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Abstract: This work presents a study about the design, environment, energy, and comfort in buildings
equipped with a Predicted Mean Vote (PMV)-controlled HVAC system. The control system, based
on the three categories of the international standard ISO 7730 uses the level of thermal comfort
instead of the traditional control of the air temperature. In this type of control, using the PMV
index, the air temperature (Tair), air relative humidity (RHair), Mean Radiant Temperature (MRT),
air velocity (Vair), level of clothing (CL), and level of physical activity (AL) are considered. The
initial four parameters are associated with environmental ones, and the last two are associated with
personal ones. The simulation is carried out using a simulator of the dynamic thermal response of
buildings and the thermophysiology of the occupants. The simulator considers energy and mass
balance integral equations, based on the building’s design. This equation system is generated by the
simulator. In this study, three cases are performed: Categories A, B, and C. According to the results
obtained, it is possible to verify that it takes some time to achieve acceptable comfort conditions when
the HVAC system is connected. However, after the conditions are achieved, the system guarantees
acceptable conditions during the occupancy time. Category A provides higher levels of energy
consumption than Categories B and C.

Keywords: HVAC system; control system; PMV; human thermophisiology; dynamic thermal re-
sponse of building

1. Introduction

In this study, a family house in winter conditions is equipped with an HVAC system.
In this HVAC system, which works in a heating methodology, a CS (Control System), using
a PMV (Predicting Mean Vote) index, is used. This kind of CS, used instead of a traditional
control using the internal Tair (see as an example also Conceigao et al. [1]), considers not
only the internal Tair but also the MRT, RHair, Vair, AL, and CL, using a PMV index.

This PMV index, which changes between —3 in a cold environment and 3 in a hot
environment, developed by Fanger [2], considers an energy balance integral equation in
the human body, namely, the energy production is equal to the energy dissipation. This
kind of methodology considers the convection, conduction, radiation, evaporation, and
other phenomena.

Fanger [2] also developed the Predicted Percentage of Dissatisfied People (PPD) index.
This index, which changes between 0 and 100%, is correlated with the PMV index.

The application of the PMV and PPD in ventilated spaces, to evaluate Thermal Comfort
Level (TCL), can be seen in Conceicao et al.’s study [3], in bus ventilation spaces, and

Eng. Proc. 2023, 53, 24. https://doi.org/10.3390/I0CBD2023-15209 https:/ /www.mdpi.com/journal/engproc


https://doi.org/10.3390/IOCBD2023-15209
https://doi.org/10.3390/IOCBD2023-15209
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0001-5963-2107
https://orcid.org/0000-0001-5322-8875
https://iocbd2023.sciforum.net/
https://doi.org/10.3390/IOCBD2023-15209
https://www.mdpi.com/journal/engproc
https://www.mdpi.com/article/10.3390/IOCBD2023-15209?type=check_update&version=1

Eng. Proc. 2023, 53, 24

20of 6

in Conceigao et al.’s study [4] in a virtual chamber. Other studies can be seen also, in
Nico et al.’s [5], Fanger and Toftum'’s [6], and Fabbri’s [7] studies.

This index is used by international standards, such as ISO 7730 [8] and ASHRAE 55 [9],
to evaluate the TCL. Thus, in accordance with ISO 7730 [8], three categories are considered:
A, B, and C. Category A is used for buildings with special thermal requirements and
considers the PPD index lower than 6% and the PMV index change between —0.2 and 0.2.
Category B, used for new buildings, considers the PPD index lower than 10% and the PMV
index change between —0.5 and 0.5. Category C, used for existing buildings, considers the
PPD index lower than 15% and the PMV index change between —0.7 and 0.7.

In order to implement this kind of methodology, using a PMV index as an HVAC CS,
numerical software is developed and applied. In this kind of methodology, the software
simulates the Dynamic Thermal Response (DTR) of the Building model. This software
calculates the opaque temperatures, transparent temperatures, internal temperatures, and
environmental thermal conditions. These environmental thermal conditions, namely, the
Tair, the MRT, the RHair, the Vair, and other conditions, are human-internal contaminants
(carbon dioxide concentration, water vapour, and others).

The DTR of the Building model considers the conduction, convection, radiation,
evaporation, and other phenomena, see Conceigao et al. [10]. This software considers
not only the active methodologies, such as the HVAC system and other factors, but also
passive methodologies, such as solar radiation and other factors, see Ignjatovic et al. [11]
and Ulpiani et al. [12].

The inputs of the DTR of the Building model are the building’s geometry, the building’s
geographic conditions, the building’s materials, the building’s occupancy, the building’s
ventilation, and external environments. In the ventilation, in accordance with the ASHRAE
62.1 [13], the airflow rate is defined in accordance with the occupation. However, when no
occupation is used, the air exchange rate is considered. In this case, the experimental tests,
using the tracer gas concentration, are used.

The objective of this work is to improve human TCL in a family house equipped using
an HVAC system based on PMV control. The study considered three categories of TCL,
namely, Categories A, B, and C. The environmental variables, the TCL, and the energy
consumption are considered.

2. Model and Methodology
2.1. Numerical Model

The DTR of the Building model, which considers energy and mass balance integral
equations, uses:

e  Conduction. This phenomenon is considered in opaque buildings, between the sev-
eral layers, namely, in the external and internal walls, ceiling, door, ground, and
other bodies;

e Convection. This phenomenon is considered between the opaque and transparent
surfaces of the bodies and the internal or external environment;

e Radiation. This phenomenon is divided into two parts: heat exchange by radiation
and solar radiation. The first one is verified inside each space, between the different
surfaces, and in the external surfaces, between the external opaque and transparent
bodies surfaces and the external environment. The second one is associated with
solar radiation;

e  Evaporation. This phenomenon is verified between the opaque surfaces of the bodies
and the internal and external environment;

o  Others phenomena. In the numerical simulation, adsorption, desorption, occupation,
HVAC system, transport by ventilation, and other phenomena are considered.

The DTR of the Building model calculates the Opaque body temperature; Transparent

body temperature; Internal body temperatures; Solar radiation distribution; Glass radiative
properties; Heat transfer coefficients by convection and radiation; TCL; Carbon dioxide
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concentration; Water vapour; Indoor air quality; Indoor environmental variables; and
Other variables.
The DTR of the Building model considers:

e  Active methodologies, such as the HVAC system, water solar collectors, water radiant
surfaces, heat exchanges by geothermal phenomena, wind and photovoltaic energy
production, and other factors;

e Passive methodologies, such as solar radiation (in summer and winter conditions),
thermal mass (namely the heat absorption, heat desorption, and heat storage), natural
cross ventilation (associated with the pressure differences verified opposite door and
windows), the roof albedo (associated with the heat loss in the roof surface), special
transparent bodies or opaque bodies, greenhouses, and others factors.

The inputs of the DTR of the Building model are:

The building geometry. This geometry is introduced using the CAD system;
The geographic conditions of the building. The latitude and longitude are important
factors that influence solar radiation intensity;

e  The building materials. This topic is an important issue associated with opaque and
transparent bodies;

e  The building occupancy. The occupation can change throughout the day for all spaces.
This information contributes to the internal heat gain;

e The ventilation of the building. In the ventilation, two parts are considered: with
occupation and without occupation. In the first one, the airflow rate is defined in
accordance with the occupation level. Without occupation, the air exchange rate, with
experimental tests using the tracer gas concentration as an example, is considered;

e  External environments. The external Tair, wind Vair, air RHair, and wind direction
are considered.

2.2. Numerical Methodology

This study, made in winter conditions, considers a family house prototype, see Figure 1,
divided into two levels, namely, the first and the second floor. The first floor considers five
spaces, and the second floor considers one space.

-

Figure 1. Family house divided into two levels. The green surface is associated with the door, the
blue surfaces are associated with glass, the grey surfaces are associated with walls, and the red is
associated with the roof.

The family house considers one external space (space number 1), five internal spaces
(spaces number 2 to 6), and a loft (space number 7), namely, Space 1—external space;
Space 2—non-permanent occupation with window facing south; Space 3—occupied space
with window facing south; Space 4—occupied space with window facing north; Space
5—occupied space with window facing east; Space 6—occupied space with window facing
south; and Space 7—non-permanent occupation space located in the loft.
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The family house considers the following occupation level: Space 3—with two persons
between 19 to 24 h; Space 4—with two persons between 12 to 14 h and one person between
18 to 19 h; Space 5—with two persons between 0 to 8 h; and Space 6 —with two persons
between 18 to 19 h.

The ventilation strategies consider: With occupation, the airflow rate is proportional to
the occupation level, namely, 35 m3/h per occupant. Without occupation, the air exchange
rate is considered.

In the study three Case studies are considered:

e Case A:in the first case, category A of the ISO 7730 is considered;
e  Case B: in the first case, category B of the ISO 7730 is considered;
e Case C:in the first case, category C of the ISO 7730 is considered.

3. Results and Discussion

In this work, the evolution of environmental variables, TCL, and energy consumption
for three case studies are presented.
In Figures 2 and 3, the environmental variables are presented for Case A.
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(a) (b)
Figure 3. Evolution of (a) RHair and (b) MRT for the spaces 3, 4, 5, and 6 for Case A.

In Figure 2a, the evolution of Tair for spaces 3, 4, 5, and 6 is presented; in Figure 2b,
the evolution of Vair for spaces 3, 4, 5 and 6 is shown; in Figure 3a, the evolution of RHair
for the spaces 3, 4, 5, and 6 is presented; and in Figure 3b, the evolution of MRT for the
spaces 3, 4, 5, and 6 is shown.

In Figure 4, the PMV index is presented. The evolution of the PMV index for spaces 3,
4,5, and 6 for Case A is presented in Figure 4a. The evolution of the PMV index for spaces
3,4, 5, and 6 for Case B is shown in Figure 4b. The evolution of PMV index for the spaces 3,
4,5, and 6 for Case C is depicted in Figure 4c.
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Figure 4. Evolution of Predicted Mean Vote (PMV) for the spaces 3, 4, 5, and 6 for (a) Case A,
(b) Case B, and (c) Case C.

Finally, Table 1 presents the energy consumption in Cases A, B, and C.

Table 1. Energy consumption for the Cases A, B, and C in W xhours.

Cases/Rooms 3 4 5 6 Total
A 17,087.9 3473.7 9534.8 4526.8 34,623.2
B 11,627.7 2555.9 7235.6 24245 23,843.7
C 10,403.3 4595.9 4444.6 2215.6 21,659.3

When the HVAC system is connected the Tair, the Vair and the MRT increase, whereas
the RHair decreases. The Tair, the Vair, and the RHair are subjected to fluctuation levels,
whereas the MRT is not subjected.

When the HVAC system is connected, the Tair value is higher than the MRT.

In Case A, the PMV value is highest, and in Case C, the PMV value is lowest.

The fluctuation of the PMV value is influenced by environmental variables, namely, by
the Vair, the RHair, the Tair, and the MRT. When the Vair and the RHair increase, the PMV
value decreases, whereas the PMV value increases when the Tair and the MRT increase.
However, the Vair strongly influences the PMV value.

The total energy consumption is the highest for Case A and the lowest for Case C.
The energy consumption is highest in room 3 and is lowest in room 4. Additionally, room
3 presents higher values than rooms 4, 5, and 6.

4. Conclusions

In this work, the human TCL in a family house equipped with an HVAC system based
on PMV control is made. The study is made for PMV control in accordance with Categories
A, B, and C of the international standards.

In accordance with the obtained results, when the HVAC system is connected the
Tair, the Vair and the MRT increase and the RHair decreases. The Tair value is higher than
the MRT.

Case A presents the highest values and Case C presents the lowest values. When the
Vair and the RHair increase, the PMV value decreases, whereas the PMV value increases
when the Tair and the MRT increase. However, the Vair strongly influences the PMV value.

The energy consumption is the highest for Case A and is the lowest for Case C, as well
as is highest in Room 3 and lowest in Room 4.
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