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Abstract

The design of thermal strategies applied in buildings based on the use of renewable
energies can play an important role in the development of a built environment that is
better adapted to the climate. This paper is focused on the application of a renewable solar
energy system coupled with a Heating, Ventilation and Air-Conditioned (HVAC) system
to promote occupants’ thermal comfort (TC) and indoor air quality (IAQ) in buildings
during heating season. In the building thermal design, a building thermal dynamic model
is used to calculate the temperatures of the opaque and transparent building surfaces,
the temperature of the water supply ducts, the TC level and the IAQ level, among other
variables. The TC conditions of the occupants were evaluated using the Predicted Mean
Vote index, commonly used in the literature in similar studies. IAQ was assessed by
the usual carbon dioxide concentration in environments where most of the pollution is
of human origin. The numerical study was carried out in a virtual residential building
consisting of two floors and seven compartments. The building is occupied at night and at
midday. Two cases were studied, considering, respectively, the non-use and use of the solar
HVAC system. The solar HVAC system consists of solar water collectors, installed above
the roof area, and thermo-convector heat exchangers, installed inside each occupied space.
The results show that the application of this solar HVAC system in a Mediterranean-type
climate is able to guarantee, during occupancy, acceptable TC levels in three compartments
and near acceptable TC levels in one compartment. Regarding IAQ, acceptable level can be
achieved throughout the day.

Keywords: indoor air quality; numerical simulation; renewable energy; solar HVAC system;
solar water collectors; thermal-convectors; thermal comfort

1. Introduction
An important part of the EU 2030 and 2050 energy consumption reduction goals is

focused on the building sector, given that it accounts for about 40% of total European
energy use [1,2]. However, thermal comfort and indoor air quality (IAQ) are also two
relevant challenges for this sector, because they are essential requirements for an adequate
built environment [3]. Ventilation systems have a huge importance when the aim is to
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reduce the level of pollutant particles and regulating the hygrothermal conditions of the air,
but they also produce an air movement that impacts on the human perception of thermal
comfort [4]. In addition, these systems have a great impact on the energy consumption of
the buildings [5], especially in this post-COVID-19 pandemic time, when it has become
necessary to increase the supply of outside air in order to make the dispersion and removal
of pollutants in indoor air more effective [6].

There are many ways of distributing the air into a room [7]. According to Awbi [8], the
two most frequent systems are mixed ventilation (MV) and displacement ventilation (DV).
On one hand, MV systems have a simple design and are usually supply air at ceiling level.
They have a lower performance for improving IAQ and require high ventilation rates that
imply poorer energy efficiency [9]. On the other hand, DV systems distribute air at floor
level, generating a considerable vertical temperature gradient. Although they have higher
performance for IAQ provision at lower ventilation rate and air velocity, and therefore
lower energy consumption, they are only effective for cooling needs and sometimes cause
draft risk at ankle level [10,11]. Therefore, research into new ventilation systems that
can simultaneously provide a livable built environment with low energy consumption
is justified.

In order to significantly reduce the environmental impact and energy consumption
of a building, the implementation of passive strategies for reducing energy demand is
essential [12]. But, generally, the use of passive measures is not enough for avoiding the
energy demands of the buildings, so it is necessary to use solutions that simultaneously
involve active and passive energy technologies [13]. For example, combining an adequate
ventilation system with a renewable thermal energy production can be one solution [14,15].
The use of sustainable energy solutions, such as solar renewable and passive energy
technologies, has become promising [16]. Over the last years, the scientific interest in solar
air-conditioning technologies has grown considerably [17–21].

Nowadays the solar air-conditioning technologies comprehend different systems that
can be divided into two groups: ones powered by electricity (photovoltaic modules) or by
thermal energy (solar collectors). Bataineh and Taamneh [22] carried out a critical review in
which they found that thermal systems are able to convert much more solar radiation than
photovoltaic systems into thermal energy. In addition, thermal systems are not affected by
energy self-supply regulations.

Within the group of thermal energy and focusing on solar heating, systems have two
main components: solar collector (outdoor heat exchanger) and thermal convector (indoor
heat exchanger). There are different types of solar collectors, but the most commonly used
in solar heating systems are flat plate and evacuated tube collectors [23]. Shukla et al. [24]
provided a recent review of solar collector developments applied to solar heating systems.
It should also be underlined that Jaisankar et al. [25] carried out a review which affirmed
that the solar thermal conversion efficiency of solar water heating systems is 53% higher
than solar electrical direct conversion systems.

There are several published researches assessing the performance of different solar-
assisted heat pumps (SAHPs) for heating systems as it is considered a key technology for
achieving the decarbonization of building stock [26]. Buker and Riffat [27], after reviewing a
variety of system configurations of SAHPs for low-temperature water heating applications,
concluded that an optimum configuration cannot be established because their performance
depends on the building area, thermal demand and climatic conditions.

Recent studies show that technological solutions involving the use of solar water
collectors to heat indoor air have been applied with positive results in energy efficiency
gains and improved thermal performance [28–31]. Nevertheless, to the knowledge of the
authors, there is a lack of studies analyzing the combined performance of solar Heating,
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Ventilation and Air-Conditioned (HVAC) systems and innovative ventilation systems. It
is worth highlighting the work carried out by Fong et al. [32], which estimates annual
savings in primary energy consumption above 50% when combining stratum ventilation
and solar air-conditioning systems in buildings located in a subtropical climate, instead of
the conventional mixing ventilation and conventional air-conditioning systems.

In warm climates, like the one in southern Europe, solar radiation will increase every
year, given global warming impact. Thus, taking advantage of the huge quantity of solar
radiation available in these climates should be mandatory in order to be able to reduce the
greenhouse gas emissions that are provoking climate change [33,34]. As stated by Castillo-
González [34], solar HVAC systems applied in buildings can contribute to a significant
decrease in energy consumption and CO2 emissions. But there is still a big need for
making progress in solar HVAC technology to improve their performance and reduce the
economical investment [34,35]. Over the last few years, research in this area has focused
primarily on solar HVAC systems used for cooling the interior spaces of buildings [36,37].
Lately, solar HVAC systems for heating are being developed, mainly based on Phase Change
Material [38]. Therefore, the development of new solar HVAC systems for heating interior
spaces that can be controllable in order to make them more efficient and independent of
fossil fuel energy sources is crucial.

The main purpose of this research is to evaluate the performance of a new HVAC
system powered by solar thermal energy in order to achieve acceptable thermal comfort
and IAQ conditions in a virtual house located in southern Europe. The solar HVAC
system developed in this work consists of solar water collectors installed on the building’s
roof and water–air thermo-convectors installed inside the building’s compartments. For
this purpose, numerical simulations of the building thermal response to the use of this
combined solar HVAC system have been developed for winter conditions. The results will
be discussed considering controlled use of this solar HVAC system during the day and will
be compared with cases that do not use this system.

2. Concepts
When assessing HVAC systems, standards like in ASHRAE Standard 55 [39] and

ISO 7730 [40] are the thermal comfort regulations most used by the scientific community,
usually evaluating the thermal comfort on the basis of the Predicted Mean Vote (PMV)
and the Predicted Percentage Dissatisfied (PPD) indices [41]. Fanger [41] determined these
indices using the following variables:

• Indoor environmental: air temperature (ta), relative air humidity (RH), mean radiant
temperature (tr) and relative air velocity (va);

• Personal: metabolic rate and clothing insulation.

These indices are commonly used in research studies on thermal comfort [42–45]. The
PMV model has accuracy issues, primarily because its assumptions about steady-state,
homogeneous environments struggle with real buildings, simplifying complex human
responses and building dynamics, not fully accounting for adaptation, leading to discrepan-
cies with actual human comfort votes. It has limitations, especially with solar radiation and
underestimation in natural ventilated spaces, and inaccuracies arising from measurement
errors in inputs like air velocity, mean radiant temperature, metabolic rate and clothing in-
sulation, due to poor experimental practices, leading to poor agreement with actual human
thermal sensation [46–49]. As pointed out by Alfano et al. [50], one issue is the sensitivity of
PMV to the measurements of the variables involved, which can lead to significant variations
in the PMV value obtained. Another important aspect cited by the authors is the software
used in the PMV calculation [50]. That is, unreliable PMV assessments may eventually be
due to software that poorly implements the standards guidelines. Furthermore, the authors
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believe that the program proposed by ISO 7730 requires additional information that may
not be properly identified [50].

The way to calculate the PMV and PPD indices can be found in ISO 7730 [40]. Indoor
thermal environments are classified by ISO 7730 [40] according to three categories: A, for
PMV values between −0.2 and +0.2; B, for PMV values between −0.5 and +0.5; and C, for
PMV values between −0.7 and +0.7.

The assessment of the IAQ is at the same level of importance as comfort for the
evaluation of a ventilation system and it is commonly studied through the carbon dioxide
(CO2) concentration level in indoor environments where the main source of pollution
comes from human breathing [51–53]. This concentration level depends on the volume
of the compartment, the number of occupants in that compartment, as well as the air
change rate used. The ASHRAE Standard 62.1 [54] limits the CO2 level up to 700 ppm
above outdoor air level in order to be considered an acceptable IAQ level (actually, around
1100 ppm). In line with the European standards, ISO 17772 [55,56] and EN 16798 [57,58],
IAQ is considered acceptable by the Portuguese standard on ventilation requirements and
indoor air quality, Portaria nº 353-A/2013 [59], when CO2 concentration is below 1250 ppm.
Note that, according to EN 16798-1, ventilation requirements are intrinsically linked to the
Indoor Environmental Quality category selected for diluting emissions (bioeffluents) from
occupants. This standard provides for four categories, where Category I represents the
highest level of expectation and Category IV represents the lowest level of expectation [60].
These standards impose air change rates depending on the type of contaminant, the type of
building, the activity carried out and the number of occupants in each compartment [54–59].

3. Numerical Models
In the present work a Computer-Aided Design (CAD) software and a building thermal

dynamic (BTD) numerical model were applied.

3.1. CAD Software

CAD software was used to develop the design of the residential building (Figure 1)
used in this study as well as the solar HVAC system implemented in it. The building
consists of two floors (ground floor and attic) and seven compartments. Five compartments
are located on the ground floor and two compartments are located in the attic. The main
façade of the building faces south.

 

Figure 1. Geometry of the residential building. Its main façade faces south.
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The external space is designated the number 1, the internal spaces of the build-
ing located on the ground floor, usually occupied, are designated the numbers 2 to 6
(Figure 2) and the internal spaces of the building located in the attic, without occupation,
are designated by the numbers 7 and 8. Below is a brief description of spaces 1 to 6:

• Space 1—External environment: The variables air temperature, air relative humidity,
wind speed and direction obtained for this space are used as input data in the Building
Dynamic Response numerical model;

• Space 2—Building entrance hall; it has a glazed entrance door facing south;
• Space 3—Living room; it has a large window facing south;
• Space 4—Kitchen; it has a small window facing north;
• Space 5—Bedroom; it has a window facing east;
• Space 6—Bathroom; it has a window facing south.

 

Figure 2. Numbering of spaces located on the ground floor of the residential building.

3.2. Building Thermal Dynamic Numerical Model

The BTD numerical model used is described and validated with transient mode in
Conceição and Lúcio [61,62] and in steady-state mode in Conceição and Lúcio [63]. In
transient mode, the average difference between numerical and experimental indoor air
temperature is approximately 2 ◦C for winter conditions and is around 1 ◦C for sum-
mer conditions. In steady-state mode, a mean accuracy of 0.987 was obtained, based on
the measured and calculated values for the surrounding (walls, ceiling and floor) test
chamber temperatures.

The BTD numerical model has been applied and developed over the last few years
covering different types of works [64–66]. This numerical model evaluates several tem-
peratures (interior air spaces, opaque main bodies, transparent bodies, interior bodies,
ducts and water vapor), using the energy balance integral equation, and the mass of water
vapor and contaminants (e.g., CO2 concentration) inside the spaces, as well as the mass of
water in the opaque and transparent surfaces and inside the ducts, using the mass balance
integral equation. The building’s main bodies (doors, ceiling, ground, walls, etc.) and
the ducts are divided into several layers. This type of numerical model is an important
tool in the development of energy-efficient building designs that incorporate renewable
energies and promote occupant thermal comfort and IAQ in increasingly adverse climatic
environments [67–69].
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The BTD numerical model also calculates the energy consumption and photovoltaic
energy production, allows evaluating the thermal comfort level of occupants (for example,
through the PMV index) and the IAQ level (for example, through CO2 concentration),
among other calculation parameters.

The BTD numerical model is divided into three blocks: input; resolution; and output.
The BTD input data are as follows:

• Building geometry: This geometry is developed numerically through geometric equa-
tions or CAD software. In this study, CAD software is used (see Section 3.1). This data
is used in the evaluation of the energy and mass balance integral equations;

• Materials that make up the building: Introduction of all layers of materials in the
building and ducts and their respective characteristics; namely, thickness, thermal
conductivity, specific mass and specific heat;

• Environmental external conditions: Air temperature, air relative humidity, wind
velocity, wind direction, and CO2 concentration;

• Geographic conditions: Building location (latitude) and height above sea level;
• Space occupancy cycle: Number of people and their respective time distribution

throughout the day in the building’s spaces;
• Ventilation typologies: Characterization of the distribution of air flows, throughout the

day, between the different spaces and between the spaces and the external environment
so that it is possible to assess the mass exchange between spaces and between the
spaces and the external environment;

• Other data input.

The resolution of the numerical model which is performed in transient conditions,
is obtained through the Runge–Kutta–Felberg method with error control. This resolution
method allows the calculation, over time, of the temperature and mass concentration in the
various elements of the building as well as in the interior spaces of the building, using a
system of mass and energy balance integral equations [65].

The output data of the numerical model are as follows:

• Heat transfer coefficients by natural, forced or mixed convection;
• Mass transfer coefficients by diffusion;
• Solar radiation on external and internal surfaces. When calculating solar radiation,

existing shading devices are taken into account;
• Incident solar radiation, absorbed solar radiation by transparent bodies (glasses) and

opaque bodies, and the transmitted solar radiation through the transparent (glasses)
bodies. The phenomenon of radiation considers the presence of all shading devices;

• Heat exchange by radiation, in each space. In this calculation, the radiosity equations
and mean radiant temperature concepts are used;

• Mass adsorption and desorption;
• Temperatures in the following opaque bodies: doors, walls, floor and ceiling;
• Temperatures in the glazed bodies;
• Temperatures in the body of each duct section;
• Temperature of the water inside the ducts;
• Temperatures of the seats, desks and other interior bodies;
• Internal air temperature of the building’s spaces;
• Mass concentration of the water vapor inside the building’s indoor spaces;
• Mass concentration of contaminants (e.g., CO2) inside the building’s indoor spaces;
• Thermal comfort assessed by PMV and PPD indexes. These indexes depend on the

internal environmental variables (ta, va, tr and RH), clothing insulation level and
metabolic level [40,41];
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• IAQ assessed by CO2 concentration released in the respiration process. When calcu-
lating this value, the air exchange rate, the number of occupants in the space and the
volume of the compartment are taken into account.

4. Methodology
The numerical methodology developed for this work is described in detail in the

following subsections.

4.1. Case Study

In this numerical study, the residential building (Figure 1) used consists of two floors,
with five compartments (numbered according to Figure 2) on the ground floor and two
compartments in the attic. The building’s dimensions are as follows: 7 m wide, 6 m deep
and a ground floor ceiling height of 3 m. Compartment 2 has an area of 4.7 m2, compartment
3 has an area of 17 m2, compartment 4 has an area of 4.3 m2, compartment 5 has an area of
10 m2 and compartment 6 has an area of 5.5 m2. The compartments on the ground floor
will be occupied hourly, while the compartments in the attic are unoccupied. With the aim
of improving the thermal comfort conditions of the occupants, a solar HVAC system will
be used to heat the air inside the spaces.

The solar HVAC system (Figure 3) is based on:

• Solar water collectors, installed on the roof, whose water will be heated by solar
radiation. The system consists of a duct system and a water tank. The heated water will
be used in thermo-convectors. The tank is connected to water–air thermo-convectors
to heat the cold air using the heated water;

• Water–air heat exchanger thermo-convectors, installed inside each space with planned
occupancy, namely spaces numbered 2, 3, 4, 5 and 6. In this way, this system allows
the interior air to be heated.

 
(a) 

Figure 3. Cont.
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(b) 

 
(c) 

Figure 3. Cont.
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(d) 

 
(e) 

Figure 3. Cont.
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(f) 

 
(g) 

Figure 3. Solar HVAC system: (a) Solar water collectors installed on the roof; (b) solar water collectors
and detail of the circuit in the attic and first floor; (c) detail of the circuit in the attic and first floor;
(d) details of the circuit on the first floor and inside the compartments; (e) details of entire circuit;
(f) details of circuit in the attic; (g) details of circuit inside the compartments.

In Figure 3, the red circuit represents the transport of warmer water, the magenta
circuit represents the transport of cooler water, and the white circuit represents the transport
of air from the outside. The tank (blue cylinder) is located in the attic, the thermo-convectors
(red parallelepiped) are located in the occupied spaces, and the direction of flow inside the
space is represented by an arrow located in front of the thermo-convectors.
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The solar HVAC system has the following characteristics: the total area of the water
collectors is 30 m2, the water flow rate is 1 m3/h and the tank capacity is 100 L.

4.2. Building Materials

Opaque bodies such as external and internal walls, panels, roofs and floors, and
transparent bodies such as window glass were considered in this study. Interior bodies,
such as furniture, were not considered. Shutter or shading systems were also not considered
in windows.

The ground and soil were divided into several layers. The layer closest to the floor
has the smallest thickness, while the layer furthest from the floor has the greatest thickness.
The total depth considered (floor and soil) was 40 m.

The wall in contact with the external environment, consisting of double bricks, is
made up of 13 layers: Two outer layers of cement, six layers of brick, one layer of thermal
insulation and four layers of brick and air. The total thickness considered was 30 cm
(U-value of 0.12 W/m2K).

The interior wall, made of simple brick, is constructed from 7 layers: Two outer layers
of cement; and five inner layers, 3 of brick and two of brick and air. The total thickness
considered was 20 cm (U-value of 0.20 W/m2K).

The single and double bricks present parallel and series thermal resistance.
The coverage is made up of 9 layers of different materials: cement, mesh and insulation.

The ceiling includes gypsum board, insulation materials, cement, intermediary materi-
als, wood, impermeable materials, and roof tiles, with a thickness of 40 cm (U-value of
0.59 W/m2K).

The door has 3 layers: Two layers of wood and a central layer of air. The total thickness
considered was 5 cm (U-value of 0.94 W/m2K).

The window is constructed from a single layer of 4 mm glass.
For opaque bodies (internal and external), divided into several layers, integral energy

balance equations are developed for each layer. These equations consider the thermal
properties of the materials, such as thermal conductivity and heat capacity, calculated as
a function of the temperature of the material and the thickness and area of each layer. In
the layers in contact with the external environment, radiative thermal properties (taking
into account incident solar radiation) and convective properties (taking into account the
natural, forced or mixed heat transmission coefficient, calculated as a function of the speed
and temperature of the air, internal and external, and the dimensions) are considered.

In the transparent body, an integral energy balance equation is developed. This
equation considers the thermal properties of the glass, calculated as a function of its tem-
perature, radiative thermal properties (taking into account solar radiation) and convective
properties (taking into account the natural, forced or mixed heat transmission coefficient,
calculated as a function of the speed and temperature of the internal and external air, and
the dimensions).

In addition to opaque and transparent bodies, the software also considers internal
spaces. In these spaces, the respective volumes, occupancy and air flows exchanged
between the different spaces and between the spaces and the external environment
are considered.

During the simulation, the software, based on the data calculated at each instant,
evaluates the value of the properties, parameters, temperature and mass of water vapor
and carbon dioxide.
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4.3. External and Geographic Conditions

The residential building is located in Faro, south of Portugal, 37.03◦ N–7.97◦ E, at
an altitude of about 20 m above sea level, whose climate is Mediterranean-type. The
numerical simulation was carried out for the heating season, considering a typical winter
day (21 December) in the region with clear skies. Note that the previous five days were
also simulated to ensure the accuracy of the results.

The input meteorological data used for the BTD numerical model are outdoor air
temperature, outdoor relative air humidity, wind speed and wind direction. These data
were obtained between the 0 and 24 h, with a clear sky, and are a representative average of
December (winter conditions). The measurements were obtained from a weather station
located nearby the residential building. The values of the external environmental variables
are as follows:

• Outdoor air temperature, with values between 4.7 ◦C (at 6.26 am) and 15.0 ◦C (at
1.26 pm), with fluctuations of around 1.0 ◦C;

• Outdoor air relative humidity, with values between 64.0% (at 7.45 am) and 37.2% (at
1.26 pm), with fluctuations of around 5.0%;

• Average value of wind speed is 12.30 m/s, with fluctuations around 5.83 m/s;
• CO2 concentration in the external environment was taken to be 400 ppm.

4.4. Occupancy Cycle

Considering working days, the residential building is occupied during the lunch
period and in the evening. The occupancy cycle is shown in Table 1.

Table 1. Occupancy cycle.

Space
Number

Time Period (Hours)

0:00–8:00 8:00–
12:00

12:00–
14:00

14:00–
18:00

18:00–
19:00

19:00–
24:00

3 0 0 0 0 0 2

4 0 0 2 0 1 0

5 2 0 0 0 0 0

6 0 0 0 0 1 0

The occupants’ clothing insulation level considered is 1 clo for winter conditions, and
the metabolic level is 1.2 met (typical sedentary activity) [40].

4.5. Ventilation Topology

The ventilation topology is as follows:

• When the space is occupied, the air flow rate is proportional to the number of occu-
pants, that is, 35 m3/h per person [59]. This value is in accordance with category I of
EN 16798-1 [57];

• When the space is unoccupied, the airflow rate is one air change per hour (ACH)
obtained by air infiltration.

The air infiltration rate was obtained experimentally using the decay concentration
method in the work presented in Conceição et al. [64]. The air exchange rate due to leaks
was obtained in a classroom with the window and door closed and the air-conditioning
system turned off [64]. The average exchange rate was obtained using a mixing system
operating through a set of connected fans placed internally [64]. The tracer gas used was
CO2. At the beginning of the test, 3 industrial fans were used to ensure good mixing of CO2
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with the air, and during the test, without occupancy, the evolution of CO2 was recorded [64].
According to the results obtained in the work of Conceição et al. [64], it is adopted in the
present study for a value of 1 ACH in order to ensure some natural air exchange with the
outside to guarantee an acceptable IAQ.

Thermal insulation in a building is ensured by opaque and transparent elements.
Opaque elements include walls in contact with the interior environment, walls in contact
with the interior/exterior environment, floors, doors, and roof. Transparent elements
include windows and glass doors. Air infiltration into interior spaces through windows
and glass doors were considered in this study. In these cases, a value of 1 ACH is adopted
for the air exchange rate. Air infiltrations from the kitchen chimney and bathroom extractor
fan, among other air infiltrations, were not considered in this study.

4.6. Solar HVAC System Operation

In order to be able to compare the results, two simulations were performed for winter
conditions considering the installation or not of the solar HVAC system.

When the solar HVAC system is installed, its operation mode is as follows:

• The solar HVAC system is running between 8 a.m. and 7 p.m. in the spaces (numbered
2, 3, 4, 5 and 6) with expected occupancy;

• The solar HVAC system is turned off between 7 p.m. and 8 a.m. in the same spaces
mentioned above.

In the solar HVAC system, a control strategy was implemented using the PMV index.
The implemented control strategy was described in Conceição et al. [70]. In winter condi-
tions, the control system starts the heating mode when the PMV index is slightly below
−0.7. It was considered that occupants’ thermal comfort conditions will be guaranteed at
least within category C of ISO 7730 [40].

5. Results and Discussion
This section presents the numerical results obtained by the BTD software to the use

with a solar HVAC system and comparing the results when it is not used, for typical
winter conditions. The results are focused on the air velocity, indoor and outdoor air
temperature, indoor and outdoor relative air humidity, mean radian temperature, PMV,
and CO2 concentration of the residential building.

5.1. Environmental Variables

The simulation carried out allowed to calculate the values of ta, tr, RH and va. These
values are used in calculating the PMV index. For this purpose, the evolution of the average
values of ta and tr obtained inside spaces 2 to 8 (see Figure 2) of the residential building
is presented. Two situations were evaluated: solar HVAC system on and solar HVAC
system off.

It should be noted that the calculation of tr is based on the mean temperatures of the
ceiling, surrounding walls, and floor by using the Zone-Average method [71,72]. These
temperatures are weighted considering the area corresponding to each of the surrounding
surfaces, making the emissivity value equal to 1. The value thus obtained is a representa-
tive of the estimated average of tr in the center of the space under consideration. These
temperatures are weighted by the area of each of the surfaces (floor, surrounding walls,
and ceiling), taking the emissivity as equal to 1. Therefore, the tr value obtained represents
its estimated average at the center of the space. This method is used because the location of
the occupants in the space is unknown, and only their number is known. However, there
will be some uncertainties that may affect the determination of the PMV index, although in
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short-term assessments the eventual errors introduced by the method used here are usually
within the expected accuracy [71].

However, it is worth mentioning a critical issue in building simulation: different
Building Energy Performance Simulation tools show significant differences in long-term
thermal comfort assessment, even though they may present concordant results regarding
the overall energy performance of the building [73]. These discrepancies are due to the
way users manage input data and critically analyze the results obtained, as well as how
software interacts with operative temperatures and handles the calculation of heat transfer
by radiation [73].

Figure 4a and Figure 4b show, respectively, the evolution of ta when the solar HVAC
system is off and when the solar HVAC system is on. Figure 5a and Figure 5b show,
respectively, the evolution of tr when the solar HVAC system is off and when the solar
HVAC system is on. Finally, Figure 6a and Figure 6b show, respectively, the evolution of
the difference between ta and tr when the solar HVAC system is off and when the solar
HVAC system is on.

(a) (b) 

Figure 4. Evolution of ta: (a) solar HVAC system off; (b) solar HVAC system on.

  
(a) (b) 

Figure 5. Evolution of tr: (a) solar HVAC system off; (b) solar HVAC system on.

When the solar HVAC system is turned off, the ta values inside the spaces are higher
than the temperature values in the outside environment. The highest ta value occurs in
spaces 3 and 6 with windows facing south, due to the effect of solar radiation incident
on these windows, which have a relatively large area. The lowest ta values are seen in
spaces 7 and 8 located in the attic. Space 4 with the window facing north presents ta values
between 14–16 ◦C, when unoccupied, and around 18 ◦C when occupied. Space 5 with a
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window facing east has ta values between 16–18 ◦C. Values of ta increase when the space is
occupied due to the human body also being a heat source.

  
(a) (b) 

Figure 6. Evolution of ta–tr: (a) solar HVAC system off; (b) solar HVAC system on.

When the solar HVAC system is on, as seen previously, the ta value inside the spaces
remains higher than the temperature in the external environment. As seen previously, the
highest ta values continue to be present in spaces 3 and 6 facing south, while the lowest
ta values are present in spaces 7 and 8 located in the attic. Spaces 2, 4 and 5 are subject to
the solar HVAC system between approximately 8 a.m. and 7 p.m. The operation of the
solar HVAC system can produce ta values between 19 ◦C and 22 ◦C in the spaces heated by
it, values that fall within those proposed in the Portuguese standard [59]. Spaces 3 and 6
are only subject to the solar HVAC system in the early morning; during the rest of the day
the evolution of ta remains approximately the same as the in case at which the solar HVAC
system is turned off. As the value of ta in spaces 3 and 6 presents very high values, the
operation of the solar HVAC system tends to be deactivated. Of the spaces heated by the
solar HVAC system, space 4 has the highest ta values, space 5 has the lowest ta values
and space 2 has the highest ta values in the morning and lowest in the afternoon. This
phenomenon is mainly due to the variation in the value of tr.

In the case where the solar HVAC system is turned off, in spaces with windows facing
south (during the day) or when the spaces are occupied, it is generally found that the value
of ta is greater than the value of tr. In this case, the contribution of solar radiation and the
presence of heat from occupants to heating the indoor air are noticeable. Otherwise, it turns
out that the value of ta is smaller than the value of tr.

In general, in spaces with windows facing south (during the day), in occupied spaces
(during the night), and in spaces subject to the solar HVAC system when turned on, the
value of ta is higher than the value of tr. Otherwise, it is observed that air ta is lower than tr.

On the other hand, it is observed that in attic spaces, whether during the day or night,
the value of ta is always lower than the value of tr.

5.2. Thermal Comfort

Thermal comfort is assessed by the evolution of the PMV index in internal spaces.
PMV depends on ta, tr, RH, va, metabolic rate, and activity level (see Sections 2 and 4.4).
The operation of the solar HVAC system is considered to be controlled by the PMV index
(see Section 4.6). Figure 7a and Figure 7b show, respectively, the evolution of PMV index
when the solar HVAC system is turned off and when the solar HVAC system is on.
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(a) (b) 

Figure 7. Evolution of PMV index: (a) solar HVAC system off; (b) solar HVAC system on. The area
shaded in light gray corresponds to the thermal comfort zone according to category C [45].

When the solar HVAC system is turned off, the PMV index shows higher values in
spaces 3 and 6 with south-facing windows and lower values in spaces located 7 and 8 in
the attic. In the remaining spaces 2, 4 and 5 the values are between approximately −1.6 and
approximately −0.8. During the day, spaces 3 and 6 with south-facing windows present
acceptable levels of thermal comfort, within the values recommended in category C [40]:
in space 6 for PMV positive values and in space 3 for PMV negative values. This occurs
due to the heating of the internal spaces caused by the entry of solar radiation into these
spaces. At other times of the day, when there is no solar radiation, these spaces are able
to maintain acceptable or almost acceptable comfort levels due to the tr values obtained
(between around 17 ◦C and around 21 ◦C) during this period. The remaining spaces 2, 4
and 5 have thermal comfort levels slightly lower than those recommended by category
C [40], as given the availability of their windows facing east and north, they do not benefit
from the heating provided by the entry of a sufficient amount of solar radiation.

When the solar HVAC system is on during the day, there is an improvement in thermal
comfort levels in the spaces on the ground floor of the residential building. Between 8:30
a.m. and 6:15 p.m., in all these spaces (2, 3, 4, 5 and 6) it is possible to obtain acceptable
levels of thermal comfort within category C [40]: spaces 2, 3, 4 and 5 have negative PMV
values; in space 6, until 10:30 a.m. has negative PMV values, after this time it has positive
PMV values.

When the solar HVAC system is on, considering that it is a system that depends on
the presence of solar radiation, in the heating season, generally before 9 a.m. and after
6 p.m., it is not possible to guarantee acceptable levels of thermal comfort assuming PMV
values within category C [40], the least restricted, despite the PMV values being very close
to the acceptable negative value of −0.7. During the night, when the solar HVAC system is
on during the day, thermal comfort levels are found to be closer to the lower acceptable
level (PMV equal to −0.7), than when the solar HVAC system is off.

Olesen and Parsons [74] and Van der Linden et al. [75] developed studies regarding
the concepts of Warm Uncomfortable Hours (WUH) and Cold Uncomfortable Hours
(CUH). Uncomfortable hours are used either in comparative studies between different
buildings or in comparative studies between different compartments in the same building.
Uncomfortable hours allow for a comparative assessment of thermal comfort conditions
due to heat (considering the positive values of the PMV index) and cold (considering the
negative values of the PMV index), during a long period of occupancy. This concept is
presented in ISO 7730 [40].
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In this study, the WUH and CUH values in compartments 3, 4, 5 and 6 (see Figure 2)
were evaluated when the solar HVAC system was switched off and switched on (Table 2).

Table 2. Uncomfortable hours due to heat (WUH) and cold (CUH).

Compartment 2 3 4 5 6

Solar HVAC system off
WUH 0 0 0 0 0

CUH 0 3.42 5.86 15.33 0

Solar HVAC system on
WUH 0 0 0 0 0

CUH 0 1.54 0.84 12.45 0

As can be seen in Table 2, there are no WUH values in any compartment whether the
solar HVAC system is switched off or on, an expected result in winter conditions, when
incident solar radiation levels are not sufficient to overheat interior spaces.

Compartments 2 and 6 have zero CUH values; compartment 2 is a transition space,
and compartment 6 has a significant glazed area facing south, allowing significant solar
radiation to enter and contributing to a mild air temperature in this space. Compartment 5
exhibits the highest CUH values when the solar HVAC system is switched on and off. This
is due to its location with one façade facing north and another facing east, where there is
only one window, of relatively small area, which only allows solar radiation to enter during
the morning. Given the volume of space to be heated, the use of a solar HVAC system can
only reduce the CUH value by 18.8%. In compartments 3 and 4, the use of the solar HVAC
system reduces the CUH value by 55.0% and 85.7%, respectively. Although compartment
3 has a considerable volume, it also has a glazed surface area, allowing solar radiation to
contribute significantly to heating the interior air of this space. Although compartment
4 has its façade facing north, the volume of this space is relatively small, so placing the
water–air thermo-convector below the window allows this space to be heated effectively.

The methodology implemented in this numerical study, under winter conditions in a
Mediterranean-type climate, allows us to provide a built environment that is more adapted
to a climate (especially taking into account climate change) that tends to have increasingly
higher outdoor air temperatures.

5.3. Indoor Air Quality

In this numerical study, the IAQ is evaluated by the CO2 concentration obtained within
the spaces. The CO2 concentration is calculated assuming that the main source of pollution
results from human respiration. In Figure 8, the evolution of the CO2 concentration inside
spaces 2, 3, 4, 5 and 6 can be seen.

The results obtained from the CO2 concentration show that the IAQ achieved in the
ground floor compartments of the residential building is acceptable, because they are
below 1250 ppm, the limit proposed in Portuguese legislation [59], in line with the limits
(1100–1250 ppm) proposed by international standards [54–58]. Therefore, it is verified that
the ventilation applied is adequate. The CO2 concentration is higher when the compartment
is occupied by two people, reaching a value of approximately 890 ppm, than when the
compartment is occupied by one person, reaching a value of approximately 830 ppm.
However, one must be aware that the evolution of the CO2 concentration also depends on
the volume of the compartment.
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Figure 8. Evolution of CO2 in the spaces located on the ground floor of the residential building.

6. Discussion
This study examined the thermal behavior of a residential building equipped with a

heating system based on water solar collectors placed on the roof, supported by a water
tank storage system, and thermo-convectors installed in occupied spaces. A comparative
study was conducted considering the use of thermo-convectors, with control based on the
PMV index, and the non-use of thermo-convectors. The use of this type of heating system
substantially improves the level of thermal comfort. However, at the beginning and end
of the day, due to lower levels of solar radiation, the heating level is lower. On the other
hand, since the aim is to improve the level of thermal comfort in occupied indoor spaces,
controlling the heating system through the PMV index allows simultaneously achieving
the best thermal comfort conditions and directing energy consumption towards this goal,
by better managing the stored heat potential.

This study was developed for a specific day of the year, the shortest day of the year,
the one with the lowest levels of incident solar radiation considering the building’s location,
corresponding to the Winter Solstice. The air temperature and relative humidity values are
typical for this type of day. Therefore, this day tends to represent the most disadvantageous
thermal conditions, both in terms of available solar radiation and the lowest air temperature
levels, for the use of a heating system based on passive solar energy. On other winter days,
this solar HVAC system will most likely offer better levels of thermal comfort for people
inside the spaces. However, since this solar HVAC system strongly depends on direct solar
radiation, on days when only diffuse solar radiation is available, it will not be as efficient.

In developing this type of HVAC system, it is very important to consider the insulation
of the ducts and the use of the smallest possible dimensions due to the associated heat
losses. On the other hand, the location of the thermo-convectors is crucial: they should be
placed in the lower area of the compartments, due to the rising of hot air, and placed on
walls as close as possible to the central area of the space (when possible). However, the
geometry of the space and its applicability may condition the location of their installation.

In order to guarantee acceptable levels of IAQ, it is necessary to transport fresh
air directly from the outside to the inside space. When occupied, this transport will be
ensured through a duct system; otherwise, it will be dependent on air infiltration through
windows and doors. The colder the external environment, the greater the thermal load to
be considered.

The application of solar energy for heating the interior of buildings contributes to
improving the thermal comfort level of occupants with reduced energy consumption. How-
ever, sometimes it may be necessary to use more than one source of energy simultaneously.
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For example, combined with the use of solar radiation, biomass could also be used, using
firewood for heating [76], or geothermal energy, using heat pumps [26].

Other solar energy application solutions, such as those that use Dual-Skin Façades [77]
or indoor greenhouses [78], can also improve the level of thermal comfort of occupants
with low energy consumption. However, these types of ambient heating strategies are
only useful in spaces that are close to the heat source, because hot air cannot be efficiently
transported over long distances from that heat source. The solution presented in this
work, using solar water collectors and thermo-convector heat exchangers, with water used
in the transport, makes it possible to heat interior spaces, even those furthest from the
heat source.

This study presents some limitations; namely, regarding the evaluation of the build-
ing’s thermal performance, the focus is solely on the winter season and a specific type of
climate, and with regard to the evaluation of the IAQ, the focus is solely on one pollutant
(CO2). Therefore, as perspectives for future work, it is intended to extend the evaluation of
the thermal performance of this residential building to the summer and mid-seasons. This
will allow for a more comprehensive understanding of thermal comfort, especially when
the risk of overheating in summer is considered, and the effectiveness of passive strategies
is questioned during the spring and autumn seasons. Furthermore, being a residential
building, it is advisable to evaluate the impact of other pollutants, such as volatile organic
compounds and particulate matter, among others, on the IAQ. It may also involve assessing
the level of thermal comfort of occupants at specific locations (to avoid certain location
errors) and evaluating the performance of this type of system in larger spaces, using more
than one thermo-convector heat exchanger in each a space, by employing other numerical
techniques such as Computational Fluid Dynamics.

7. Conclusions
In this numerical work, a solar HVAC system was developed consisting of water col-

lectors installed on the roof of a residential building, heated by the incident solar radiation,
coupled with a system of water-air thermo-convectors installed in the compartments of
that building. The purpose of this system is to supply heated air to the compartments of a
residential building in winter conditions, using a renewable solar energy source, thus im-
proving the thermal comfort conditions of the occupants and obtaining a built environment
more adapted to climate change.

In order to assess the performance of this solar HVAC system, the results obtained with
its installation were compared with the results obtained without its presence. Note that
this system only operates when there is solar radiation and that its operation is controlled
by the PMV index values.

The main conclusions are the following:

• During the day, the indoor air temperature and the PMV index in space 6 with a
south-facing window are not affected by the use of the solar HVAC system as the
entry of solar radiation into that space is sufficient to guarantee acceptable levels of
thermal comfort.

• During the day, the indoor air temperature and the PMV index in space 3 with a
south-facing window are affected by the use of the solar HVAC system in the early
morning and late afternoon, contributing to these periods to provide acceptable levels
of thermal comfort. Between these two periods, the acceptable level of thermal comfort
is due to the entry of solar radiation into this space.

• During the day, the indoor air temperature values and the PMV index in spaces 2, 4
and 5 are positively affected by the use of the solar HVAC system, contributing to
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improving thermal comfort levels so that they are within acceptable levels between
mid-morning and late afternoon.

• During the night occupancy period, thermal comfort levels are close to the acceptable
level due to negative values of the PMV index.

• The use of the solar HVAC system allows for a reduction in CUH values of 55.0%,
85.7% and 18.8% in compartments 3, 4 and 5, respectively.

• In general, in spaces with windows facing south (during the day), in occupied spaces
(during the night), and in spaces where the solar HVAC system is on, the value of the
indoor air temperature is higher than the value of the mean radiant temperature.

• The proposed ventilation system provides an acceptable IAQ level.

For future work, it is proposed to study the thermal performance of buildings, both
residential and other types, throughout the different seasons of the year: winter, summer,
and mid-seasons. In winter, using internal greenhouse systems by utilizing internal spaces
of the building with transparent surfaces exposed to solar radiation. In summer, using
cooling systems based on geothermal energy and adjustable shading systems. In the mid-
seasons, using passive construction solutions focusing on thermal insulation, and passive
ventilation strategies. Regarding IAQ, the intention is to extend the study to the influence
of other pollutants, such as volatile organic compounds and particulate matter, on the
ventilation strategies to be implemented in buildings.
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