afternoon compared to auditorium 3.
The positive effect exerted on auditorium 4 by the greenhouse 7 associated with it can be
noted. As seen in Figure 6, the ventilation topology shows that the hot air leaves greenhouse
7 first to auditorium 4 before being distributed to the other two auditoriums. It can then
be seen that indoor t, is greater when the auditoriums are occupied. The temperature
values observed there are within or close to the stipulated limit of 19 °C by the Portuguese
standard [44] for winter conditions. It is noted that occupants can react positively to the
temperatures obtained in the auditoriums with a minor clothing adaptation.

Table 3. Variation of t, inside auditoriums when occupied.

Morning Afternoon
Auditorium Minimum t, (°C) Maximum t, (°C) Minimum t, (°C) Maximum t, (°C)
8 a.m. 12 am. 2 p.m. 6 p.m.
2 17.3 18.9 -— ---
3 - - 17.8 19.1
194 20.9 20.8 219

As is expected in south-facing glazed spaces in the northern hemisphere, the tempera-
ture in semi-circular greenhouse 7 facing south presents the highest temperature values,
with a peak of 43.5 °C obtained at 2 p.m. In general, the temperature in semi-circular green-
house 7 is always higher than the temperature in the other two semi-circular greenhouses
throughout the day.

In the morning, the indoor t; is higher in the semi-circular greenhouse facing north-
east, with a variation between 12.3 °C and 15.8 °C, than in the semi-circular greenhouse
facing northwest, with a variation between 8.0 °C and 10.8 °C. On the other hand, in the
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afternoon the opposite occurs; that is, the indoor t, is higher in the semi-circular greenhouse
facing northwest, with a variation between 15.0 °C and 18.9 °C, than in the semi-circular
greenhouse facing northwest, with a variation between 14.1 °C and 16.3 °C.

3.5. Mean Radiant Temperature

Figure 12 shows the t; evolution in the semi-circular auditoriums (full line) and the
semi-circular greenhouses (dashed line).

45
40 —— Auditorium 2~ —— Auditorium 3
—— Auditorium4 - Greenhouse 5
E T ) Greenhouse 6 -+ Greenhouse 7
30
g5

15

10

t (hours)

Figure 12. Mean radiant temperature, t;, evolution in the semi-circular auditoriums (full line) and the
semi-circular greenhouses (dashed line).

Regarding the semi-circular greenhouses, the highest t; is obtained in the semi-circular
greenhouse facing south, space number 7. The t, in the northeast semi-circular auditorium,
space number 5, is higher than the t, in the northwest, space number 6, in the morning. The
opposite situation occurs in the afternoon.

Regarding the semi-circular auditoriums, the highest t; is obtained in the semi-circular
auditorium facing south, space number 4. The t; in the semi-circular auditorium facing
northwest, space number 2, is slightly higher than the t, in the semi-circular auditorium
facing northeast, space number 3.

The t; is generally close to the internal t,, although some differences were noted. In the
semi-circular greenhouse facing south, space number 7, the t, is higher than the internal t,
when the space is occupied, whether in the morning or the afternoon. In the semi-circular
greenhouses facing northeast, space number 5, and northwest, space number 6, the internal
ta is higher than t;. This fact is due to these semi-circular greenhouses being used for
their heating. The semi-circular greenhouse facing south, space number 7, subject to air
renewal, is used to heat the air in the semi-circular auditoriums. Therefore, in the two
spaces, numbers 5 and 6, the internal t, has a greater contribution to the calculation of the
PMV index, while in space number 7 the opposite occurs.

In the semi-circular auditoriums facing northwest, space number 2, and northeast,
space number 3, the internal t, is lower than the t;.. The t; is slightly higher than the
internal t, in the semi-circular auditorium facing south, space number 4. Such is due to the
surrounding surfaces of the semi-circular auditorium facing south, space number 4, being
heated directly by solar radiation.
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3.6. Predicted Mean Vote
The PMV evolution in the semi-circular auditoriums is presented in Figure 13.
0.7
—Auditorium 2 —Auditorium 3 — Auditorium 4
0
:
-0.7
-14
0 2 4 6 8 10 12 14 16 18 20 22 24
t (hours)

Figure 13. PMV evolution in the semi-circular auditoriums.

As spaces are occupied, due to the heat naturally produced by people, the level
of indoor t; will increase and, therefore, contribute to an increase in the PMV index.
Thus, due to occupation, the PMYV level increases in the following spaces: in the semi-
circular auditorium facing south in the morning and in the afternoon, in the semi-circular
auditorium facing northeast in the morning, and in the semi-circular auditorium facing
northwest in the afternoon. The PMV index is higher in the semi-circular auditorium facing
south than in the semi-circular auditoriums facing northeast and northwest.

The TC level in the semi-circular auditorium facing south is acceptable all day in line
with Category C of the ISO 7730 [45]. The TC level in the semi-circular auditoriums facing
northeast and northwest is near the acceptable value when the space is occupied. In these
two auditoriums, occupants can achieve TC conditions with some adaptation, for example,
by wearing a jacket or with the support of an active heating system that eliminates the
difference observed when using only the passive system. However, energy consumption
will always be lower than if only the active heating system were used.

3.7. Operative Temperature

The results obtained from the top in the semi-circular auditoriums and the upper
and lower top limits (as defined in [40]) in ventilated spaces are presented in Figure 14.
Figure 14a shows the evolution of the top obtained throughout the day, while Figure 14b
and 14c show the top, as a function of the mean outside temperature (tout) obtained in the
auditoriums during their occupancy period during morning and afternoon, respectively.
Figure 14a can be used to calculate, during the day, the comfort level and compared Toy
with the PMV results presented in Figure 13. Figure 14b shows groups of points justified by
the fact that during this morning period we have essentially linear evolutions of tou: and t;.
Figure 14c shows the results obtained of the Top during the afternoon with a curvilinear
arrangement, justified by the fact that during this afternoon period we see an inflection in
the variation of tyyt as a function of time.
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Figure 14. (a) Evolution of top in the semi-circular auditoriums; (b) top in function of mean outside
temperature tout obtained when the auditoriums are occupied during the morning [40]; (c) top in
function of mean outside temperature tou: obtained when the auditoriums are occupied during the
afternoon [40]. The upper and lower limits of t,, are defined as presented in Category II of ISO
17772 [40].

The results show that only the to, of auditorium 4 is located in the adaptive comfort
zone (as defined for Category Il of ISO 17772 [40]). In auditoriums 2 and 3, the top, is slightly
below the lower limit, indicating that these spaces are uncomfortable because they are
slightly cold.
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Finally, the conclusions obtained from the analysis of the top, results are similar to those
obtained from the analysis of the PMV results.

4. Conclusions

In this work, an implementation of a ventilation system was proposed for a type
of university building with a circular structure, consisting of auditoriums surrounded,
throughout their perimeter, by a glazed space. This space could function as a greenhouse
where the air from the exterior environment will be previously heated by solar radiation on
the glass surfaces before being supplied to the occupied auditoriums. Thermal energy is
produced in the surrounding circular greenhouses by the accumulation of radiative heat.
The transport of thermal energy between these spaces and the auditorium is performed
by the forced air that circulates in the ducts of the ventilation system that connects these
spaces. This phenomenon results in a ventilation system that uses the accumulation of
hot air stored in a passively heated space. The performance of this ventilation system
was evaluated by numerically analyzing its contribution to establishing acceptable TC
conditions for occupants also maintaining good IAQ conditions.

Regarding transmitted solar radiation, the highest value is obtained in the semi-circular
greenhouse facing south. Semi-circular greenhouses facing northeast and northwest receive
significant solar radiation only in the morning and afternoon, respectively.

Using energy transportation from the semi-circular greenhouse to the semi-circular
auditorium, the internal ventilation improves the IAQ and the TC level. Due to the higher
level, the internal occupation level increases the TC level and reduces the IAQ. However, the
ventilation used in the work is sufficient to obtain acceptable IAQ in the occupied spaces.

The indoor t, is highest in the semi-circular auditorium when the space is occupied,
and the indoor t, is highest in the semi-circular greenhouse facing south. In the morning, the
indoor t, is higher in the semi-circular greenhouse facing northeast than in the semi-circular
greenhouse facing northwest. In the afternoon the opposite situation occurs.

In the semi-circular greenhouse facing south, the t, is higher than the internal t, when
the space is occupied. The internal t, is higher than t; in the semi-circular greenhouses
facing northwest and northwest. In the semi-circular auditoriums facing northwest and
northeast, the internal t, is lower than the t;. In the semi-circular auditorium facing south,
the t; is slightly higher than the internal t,.

The semi-circular greenhouse facing south and the occupation level used in the morn-
ing and afternoon are sufficient to guarantee acceptable TC conditions in the semi-circular
auditory facing south through negative values of the PMV index. However, the semi-
circular greenhouse facing south and the occupation level, used in the morning (in the
auditorium facing northeast) and in the afternoon (in the semi-circular auditorium facing
northwest), are only sufficient to guarantee TC conditions near acceptable thermal condi-
tions in the semi-circular auditoriums facing northeast and northwest. Similar conclusions
are also obtained from the analysis of the top, in ventilated spaces results.

Therefore, it can be concluded that, in the winter season, this ventilation system can
contribute to energy savings in this type of building, an inherent advantage of using a
well-designed passive heating system, by avoiding the consumption of electrical energy
when using HVAC systems connected to the electrical grid, with adequate or close to
TC levels and with an TAQ within the recommended limits. However, there are some
limitations: the study was carried out under clear sky conditions and for a specific day of
the year, so attention must be paid to the reduction in the level of solar radiation on days
with the presence of clouds and the reduction in the level of outside air temperature on
colder days.
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Regarding work to be developed in the future, the application of this type of method-
ology will be studied in summer conditions using energy also from renewable sources. This
type of methodology will make it possible to design the construction of circular auditoriums
or buildings with similar geometry, capable of providing suitable conditions of thermal
comfort and indoor air quality throughout the year, using renewable energy sources.
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Nomenclature

Abbreviations

BTR building thermal response;

CAD computer-aided design;

CAG circular auditorium geometry;

CGS green glass space;

HVAC heating, ventilation, and air-conditioning
TIAQ indoor air quality;

PMV predicted mean vote;

PPD predicted percentage of dissatisfied people;
TC thermal comfort;

Symbols

CO, carbon dioxide concentration (ppm);

RH relative humidity (%);

t time (h);

ta air temperature (°C);

top operative temperature in ventilated spaces (°C);
tout mean outside temperature (°C);

ty mean radiant temperature (°C);

Va relative air velocity (m/s).
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