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W N e

Abstract: Airflow in a multi-zone building can be a major cause of pollutant transfer, excessive
energy consumption, and occupants discomfort. The key to monitoring airflows and mitigating
related problems is to obtain a comprehensive understanding of pressure relationships within the
buildings. This study proposes a visualization method for representing pressure distribution within
a multi-zone building by using a novel pressure-sensing system. The system consists of a Master
device and a couple of Slave devices that are connected with each other by a wireless sensor network.
A 4-story office building and a 49-story residential building were installed with the system to detect
pressure variations. The spatial and numerical mapping relationships of each zone were further
determined through grid-forming and coordinate-establishing processes for the building floor plan.
Lastly, 2D and 3D visualized pressure mappings of each floor were generated, illustrating the pressure
difference and spatial relationship between adjacent zones. It is expected that the pressure mappings
derived from this study will allow building operators to intuitively perceive the pressure variations
and the spatial layouts of the zones. These mappings also make it possible for operators to diagnose
the differences in pressure conditions between adjacent zones and plan a control scheme for the
HVAC system more efficiently.

Keywords: pressure-sensing system; multi-zone buildings; grid; coordinate system; visualization;
pressure mapping

1. Introduction

Airflows between internal zones and between indoor and outdoor spaces can cause
problems in relation to indoor environmental quality (IEQ) and building energy con-
sumption, such as air pollutant transfer [1-3], excessive energy consumption due to air
infiltration [4-7], as well as occupants’ discomfort [8,9]. The key to mitigating these prob-
lems is to investigate in real time the variations in indoor environmental parameters such
as the concentration of air pollutants, temperature, humidity, and the absolute pressure.

The potential technologies of wireless sensor networks (WSNs) and the Internet of
Things (IoT) contribute to the development of real-time monitoring systems for indoor
environmental parameters. A wireless sensor network normally consists of a large number
of wireless sensing devices to collect data from working environments, so that processes
may be centralized to databases, and the environmental parameters of space of interest
may be monitored remotely [10-12]. The IoT allows the implementation of a WSN that
connects all objects to the cloud server services with automatic and timely transmissions,
data processing, data analysis, and visualization [13,14]. Intelligent monitoring and control
systems using the IoT have been developed and commercialized in smart buildings for the
purposes of monitoring indoor environmental quality (IEQ), evaluating occupant comfort,
and predicting energy consumption [15,16].
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From among the monitored parameters, the IEQ is arguably the most important, since
the IEQ can reflect unexpected variations in indoor environmental conditions and provide
signals for the control of HVAC systems [17]. The IEQ can be described as a combination of
indoor thermal parameters, indoor air pollutant parameters, as well as lighting, acoustic,
and spatial factors [18,19]. Among these parameters, indoor thermal parameters [20] and
air quality-related parameters [21] are typically applied to monitor the variation of IEQ
inside buildings. In particular, comprehensive IEQ monitor systems have recently been
developed for inspecting variations in multiple indoor environmental parameters. For
example, Parkinson et al. [10] developed an indicative wireless IEQ sensor network called
SAMBA to automatically provide timely and actionable IEQ data to building operators.

However, variations in these IEQ parameters are mainly influenced by airflows be-
tween adjacent zones and across building envelopes [22-24]. It is thus particularly critical
to monitor airflows for an adequate evaluation of indoor environmental parameters. More-
over, airflows inside a building are rarely measured, and real-time monitoring processes
are also virtually nonexistent [25]. Airflow occurs due to pressure differences across the
building components and envelopes, and measurements of pressure differences between
adjacent zones or of absolute pressure values in the respective zones provide indications
of the airflow characteristics within and around a building. In addition, the direction of
airflows between two adjacent zones in a multi-zone building varies with the direction
of pressure difference, and airflow always infiltrates from the zone with high pressure to
the zone with low pressure. The real-time pressure monitoring allows for the convenient
detection of variations in airflow direction between adjacent zones.

Recent advances in technology have made real-time measuring of pressure variations
practical, low-cost, and widely available. Furthermore, as the availability of real-time
data provided by pressure sensors in a building has increased significantly, another topic
warranting consideration is the visualization of the monitored pressures, because it is
essential for occupants and building operators to understand and manage IEQ parameters
with intuitive, visualized results. Protopsaltis et al. [26] reviewed the tools available for
IoT data visualization, and visualized charts were divided into various types for specific
purposes such as scatterplots, histograms, bar plots, bubble charts, boxplots, and line charts.
Maps, timelines, diagrams, and graphs are also extensions of charts used in some special
cases [26]. Conventionally, line charts are the most frequently used visualization tool
for representing indoor environmental parameters [27]. Niedrite et al. [28] classified line
charts used in the IAQ domain into eight types based on various intents of visualization.
However, line charts are ineffective in both displaying real-time information for many
sensors and identifying relative differences in spatial and geographical data. Therefore,
as an alternative, mappings are used to visualize changes in monitored data over time
and space, as in the case of concentration mapping for urban air pollutants [29-31]. This
visualization method applied in the building environment domain is conducted to represent
spatiotemporal variations in indoor thermal parameters, such as PM concentration [32],
IEQ distribution [33], spatial temperature distribution [34], relative humidity [35] and so on.

Despite progress in depicting spatiotemporal variations of IEQ parameters using map-
pings, some limitations remain that need to be improved. First, these visualized mappings
are only for a large space or buildings with a single zone rather than multiple segmented
zones. There are no related studies and methods for visualizing the spatiotemporal dis-
tribution of environmental parameters in a multi-zone building. Second, only thermal
environmental parameters are visualized by 2D or 3D spatial mappings. The characteristics
of pressure difference between adjacent zones, which are closely related to the changes in
thermal environmental parameters, are not monitored or visualized.

Therefore, the aim of this study is to present an intuitive visualization method that
allows for the explanation of absolute pressure distribution on the target floor using the
pressure mappings. The proposed method makes it possible to clarify the characteristics of
real-time pressure difference variations between adjacent zones. To verify the feasibility of
this method, field pressure measurements are performed in actual low-rise and high-rise
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multi-zone buildings located in South Korea. The pressure-sensing system was deployed
in all measurement zones to monitor pressure variations in real time. Then, the visualized
pressure distribution mappings were generated through grid formation and coordinate
establishment processes for the building floor plans. The pressure distribution mappings by
floor, as intuitively recognizable results of the visualization for pressure conditions, not only
enable building operators and occupants to fully understand the pressure characteristics
within the measurement zones, but also provide a basis for the control of IEQ factors and
the operation of HVAC systems.

The structure of this study is organized as follows. Section 2 presents the methodol-
ogy of this visualization process for monitored pressure mappings. Section 3 induces the
developed pressure-sensing system for pressure monitoring including the overall archi-
tecture and the detailed configurations of applied devices. In Section 4, characteristics of
target buildings and pressure variations of each zone are explained, and then the pressure
mappings for target buildings are determined using the proposed visualization method.
Finally, Section 5 concludes the main work of this study with a detailed consideration for
future studies.

2. Methodology

Indoor environmental parameters are typically influenced by internal airflows. How-
ever, existing methods make it difficult to investigate airflows directly. Even though various
monitoring systems based on WSN and IoT techniques are frequently employed within
buildings to monitor specific environmental parameters, it needs to be noted that internal
airflows are induced by pressure differences across the building components. As such,
this study proposes a method for displaying the pressure distribution within a multi-zone
building by floor. As shown in Figure 1, this method is carried out by the following
four steps.

Step I: Grid formation based on the floor plan of the target building.

e  Based on the building floor plan, the numbers of columns along two sides of the target
building are first identified. (In the target building shown in Figure 1, there are eight
columns and six columns along the two directions).

e T building floor plan can first be divided into groups of small rectangles based on the
locations of the columns. (The numbers of rectangles for the target floor in Figure 1
are 30 inside the boundary of the building and 40 outside).

e  The number of measurement zones is identified, and the maximum number of zones
between two adjacent columns is selected. (There are nine measurement zones for
the target floor, and the maximum number of zones between any two columns is set
to two).

e  Following the preliminary grid layout and the maximum number of zones between
two adjacent columns, the final grid of the building floor plan is obtained. (The total
numbers of grid squares for the target building floor in Figure 1 are 105 inside the
boundary of the building and 147 outside).

Step II: Establishment of a coordinate system for the measurement zones.

e A Cartesian coordinate system is established, with the X-axis and Y-axis oriented
along the two selected sides of the target building. The location of each grid square
derived in Step I is expressed as a single coordinate point.

The measurement zones are represented by various groups of coordinates (x, v).
The coordinate system of measurement zones can be obtained for each floor through
the same procedures.

Step III: Determination of spatial and numerical mapping relationships.

The coordinates of the measurement zones are organized by floor.
Spatial and numerical mapping relationships (x, v, z) are determined using the collec-
tion of coordinates and the monitored pressure values of each zone.
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Step IV: Drawing of the pressure distribution mappings by floor.

e Based on the spatial and numerical mapping relationships of the measurement zones,

the pressure distribution mappings are drawn using the three-dimensional plotting
tool in MATLAB.

As noted in the detailed explanation above, the pressure distribution mappings of
each floor can be developed based on the monitoring of pressure values in each zone.
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Figure 1. Flowchart of the proposed method.
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3. Development of the Pressure-Sensing System for Pressure Monitoring

A pressure-sensing system for pressure monitoring was developed by the authors
for this study, where the system utilizes real-time wireless network transmission to store
the monitored absolute pressure values taken from the measurement zones. This system
includes multiple Slave devices for data monitoring and a Master device acting as a data
receiver and processor.

Figure 2 illustrates the overall architecture of the developed pressure-sensing system.
Before the actual measurement work, the stational position of devices on the floor surface
should be checked by field investigation to ensure that each position will not affect the
normal work and life of the occupants. Unlike temperature and humidity, the absolute
pressure on the floor surface always remains consistent everywhere in a single zone without
partition, and there is no apparent pressure difference between different points on the floor
surface. Then, the limited number of Slave devices are connected to a Master by a wireless
network. These Slave devices are calibrated through the multi-communication module
of the connected Master device to set the system time, data acquisition interval, standard
pressure, and other parameters. Temperature, humidity, and absolute pressure are sensed
by the installed several Slave devices and are further collected, retrieved, and processed
by the wireless-connected Master device to generate preliminary visualized results. In
addition, building operators can also perform detailed data processing manually after
collecting data from the Slave devices, so as to control building systems more efficiently in
accordance with the analyzed results.
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Figure 2. Overview of the architecture and components of the developed pressure-sensing system
for pressure monitoring.

Figure 3 shows the detailed configurations of the Master and Slave devices. As shown
in Figure 3a, the Master device is mainly composed of five modules: (1) the Setup module,
(2) Storage module, (3) Display and data processing module, (4) Multi-communication
module, and (5) Power module. In particular, the multi-communication module transmits
a signal for setting up the parameters to the Slave devices and receives the monitored data
via the wireless network. The monitored raw data received from the group of Slave devices
are further processed and visualized by the Display and data processing module.

Figure 3b depicts the configurations of the Slave devices. There are mainly six modules
in a Slave device, including the Setup module, Sensor module, Display module, Data
collection Module, Multi-communication module, and Power module. Before the formal
measurement, offsets in system time, temperature, and humidity need to be adjusted
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through the Multi-communication and Setup modules. The sensor module monitors the
indoor environmental parameters of absolute pressure, temperature, and humidity with
sensor 1 and sensor 2 and records the sets of raw data. Table 1 shows the specifications
of sensor 1 used in the Slave devices. Each Slave device monitors these parameters at
fixed intervals, and the accumulated data are stored as sets of raw data by the Data
collection module. Real-time variations of the parameters can be directly shown by the
Display module. Thus, each Slave device can also serve as a pressure sensor without being
connected to the Master device and can record data in real time. In addition, the multi-
communication module can transmit the collected data to the Master device to express the
raw data as visualized line charts.
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Figure 3. Overview of the configuration for the developed pressure-sensing system. (a) Configura-
tions of the Master. (b) Configurations of the Slave.

Table 1. Specifications of pressure sensors equipped in the developed system.

Sensor Features Specifications
Type Barometer sensor: VAISALA PTB110
Operating range Range: 800 to 1100 hPa
Accuracy £0.30 hPa at 20 °C
Linearity £0.25 hPa
Hysteresis +0.03 hPa
Repeatability £0.03 hPa
Interval 5 s (Minimum)
Storage 8 GB

4. Pressure Mappings for Target Buildings Based on the Proposed Visualization Method
4.1. Description of the Target Building

In this study, two multi-zone buildings are selected as target buildings for the real-time
monitoring of variations in absolute pressure. Target building A is a low-rise office building
of four stories located in Incheon, Korea. Target building B is a high-rise residential building



Sensors 2023, 23,4116

7 of 21

with 49 floors above ground and 5 floors underground located in Seoul, Korea. General
information regarding the two target buildings is shown in Table 2.

Table 2. Summary of the target buildings.

Specification Building A Building B
Location Incheon, Korea Seoul, Korea
Completion (year) 2016 2020
Dimensions (m) 39.6 (L), 54.5 (W) 49.35 (L), 34.6 (W)
Height (m) 19.5 199.2
Number of floors
(basement) 40) 90
Usage Office, Warehouse Residence
Exterior

The number and layout of measurement zones in each target building were identified
from field investigations. Figure 4a shows the detailed distribution of monitored zones and
the locations of Slave devices on each floor. A total of 22 zones are marked with various
colors in target building A: 4 zones on the 1st floor, 5 zones on the 2nd floor, 4 zones on
the 3rd floor, and 9 zones on the 4th floor. These zones have different functions, such
as offices, meeting rooms, and warehouses. In addition to the Slave devices deployed in
these 22 zones, Slave devices were also deployed outside on the 1st floor and the roof.
The outside pressure values for the 2nd floor, 3rd floor, and 4th floor was estimated by
monitored outside pressure on the 1st floor and the roof.

Figure 4b shows the floor plan and layout of measurement zones for target building B.
The typical floor plan consists of a central core surrounded by three elevator shafts and a
stair shaft, an elevator hall, and three residential units. Not all floors in target building B
had Slave devices installed. As shown in Figure 4b, the 1st floor, the 10th floor, the 20th
floor, the 30th floor, the 40th floor, and the 47th floor were selected as representative floors
for monitoring pressure variations. For the 10th floor, the 30th floor, and the 40th floor,
Slave devices were deployed only in the residential unit 2 (U2), the Elevator Hall (EV.H),
and the outside, due to the circumstances of the building not allowing the installing of
devices within the elevator shafts on these floors. One more device was installed in the
elevator shaft on each of the 1st and 47th floors. No device was placed outside on the 20th
floor, and the pressure on the 1st and PIT floors were used to estimate the outside pressure
value on the 20th floor. The pressure values within the elevator shafts on the 10th floor,
the 20th floor, the 30th floor, and the 40th floor were also estimated using the data for the
elevator shafts on the 1st and 47th floors. Slave devices were also placed in the lobby and
vestibule on the 1st floor due to its unique layout.

4.2. Pressure Variation during Measurement Periods

As a part of this study, pressure measurements were taken for the two target buildings
in different seasons. A 24 h measurement was conducted in building A on 3 September 2022,
and a 6 h measurement was conducted in building B on 29 December 2020. To minimize
the effect of other factors, such as elevator use by occupants, the opening of doors, and
external winds, on absolute pressure variation, field measurements were performed from
0 a.m. to 24 p.m. on Saturday for building A and from 0 a.m. to 6 a.m. for building B.
During the measurement period, elevators and other ventilation devices were not operated.
The values of absolute pressure were monitored every 30 s. Due to the circumstances of
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the target buildings, the outside pressure and elevator shaft pressure for some floors were
calculated using the equation given below.

Py, = Pist + pgH 1)

Here, Py, is absolute pressure either outside the building or inside the elevator shaft
on the i-th floor in Pa, P4 is the absolute pressure either outside the building or inside the
elevator shaft on the 1st floor in Pa, p is the inside or outside air density in kg/m?3, g is the
gravitational acceleration in m/s2, and H. is the absolute height on the i-th floor.
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Figure 4. Floor plans and locations of devices for the target buildings. (a) Floor plan, layout of zones,
and locations of Slave devices for target building A. (b) Floor plan, layout of zones, and location of
Slave devices for target building B.
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This study also made some assumptions for the pressure variation inside the target
buildings. The wind effect was not considered during the measurement period; thus, the
pressure outside each side of a target building was regarded as the same for each floor.
Moreover, for the building B, it was assumed that residential unit 1, unit 2, and unit 3
have the same absolute pressure at any given moment. We also assumed that the pressure
variations inside all elevator shafts on the same floor of building B are also the same. In
particular, the absolute pressure values were monitored for the essential zones only, and
as the pressure variations inside the PS rooms and EPS/TPS rooms are not considered in
this study, the absolute pressure values inside these rooms were assumed to be the same as
those of the EV.H.

Figure 5 shows the pressure variation of each zone of different floors taken in real
time during the measurement period for target building A. Since building A is a low-rise
multi-zone building, indoor pressure variation is not easily influenced by the stack effect,
and there is no huge pressure difference between adjacent zones. Figure 5 indicates that the
zones on different floors exhibit similar trends of pressure variation. However, it is difficult
to intuitively identify changes in pressure difference between zones, especially when there
are low pressure differences acting on the building components. Furthermore, the spatial
relationship between zones is also neglected, and the pressure variation of a single zone
only can be identified. The pressure difference between adjacent zones is more essential
since airflow movement through adjacent zones in a building is caused by the pressure
difference. Thus, existing folding line charts cannot provide an adequate reference for the
control of pressure variation within a low-rise building.

Figure 6 shows real-time pressure variations in zones of the 1st, 10th, 20th, 40th,
and 47th floor of target building B. Significant pressure differences between zones can be
easily observed on the upper floors, and the directions of pressure differences can also
be clearly identified, as can be seen on the 30th, 40th, and 47th floors. Moreover, the
direction of pressure difference between the elevator shaft and the outside of the building
remains unchanged on these floors, because of the simple layout of the building zones and
the strong stack effect in this high-rise residential building. However, the magnitude of
pressure difference cannot be determined from the folding line charts. In particular, for
the floors close to the neutral plane of this building such as the 10th floor, the pressure
differences between zones were not great and the directions of pressure differences also
changed with time.

All in all, the existing method for visualizing pressure variations with folding line
charts has shortcomings for both low-rise and high-rise multi-zone buildings and cannot
provide meaningful visualized results for aiding the control of pressure in each zone.
For example, changes in the directions and magnitudes of pressure differences are not
readily perceivable due to the low pressure differences between adjacent zones in low-
rise buildings. Additionally, the information of spatial relationships cannot be identified
from the line charts. For high-rise residential buildings, the line charts are ineffective in
displaying real-time variations in the magnitudes of pressure differences between zones,
especially on the floors close to the median neutral plane.

4.3. Pressure Mappings of the Target Buildings
4.3.1. Grid Formation for the Floor Plan of the Target Buildings

As shown in the Figure 1, the first step of this method is to form grids for the building
floor plans. Based on the number of columns along two major sides of target build-
ings A and B, preliminary grids can be formed for the building floor plans as shown in
Figures 7 and 8.
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Figure 5. Real-time pressure variation of measurement zones for target building A. (a) Measured
pressure variation on 1st floor. (b) Measured pressure variation on 2nd floor. (c) Measured pressure
variation on 3rd floor. (d) Measured pressure variation on 4th floor. (e) Measured pressure variation

on 4th floor.
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Figure 6. Real-time pressure variations in measurement zones for target building B. (a) Measured

pressure variation on 1st floor. (b) Measured pressure variation on 10th floor. (c¢) Measured pressure

variation on 20th floor. (d) Measured pressure variation on 30th floor. (e) Measured pressure variation

on 40th floor. (f) Measured pressure variation on 47th floor.
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Figure 7. Grid formation process and results for the floor plan of target building A. (a-1) Number
of columns along major sides. (a-2) Preliminary grid for the building floor plan. (a-3) Final grid for
the building floor plan. (a) Example of grid formation for building floor plan for target building A.
(b) Grid results on the 1st floor. (¢) Grid results on the 2nd floor. (d) Grid results on the 3rd floor.
(e) Grid results on the 4th floor.

In target building A, the 4th floor has the greatest number of zones from among the
four floors, and as such, the 4th floor was selected as the basis for forming a grid for the
floor plan. As shown in Figure 7(a-1), the numbers of columns along the two sides are 6 and
8, and a grid for the floor plan can be created that has a total of 30 grid rectangles within
the boundary of the building. It is also needed to consider the outside of the building,
and the outside of the building can be represented by a total of 40 grid rectangles shown
in Figure 7(a-2). However, the grid rectangles for the inside of the building thus derived
cannot represent all measurement zones. Based on the condition that the maximum number
of measurement zones between two columns is two, additional grid squares are added
between adjacent columns, and the final grid is as shown in Figure 7(a-3). The total number
of grid squares representing the internal zones of the building is 105, while the number of
grid squares representing the outside of the building is 147. Then, each measurement zone
inside the target building can be regarded as a group of grid squares, and the grid formed
for each floor is as shown in Figure 7b—e.

For target building B, the 2nd to 27th floors and 30th to 47th floors have the same
floor plan, with the 28th floor as a shelter floor and the 29th floor as a non-residential floor.
Therefore, the typical floor plan is selected as the standard floor for the grid formation
process for target building B. Using the information on the number of columns along the
two major sides of the target building shown in the Figure 8(a-1), a preliminary grid was
formulated for the floor plan of the typical floor that has 13 grid rectangles on the inside
and 36 grid rectangles on the outside. Figure 8(a-2) shows that there is only one grid
rectangle between two columns, meaning that the preliminary grid cannot represent all
zones on this target floor. For example, the elevator shafts and the elevator hall cannot be
represented with the preliminary grid. Considering that there are PS, EV.H, EV.S, and a
staircase between two columns shown in Figure 8a, the minimum number of grid squares
between any two columns should be four. The final grid for the typical floor plan was thus



Sensors 2023, 23,4116

13 of 21

Number of columns: 6

generated with 68 grid squares inside and 134 grid squares outside shown in Figure 8(a-3).
The zones on the typical floor and the lobby are represented as various groups of grid
squares as shown in Figure 8b,c.
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Figure 8. Grid formation process and results for the floor plan of target building B. (a-1) Number
of columns along major sides. (a-2) Preliminary grid for the building floor plan. (a-3) Final grid for
the building floor plan. (a) Example of grid formation for building floor plan for target building B.
(b) Grid results for the typical floors. (¢) Grid results on the lobby.

4.3.2. Establishment of Coordinate Systems for the Measurement Zones

The measurement zones need to be further specified based on the formulated grids of
the two target buildings. A Cartesian coordinate system in two dimensions was established
for each target floor, and only positive half-axes are applied to specify the measurement
zones. In the coordinate system, the X- and Y-axes denote the two sides of the target
buildings, and each coordinate point designated as (x, y) is considered as a representation
of a grid square. Finally, various groups of coordinates can be used to represent the
measurement zones of each target building based on the grid formation results. Figure 9a
depicts a coordinate system representing the measurement zones on the 4th floor of target
building A, where the points indicate the coordinates of the grid squares derived in the last
step. Taking Z6 and Z9 as examples, the grid squares of the two zones can be replaced by
two groups of coordinates as marked in Figure 9a. Figure 9b shows the coordinate system
for the typical floor in target building B.

According to the coordinate systems, the groups of grid squares can be substituted
by coordinate points, and the measurement zones can be described as various sets of
coordinates. Taking Z6 and Z9 on the 4th floor for target building A and U2 and EV.S2 on
the typical floor for target building B shown in Figure 9 as examples, the coordinates of
these measurement zones are summarized in Table 3. The same procedures are then taken
for other floors. The coordinate systems of the measurement zones on each target floor can
be finally established.
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Figure 9. Examples of coordinate systems for the target buildings. (a) Coordinate system for
measurement zones on the 4th floor of the target building A. (b) Coordinate system for measurement
zones on the typical floor of the target building B.
Table 3. Coordinate sets of the measurement zones for the target buildings.
Bz?fgie;:g Zone Coordinates Sets
BuildingA _ 26 (3 G4 G5 (6  *3) &4 (¢35 ¢ 63 649 65 66 63 649 65 66
(4th floor) 79 (12,3), (12,4, (13,3, (13,4), (143), (144, (153) (154), (163), (164),
Building B H2 (7,3, @4, (@95, (76, &3, 64 @65, 66, 13, 049 65, 06, 103, 104, 10,5, (10,6)
(Typical EVS
floor) 2 (©,10)

4.3.3. Determination of Spatial and Numerical Mapping Relationship

As shown in Figure 1, before drawing the pressure distribution mappings, the spatial
and numerical mapping relationships should be determined. Pressure mappings are
derived from real-time pressure variations and the coordinate sets of each measurement
zone. Each coordinate is then matched with its corresponding pressure value to derive the
real-time pressure mapping of the target floor.

In order to display the variations in pressure at different times, the measurement
period for target building A is divided into periods from AM 0:00:00 to AM 11:59:30 and
from PM 12:00:00 to PM 23:59:30. For target building B, measurement periods from AM
0:00:00 to 2:59:30 and from AM 3:00:00 to AM 5:59:30 are applied for visualizing pressure
distribution. Here, the mean pressure value during each measurement period is used
instead of pressure data at a certain time point to avoid device errors. Table 4 shows the
mean pressure of each measurement zone for different time periods. For actual use, the
real-time pressure variation in each zone can be used to extract real-time pressure mappings.
The setting of time intervals and start time is needed to be the same for the sensors within
all the measurement zones. The continuously varying pressure mappings can be then
generated with the simultaneous pressure value in each zone.

Then, using the derived pressure values, the spatial and numerical mapping relation-
ships (x, y, z) between each pressure value z and the coordinate point (x, y) are determined.
Table 5 shows the examples of the spatial and numerical mapping relationships for Z6 and
79 on the 4th floor of target building A as well as U2 and EV.S 2 on the 20th floor of target
building B during two measurement periods. Finally, all the measurement zones for the
target buildings are represented using the mapping relationships (x, y, z).
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Table 4. Mean pressure value of all zones during two measurement periods.

Mean Pressure (Pa)-AM 0:00:00—AM 11:59:30

Mean Pressure (Pa)-PM 12:00:00—PM 23:59:30

Floor Z1(Out) Z2(Z6) Z7Z3(Z7) Z4(Z8) Z5(Z9) Z1(Out) Z2(Z6) Z3(Z7) Z4(Z8) Z5(Z9)
1F 101,431 101,427 101,425 101,429 — 101,258 101,254 101,252 101,256 —
101,430 — — — — 101,258 — — — —
Building 2F 101,356 101,360 101,358 101,359 101,355 101,184 101,189 101,186 101,187 101,183
A 101,360 — — — — 101,188 — — — —
3F 101,310 101,316 101,314 101,310 — 101,138 101,144 101,143 101,137 —
101,313 — — — — 101,141 — — — —
4F 101,265 101,266 101,259 101,262 101,261 101,094 101,095 101,088 101,090 101,089
101,266 101,265 101,261 101,263 101,265 101,093 101,094 101,090 101,092 101,092
Mean pressure (Pa)-AM 0:00:00—AM 2:59:30 Mean pressure (Pa)-AM 3:00:00—AM 5:59:30
Floor EV.S EV.H L/U2 A\ Out EV.S EV.H L/U2 v Out
1F 101,872 101,908 101,954 101,951 101,941 101,905 101,944 101,990 101,986 101,979
Building 10F 101,407 101,409 101,423 — 101,422 101,440 101,442 101,458 — 101,453
B 20F 100,968 100,957 100,936 — 100,909 101,001 100,990 100,965 — 100,940
30F 100,479 100,458 100,406 — 100,373 100,512 100490 100,432 — 100,403
40F 100,040 100,023 99,942 — 99,898 100,432 100,054 99,964 — 99,923
47F 99,731 99,717 99,599 — 99,559 99,763 99,748 99,616 — 99,579
Table 5. Examples of spatial and numerical mapping relationships for the target buildings.
Bﬁ?lr giert\g Zone Coordinates Sets
Z6 (3, 3,101, 265), (3,4, 101, 265), (3,5, 101, 265), (3, 6,101, 265), (4, 3,101, 265), (4,4, 101, 265),
L (4,5,101,265), (4,6,101,265), (5,3,101,265), (5/4,101,265), (5,5,101,265), (5,6,101,265),
Building A (6, 3,101, 265), (6, 4,101, 265), (6,5, 101, 265), (6, 6,101, 265)
(4th floor) 79 (12,3,101,265), (12,4,101,265), (13,3,101,265), (13,4,101,265), (14,3,101,265), (14,4, 101,265),
(15,3,101,265), (15,4,101,265), (16,3,101,265), (16, 4,101, 265)
U2 (7, 3,100, 936), (7, 4,100, 936), (7, 5,100, 936), (7, 6,100, 936), (8, 3,100, 936), (8, 4,100, 936),
Building B (8, 5,100, 936), (8, 6,100, 936), (9, 3,100, 936), (9, 4,100, 936), 9, 5,100, 936), 9, 6,100, 936),
(20th floor) (10,3,100,936), (10,4, 100,936), (10,5,100,936), (10, 6,100, 936),
EVS2 (9,10,100,968)

4.3.4. Pressure Mapping for the Target Buildings

Based on the established spatial and numerical mapping relationship (x, y, z) of each
measurement zone, the three-dimensional plotting tool in MATLAB is used to visualize the
pressure distribution and variation of the target buildings.

In Figure 10, pressure mappings in 2-dimensional (2D) and 3-dimensional (3D) di-
mensions are shown for target building A during the two measurement periods, arranged
by floor. In contrast to the folding line charts shown in Figure 5, the pressure mappings
combine complex spatial information with real-time pressure values for each measurement
zone inside each building, illustrating the pressure difference and spatial relationships

between adjacent zones.

Building operators can intuitively understand the information on the number of zones
inside a building and the layout of each zone. For example, there are nine measurement
zones on the 4th floor, and Z1 is adjacent to Z2, Z4, Z5, Z6, and Z7. Furthermore, there is
always a lower pressure difference between adjacent zones in a low-rise building due to
the weak impact of the stack effect. The pressure mappings use colors to provide a clear
distinction of similar pressure values in different zones, allowing the building operator to
perceive a lower pressure difference between certain adjacent zones, such as zones Z2 and
Z4 on the 1st floor, Z1 and Z5 on the 2nd floor, and Z1 and Z4 on the 3rd floor.
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Figure 10. Pressure mappings for target building A.

For pressure and airflow control in a low-rise multi-zone building, it must be con-
sidered that the real-time variation of the pressure difference between adjacent zones is
more important than focusing only on the real-time pressure variation of any single zone.
Pressure mappings make it possible to detect real-time changes in pressure difference based
on color differences. For example, on the 1st floor, it can be readily seen from the same
color hues that the pressure differences between internal zones did not change significantly
over the two measurement periods, even as the pressure difference between the inside and
outside of the building increased in the second measurement period. In comparison to
other zones, the difference between Z8 and Z9 and between the outside and inside of the
building decreased on the 4th floor.

Moreover, if the real-time pressure mappings are derived for each floor, the pressure
variation characteristics can be identified by comparing these mappings. For example, the
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pressure of Z1 on the 1st floor was always the highest among all the measurement zones,
while the pressure of Z3 was always the lowest. Such pressure characteristics can also be
found on other floors. Thus, the pressure mappings derived for a low-rise building provide
insight both on the features of real-time pressure variation in individual zones and on the
changes in pressure differences between adjacent zones.

Figure 11 shows 2-dimensional (2D) and 3-dimensional (3D) pressure mappings for
target building B from AM 0:00:00 to AM 2:59:30 and from AM 3:00:00 to AM 5:59:30. Al-
though there are not many measurement zones in target building B, the number and layout
of measurement zones on each floor are clearly identified using 2D pressure mappings
similar to those of target building A. Moreover, the variation of colors provides an intuitive
indication of pressure distribution within each zone.

Pressure mapping for the 1st floor Pressure mapping for the 10th floor
AM 0:00:00 to AM 2:59:30 AM 3:00:00 to AM 5:59:30 AM 0:00:00 to AM 2:59:30 AM 3:00:00 to AM 5:59:30
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Figure 11. Cont.
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Figure 11. Pressure mappings for target building B.

As a result of the strong stack effect, there is always a large pressure difference acting
on the building components above and below the neutral plane level of high-rise buildings,
which is clearly observable in the pressure mappings for the 20th, 30th, 40th, and 47th
floors. A huge pressure difference is observed between EV.H and U1, U2, and U3, while
the pressure difference between EV.S and EV.H is considerably smaller than the difference
between EV.H and the houses. However, with reference to Figure 6, it is difficult to identify
these special characteristics using line charts.

The pressure mappings also show the characteristics of real-time pressure difference
variations between adjacent zones in target building B, where the pressure differences
between adjacent zones changed little over time. Moreover, except for the 10th floor, there
were no apparent variations in the pressure difference between adjacent zones, as the color
of each zone remained the same during both measurement periods. This indicates that the
pressure difference between adjacent zones in high-rise buildings generally remains stable,
even though the absolute pressure in each zone may appear to change with time.

5. Discussion

The derived pressure mappings for multi-zone buildings provide detection both on
the visualization of pressure conditions in an individual zone and on a pressure difference
between adjacent zones using color differences. Based on the mappings, variations in
airflow direction across air leakage paths between adjacent zones are then clearly identified.
For building A, airflows between Z4 and Z2 on the 1st floor infiltrate from Z4 with high
pressure to Z2 with low pressure during the two periods. For Z8 and Z9 on the 4th floor,
the airflow direction is from Z9 to Z8 in the first period, and there are no apparent airflows
between these two zones in the second period due to similar colors shown in the pressure
mappings. Pressure mappings for target building B also provide a clear clarification of
airflow moving paths, especially on high floors with a strong stack effect. For the 20th, 30th,
40th, and 47th floors, the airflows flow outside of the building through the horizontal zones,
including the elevator shaft, elevator hall, and residential units, which further results in the
difference in energy consumption within various zones due to the different temperatures
and changed air infiltration rates. Moreover, if there are sources of air pollutants within
certain zones, the direction of air pollutant transport can be also identified using real-time
pressure mappings.

All in all, the pressure mappings allow building managers to easily understand the
pressure condition in each measurement zone and quickly diagnose real-time variations in
airflow direction between adjacent zones with color variations. In addition, the operation
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of the HVAC system can also be adjusted efficiently with the reference of diagnosed results
for the airflow distribution.

6. Conclusions

This study develops a pressure-sensing system for real-time pressure monitoring. The
developed system consists of a Master device and a number of Slave devices. Field pressure
measurements were conducted in actual low-rise and high-rise multi-zone buildings with
the new pressure-sensing system. The system enables the real-time monitoring of envi-
ronmental parameters, especially for pressure variations within zones, and provides the
preliminary visualized results of folding line charts. A novel spatiotemporal visualization
method was further developed to derive pressure distribution mappings using the data
collected from the developed system, which is comprised of four steps. According to the
information of columns and the layout of measurement zones for two target buildings,
measurement zones were first represented in a grid as groups of squares. A Cartesian coor-
dinate system was then established to represent the measurement zones as various sets of
coordinates. Each coordinate was matched with a monitored pressure value to deter 'mine
the spatial and numerical mapping relationships. Lastly, the pressure conditions within all
measurement zones for the two target buildings were visualized for each floor as pressure
mappings.

These mappings are especially suitable for visualizing the spatiotemporal distribution
of pressure in multi-zone buildings considering the layout of measurement zones. More-
over, the pressure distribution mappings make it possible to detect the pressure variation
characteristics of both low-rise and high-rise multi-zone buildings. For low-rise multi-zone
buildings, the mappings provide a clear distinction of the pressure differences between
adjacent zones by color differences. For high-rise buildings, the mappings not only reveal
large pressure differences between EV.H and U1, U2, and U3, but also a small pressure
difference between EV.H and EV.S, and the pressure difference always remains consistent
with time.

Despite its contributions, this study also has the following limitations: first, the shapes
of the two multi-zone buildings are regular, and future work will be conducted to extend
the potential application of this method to multi-zone buildings having irregular shapes.
In addition, the visualization procedure is not integrated with the self-developed sensing
system. The display and data processing modules will be upgraded with the function
of transforming the input pressure data directly into visual pressure mappings. The
developed system and its related pressure mappings are also expected to interact with
the HVAC system to allow a more effective management of environmental parameters
inside buildings.

Author Contributions: Conceptualization, J.J. (Jiajun Jing) and ].-H.]J.; methodology, ].]. (Jiajun Jing);
validation, J.J. (Jiajun Jing) and J.-H.J.; formal analysis, J.J. (Jiajun Jing); investigation, J.J. (Jiajun
Jing); data curation, J.J. (Jiajun Jing); writing—original draft preparation, J.J. (Jiajun Jing); writing—
review and editing, D.-S.L., ].]. (Jaewan Jo), E.-].K., Y.-H.C. and J.-H.].; visualization, ].].(Jiajun Jing);
supervision, ].-H.]J.; project administration, J.-H.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the government of the Republic of Korea (MSIT), grant number NRF-2021R1A4A1031705.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available on request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2023, 23,4116 20 of 21

References

1. Guo, M,; Xu, P; Xiao, T.; He, R.; Dai, M.; Miller, S.L. Review and Comparison of HVAC Operation Guidelines in Different
Countries during the COVID-19 Pandemic. Build. Environ. 2021, 187, 107368. [CrossRef] [PubMed]

2. Mckeen, P.; Liao, Z. The Influence of Airtightness on Contaminant Spread in MURBs in Cold Climates. Build. Simul. 2022, 15,
249-264. [CrossRef] [PubMed]

3. Park, S.; Cai, Y.; Lim, H.; Song, D. Analysis of Vertical Movement of Particulate Matter Due to the Stack Effect in High-Rise
Buildings. Atmos. Environ. 2022, 279, 119113. [CrossRef]

4. Kreiger, B.K; Srubar, W.V. Moisture Buffering in Buildings: A Review of Experimental and Numerical Methods. Energy Build.
2019, 202, 109394. [CrossRef]

5. Kim, J.; Brandemuehl, M.]. Application Method of a Simplified Heat and Moisture Transfer Model of Building Construction in
Residential Buildings. Energies 2021, 14, 4180. [CrossRef]

6. Ji, Y., Duanmu, L.; Liu, Y;; Dong, H. Air Infiltration Rate of Typical Zones of Public Buildings under Natural Conditions. Sustain.
Cities Soc. 2020, 61, 102290. [CrossRef]

7.  Feij6-Munoz, J.; Pardal, C.; Echarri, V.; Fernandez-Agtiera, J.; Assiego de Larriva, R.; Montesdeoca Calderin, M.; Poza-Casado, L;
Padilla-Marcos, M.A.; Meiss, A. Energy Impact of the Air Infiltration in Residential Buildings in the Mediterranean Area of Spain
and the Canary Islands. Energy Build. 2019, 188-189, 226-238. [CrossRef]

8.  Tamblyn, R.T. Coping with Air Pressure Problems in Tall Buildings. ASHRAE Trans. 1991, 824-827.

9. Lee, DS, Ji, KH,; Jing, J.; Jo, ].H. Experimental Study on Elevator Door Reopening Problems Caused by Stack Induced Pressure
Differences across the Elevator Door in Buildings. Build. Environ. 2022, 221, 109271. [CrossRef]

10. Parkinson, T.; Parkinson, A.; de Dear, R. Continuous IEQ Monitoring System: Context and Development. Build. Environ. 2019,
149, 15-25. [CrossRef]

11. Jo,J.;Jo, B.; Kim, J.; Kim, S.; Han, W. Development of an IoT-Based Indoor Air Quality Monitoring Platform. J. Sens. 2020, 2020,
8749764. [CrossRef]

12. Perez, A.O.; Bierer, B.; Scholz, L.; Wollenstein, J.; Palzer, S. A Wireless Gas Sensor Network to Monitor Indoor Environmental
Quality in Schools. Sensors 2018, 18, 4345. [CrossRef] [PubMed]

13. Sung, W.T,; Hsiao, S.J.; Shih, J.A. Construction of Indoor Thermal Comfort Environmental Monitoring System Based on the IoT
Architecture. J. Sens. 2019, 2019, 2639787. [CrossRef]

14. Landaluce, H.; Arjona, L.; Perallos, A.; Falcone, F; Angulo, I.; Muralter, F. A Review of Iot Sensing Applications and Challenges
Using RFID and Wireless Sensor Networks. Sensors 2020, 20, 2495. [CrossRef] [PubMed]

15. Turley, C.; Jacoby, M.; Pavlak, G.; Henze, G. Development and Evaluation of Occupancy-Aware HVAC Control for Residential
Building Energy Efficiency and Occupant Comfort. Energies 2020, 13, 5396. [CrossRef]

16. Szagri, D.; Dobszay, B.; Nagy, B.; Szalay, Z. Wireless Temperature, Relative Humidity and Occupancy Monitoring System for
Investigating Overheating in Buildings. Sensors 2022, 22, 8638. [CrossRef]

17.  Zhou, P; Huang, G.; Li, Z. Demand-Based Temperature Control of Large-Scale Rooms Aided by Wireless Sensor Network: Energy
Saving Potential Analysis. Energy Build. 2014, 68, 532-540. [CrossRef]

18.  Zhang, D.; Mui, K.W.; Wong, L.T. Ten Questions Concerning Indoor Environmental Quality (IEQ) Models: The Development and
Applications. Appl. Sci. 2023, 13, 3343. [CrossRef]

19. Quesada-Molina, F; Astudillo-Cordero, S. Indoor Environmental Quality Assessment Model (IEQ) for Houses. Sustainability
2023, 15, 1276. [CrossRef]

20. Yang, L.; Yan, H,; Lam, ].C. Thermal Comfort and Building Energy Consumption Implications—A Review. Appl. Energy 2014, 115,
164-173. [CrossRef]

21. Aguilar, A.].; de la Hoz-Torres, M.L.; Ruiz, D.P.; Martinez-Aires, M.D. Monitoring and Assessment of Indoor Environmental
Conditions in Educational Building Using Building Information Modelling Methodology. Int. J. Environ. Res. Public Health 2022,
19, 13756. [CrossRef]

22.  Chen, C.; Zhao, B. Review of Relationship between Indoor and Outdoor Particles: I/O Ratio, Infiltration Factor and Penetration
Factor. Atmos. Environ. 2011, 45, 275-288. [CrossRef]

23. Fan,M.; Fu, Z.; Wang, ].; Wang, Z.; Suo, H.; Kong, X; Li, H. A Review of Different Ventilation Modes on Thermal Comfort, Air
Quality and Virus Spread Control. Build. Environ. 2022, 212, 108831. [CrossRef]

24. Mohammadi, M.; Calautit, J. Quantifying the Transmission of Outdoor Pollutants into the Indoor Environment and Vice
Versa—Review of Influencing Factors, Methods, Challenges and Future Direction. Sustainability 2022, 14, 10880. [CrossRef]

25. Arens, E;; Ghahramani, A.; Przybyla, R.; Andersen, M.; Min, S.; Peffer, T.; Raftery, P.; Zhu, M.; Luu, V.; Zhang, H. Measuring 3D
Indoor Air Velocity via an Inexpensive Low-Power Ultrasonic Anemometer. Energy Build. 2020, 211, 109805. [CrossRef]

26. Protopsaltis, A.; Sarigiannidis, P.; Dimitrios Margounakis, A.L. Data Visualization in Internet of Things: Tools, Methodologies,
and Challenges. In Proceedings of the 15th International Conference on Availability, Reliability, and Security, Dublin, Ireland,
25-28 August 2020; pp. 1-11.

27. Shin,M.; Lee, S.I; Lee, H.; Lee, ] K. Sensing the Room: An Integrated Implementation Process to Visualize Indoor Temperature
Data on Floor Plans. Vis. Eng. 2014, 2, 57. [CrossRef]

28. Niedrite, L.; Arnicans, G.; Solodovnikova, D. Visualization of Indoor Sensor Data to Reduce the Risk of COVID-19 Infection.

CEUR Workshop Proc. 2022, 3158, 101-112.


https://doi.org/10.1016/j.buildenv.2020.107368
https://www.ncbi.nlm.nih.gov/pubmed/33071439
https://doi.org/10.1007/s12273-021-0787-6
https://www.ncbi.nlm.nih.gov/pubmed/34025908
https://doi.org/10.1016/j.atmosenv.2022.119113
https://doi.org/10.1016/j.enbuild.2019.109394
https://doi.org/10.3390/en14144180
https://doi.org/10.1016/j.scs.2020.102290
https://doi.org/10.1016/j.enbuild.2019.02.023
https://doi.org/10.1016/j.buildenv.2022.109271
https://doi.org/10.1016/j.buildenv.2018.12.010
https://doi.org/10.1155/2020/8749764
https://doi.org/10.3390/s18124345
https://www.ncbi.nlm.nih.gov/pubmed/30544879
https://doi.org/10.1155/2019/2639787
https://doi.org/10.3390/s20092495
https://www.ncbi.nlm.nih.gov/pubmed/32354063
https://doi.org/10.3390/en13205396
https://doi.org/10.3390/s22228638
https://doi.org/10.1016/j.enbuild.2013.10.005
https://doi.org/10.3390/app13053343
https://doi.org/10.3390/su15021276
https://doi.org/10.1016/j.apenergy.2013.10.062
https://doi.org/10.3390/ijerph192113756
https://doi.org/10.1016/j.atmosenv.2010.09.048
https://doi.org/10.1016/j.buildenv.2022.108831
https://doi.org/10.3390/su141710880
https://doi.org/10.1016/j.enbuild.2020.109805
https://doi.org/10.1186/s40327-014-0010-2

Sensors 2023, 23,4116 21 of 21

29.

30.

31.

32.

33.

34.

35.

Lu, W,; Ai, T; Zhang, X.; He, Y. An Interactive Web Mapping Visualization of Urban Air Quality Monitoring Data of China.
Atmosphere 2017, 8, 148. [CrossRef]

Encalada-Malca, A.A.; Cochachi-Bustamante, ].D.; Rodrigues, P.C.; Salas, R.; Lopez-Gonzales, J.L. A Spatio-Temporal Visualization
Approach of PM10 Concentration Data in Metropolitan Lima. Atmosphere 2021, 12, 609. [CrossRef]

Schneider, P; Castell, N.; Vogt, M.; Dauge, ER.; Lahoz, W.A.; Bartonova, A. Mapping Urban Air Quality in near Real-Time Using
Observations from Low-Cost Sensors and Model Information. Environ. Int. 2017, 106, 234-247. [CrossRef]

Li, J; Li, H.; Ma, Y.; Wang, Y.; Abokifa, A.A.; Lu, C.; Biswas, P. Spatiotemporal Distribution of Indoor Particulate Matter
Concentration with a Low-Cost Sensor Network. Build. Environ. 2018, 127, 138-147. [CrossRef]

Choi, H.; Kim, H.; Yeom, S.; Hong, T.; Jeong, K.; Lee, J. An Indoor Environmental Quality Distribution Map Based on Spatial
Interpolation Methods. Build. Environ. 2022, 213, 108880. [CrossRef]

Yu, Z.; Song, Y.; Song, D.; Liu, Y. Spatial Interpolation-Based Analysis Method Targeting Visualization of the Indoor Thermal
Environment. Build. Environ. 2021, 188, 107484. [CrossRef]

Martinez-Comesafia, M.; Ogando-Martinez, A.; Troncoso-Pastoriza, F.; Lopez-Gémez, J.; Febrero-Garrido, L.; Granada-Alvarez,
E. Use of Optimised MLP Neural Networks for Spatiotemporal Estimation of Indoor Environmental Conditions of Existing
Buildings. Build. Environ. 2021, 205, 108243. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/atmos8080148
https://doi.org/10.3390/atmos12050609
https://doi.org/10.1016/j.envint.2017.05.005
https://doi.org/10.1016/j.buildenv.2017.11.001
https://doi.org/10.1016/j.buildenv.2022.108880
https://doi.org/10.1016/j.buildenv.2020.107484
https://doi.org/10.1016/j.buildenv.2021.108243

	Introduction 
	Methodology 
	Development of the Pressure-Sensing System for Pressure Monitoring 
	Pressure Mappings for Target Buildings Based on the Proposed Visualization Method 
	Description of the Target Building 
	Pressure Variation during Measurement Periods 
	Pressure Mappings of the Target Buildings 
	Grid Formation for the Floor Plan of the Target Buildings 
	Establishment of Coordinate Systems for the Measurement Zones 
	Determination of Spatial and Numerical Mapping Relationship 
	Pressure Mapping for the Target Buildings 


	Discussion 
	Conclusions 
	References

