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Recently, research has established a screening system comprising a combination of two
technologies, the MEMS sensor and the field and laboratory emission cell (FLEC), to perform
experiments. The aim of our study was to establish MEMS sensor field emission cell technology
(MS-FECT) to measure the changes in the pollutant concentration of field emission cells. A
building material emission database was created via an Internet of Things (IoT) in order to
develop a MEMS sensor field emission modeling platform. On the basis of information of the
building material emission database and decay models, the MS-FECT, IoT, indoor positioning
system (Beacon), and cloud database are integrated in this system. The source of pollution was
determined by sensing and data analysis to create a multidimensional map of pollution sources
to determine air quality in order to monitor the location of pollutants and flow conditions in the
long term to change the indoor air quality efficiently. Moreover, the results of this study will be
helpful in house interior design, the maintenance of residents’ health, and the reduction of
carcinogenic threats.

1. Introduction

In recent years, European Union (EU) countries have suffered grave health and monetary
problems triggered by indoor air pollution. A lot of money has been spent on air purification
research to discover smart sensing devices. Since 2000, the EU has focused on smart sensing
networks (e.g., IAQ Sense, EU NetAir), air health risk management, and the UNICEF Clear the
Air for Children project. Regulations of the European Union Common Standard (CEN/TS 16516)
and European Union Building Materials are used in the evaluation of the measurement of
emissions into indoor air, and the use of certified low-emission building material products has
been recommended.("* In 2014, the EU countries Germany and France incorporated the
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Verification of Low-Emission Building Materials law into the legal system for enactment.
Belgium and the United Kingdom announced the implementation of similar laws in 2015.

Formaldehyde and phthalate acid esters (PAEs) are often used in speed-increasing agents;
many documents have also proved their toxicity, which is expected to cause health problems.
The research of the escape state of different benzenes and the assessment results of the health
risks at different temperatures have been used to construct a passive sampling device for plastic
materials such as synthetic leather, wallpaper, and ethylene flooring. The observed maximum
emissions of diethylphthalate, dibutylphthalate, and diethylhexylphthalate (DEHP) were
observed to be 0.89, 0.77, and 14 pg/m?/h at 20 °C and 2.8, 450, and 1500 pg/m?/h at 80 °C,
respectively.® The field and laboratory emission cell (FLEC) method was used to study the
effects of RH on volatile organic compounds (VOCs). In 2007, childhood asthma was found to
often occur in damp and phthalate-emitting buildings.©®) The FLEC method has been used to
discuss the relationship between humidity and the concentration of phthalates. Ethylene flooring
containing 17% (w/w) DEHP was placed in six test FLECs at 22 °C, and it was observed that the
specific emission rate (SER) of DEHP from vinyl flooring (VF) over one year was independent
of RH.D

To study the emission of VOCs from building materials, an advanced diffusive sampling
emission cell (ADSEC) detection method was published by Matsumoto et al. in 2002,® and this
detection method is used to detect VOCs® of building materials on site. Toluene, styrene, and
xylene were the most common VOCs. The effect of common building materials and some
emitted pollutants such as total volatile organic compounds (TVOC) has been studied, and the
correlation between air quality and wellbeing was established.'”) The sandwich environment
control cabin method of detecting VOCs from building materials was proposed by Xu et al. in
2012, and they conducted emission tests. The concentration of DEHP that escaped from the VF
of a unique stainless steel microcabin designed in the laboratory was measured. In the steel
microcabin, the DEHP concentration in the gaseous phase slowly increased, reaching a steady-
state level of 0.8—0.9 pg/m? after 20 days. With increasing surface area of the ethylene floor and
decreasing thickness of the stainless steel surface, the time to reach a steady state was
shortened.(!)

Adsorption and desorption by indoor surface materials have significant effects on the level of
indoor VOCs. The surface sink model (SSM) was developed and studied to interpret these
effects in an indoor air quality (IAQ) model.(!? Three-dimensional computational fluid
dynamics (3D-CFD) analysis of diffusion and emission of VOCs has been done by Zhu ef a/. in a
FLEC cavity with a total flow of 250 ml/min.1? Indoor air pollution was also detected using a
tin oxide gas sensor in 1995.04 Combustible gas (CG), ammonia (AM), carbon monoxide (CO),
carbon dioxide (CO,), nitrogen oxide (NX), absolute humidity (AH), RH, and temperature (TM)
sensors were used to study indoor air pollution. These sensors were linked to a microcomputer
via an A—D converter. Cigarette smoke, CO, gas, CO gas, ethanol gas, and commercial propane
were measured as a function of time. The CG and AM sensors were sensitive to all pollutants in
gaseous form, except for CO, gas.(19)

Indoor air pollution is one of the top environmental threats to public health. IAQ has a
significant impact on people’s health. Two problems have been identified regarding IAQ: short-
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term monitoring bias and [AQ data-monitoring challenges. These can be solved by Internet of
Things (IoT) and distributed ledger technologies (DLTs).(!®) Emissions of VOCs and
formaldehyde from indoor building materials have long been studied.!”) Studies of the
evaluation of the adsorption performance of green building materials by the source control
method to control the indoor air quality(!®!1? and the use of a smart sensor to detect the pollution
concentration in air and their application to building environments and the IoT field are recent
trends. In 2018, we published a study in which we employed MEMS sensor field emission cell
technology (MS-FECT) to test passive adaption building materials and smart air sensing
technology to monitor the concentration of formaldehyde. The eye blinking frequency was found
to increase with the amount of formaldehyde in the air. This experiment was helpful for the
detection of indoor formaldehyde sources.??) In another study, we analyzed the relationship
between contamination resources and the removability of contamination using an IoT
connecting system and full-scale space.?)

2. Materials and Methods

The following are the main purposes of this project: establish a locally applicable on-site
screening technology for emission pollutants from indoor building materials; establish a
database of on-site emission test tanks for building materials; establish a comparative analysis
method using smart microsensing technology, and integrate smart technology and building
material detection technology.

The VOC emission and mass balance theory of building materials is based on Fick’s second
law and the mass balance chamber model [Eq. (1)], where y(¢f) is the gas-phase compound
concentration in the chamber, ¢ is time, D is the material-phase diffusion coefficient, 4 is the
exposed surface area of the source, C(x, 7) is the material-phase compound concentration at
position x and time ¢, x is the distance from the base of the slab-shaped material, L is the
thickness of the material, and Q is the air flow rate through the chamber. In the VOC estimation
model for building material emissions, VOCs are quantified into gas phase concentrations on the
basis of the diffusion method of solid building materials.?? The mass transfer process and
boundary distribution of the VOCs in a cabin have a strong relationship with the concentration of
VOCs in air and time. When the VOC gas moves to the walls of the environmental control cabin,
it will adsorb onto or absorb into the surface material. When the temperature rises or the airflow
increases, the VOC gas will desorb from the surface material and escape into the indoor air. The
escape mode is described below (Fig. 1).

de(t) Z_D.AﬁC(x, t)

dt Ox

~0.y(1) (1)

x=L

Our research has focused on a microsensing chip fabricated by a MEMS semiconductor
manufacturing process (Fig. 2) and long-term sensor issues such as miniaturization and
noninterference. In our previous research in 2016, we determined the emission of formaldehyde
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Fig. 2. (Color online) Details of microsensing chip for detecting formaldehyde gas emitted from building

materials. (Source: Project cohost, Professor Chia-Yen Lee, National Pingtung University of Science and Technology,
2013) (MOST-103-2221-E-272-003-) (Lee et al., 2006).2D

from building materials and furnishings.*!) The emission test cell method was used in an
innovative combination. On-site screening technology of emissions from building materials in a
room (MS-FECT) and the use of smart microsensing chips to detect pollution in building
materials in a field emission test chamber were established. Changes in the concentrations of
substances were measured using the developed MS-FECT and general laboratory testing
methods (Fig. 3, Table 1). The small environmental control box test method was compared with
another reported method and its validity was verified; the results showed that the coefficient of
variation (C.V.) between the two methods was 18.78%, which was within a reasonable range.?)
An IoT information modeling platform is investigated using ICT data recording and
transmission technology, combined with the building material escape-rate database (building
material emission database) and emission models (emission model, emission and decay model,
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Table 1
Screening system for pollutants emitted from indoor building materials using smart microsensing technology. (Liu

et al., 2018)*?
Smart sensing and building material field emission test slot (MS-FECT)

Velocity 0.6 L/min
. HI1: 11.2 mm
Inlet height H2: 2775 mm
Outlet Diameter 5 mm
Size 100 mm (L) x 55 mm (W) x 55 mm (H)
Cell area 95 mm x 52.2 mm

. 1000 me ~

mass transfer model, exponential diffusion model, etc.) and other basic information. The on-site
screening technology of pollutants emitted from indoor building materials is connected with the
IoT, an indoor positioning system, a building information modeling (BIM) system, and an
integrated cloud database to realize smart microsensing and data analysis.

To determine whether building materials are the sources of pollution, a three-dimensional
map of [AQ and building material pollution sources was established to monitor indoor pollution
over a long time. The distribution and flow of objects can effectively and accurately improve
TIAQ, which is helpful for the design, transformation, and maintenance of a building’s indoor

space.
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In this study, we use the Beacon system, in which the loT, indoor positioning technology
(indoor positioning system), an information modeling system, and a cloud database are
integrated (Fig. 4).

3. Results and Discussion

In this research, we use smart microsensing chips to sense changes in the concentration of
pollutants. On-site screening technology, the IoT indoor positioning system, the information
model system, and the cloud database were integrated to construct the IoT information model
platform for smart microsensing (Fig. 5) of indoor building materials. With on-site sensing and
the analysis of data obtained through real-time screening to determine which indoor building
materials are the sources of pollution, we can also establish an IAQ information platform. The
future integration of a multipoint positioning system can enable the production of an [AQ
multidimensional map, which can be used to monitor TAQ.

Ms-FECT 10T
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Fig. 4. (Color online) MS-FECT and cloud connected via Beacon system and [oT.

(@) (b)

Fig. 5. (Color online) Smart microsensing chip data integrated into an IoT information model platform: (a) full-
scale test lab and (b) optimized mesh grid of IAQ monitoring position.
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3.1 Experiments to test IoT information model platform for smart microsensing
screening of pollutants emitted by indoor building materials

In this research, multiple sets of experiments were conducted on the IoT information model
platform for the smart microsensing screening of emissions from indoor building materials (Fig.
6). Separate studies were conducted on the indoor air pollutants emitted by building materials
(short-term experiment) and on experiments of monitoring indoor air (long-term experiment).

We use smart microsensing chips to sense changes in the concentration of pollutants and
study the ICT data recording and transmission technology in combination with the on-site
screening technology of the pollutants emitted from indoor building materials with the IoT. Data
on sensor position and emitted pollutants were acquired in a single room space to establish a
pollutant database through long-term continuous measurement. To establish this database, five
types of flooring data and nine types of indoor air pollutants were used. Positioning data were
immediately transmitted to the MEMS sensing instrument via Bluetooth to monitor [AQ. Also,
through the cloud connection of Beacon and web apps, data were integrated into the IoT
information platform using various mobile phones and computers. In the future, the information
model can be extended to entire-building recognition, and the use of the building space can save
labor costs and shorten the operation time.

3.2 Evaluation of the expansion of IoT information model platform

The integration of on-site screening technology for pollutants emitted from indoor building
materials into the IoT information model platform is currently classified as building material
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Fig. 6. (Color online) Experiment on IoT information model platform for smart microsensor screening of
pollutants emitted by indoor building materials.
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detection (pollution source screening) and continuous monitoring of air pollutants (air quality
monitoring) on the basis of measurement factors. Nine environmental factors corresponding to
platform data are used: temperature, humidity, the amounts of CO,, CO, TVOC, formaldehyde,
PM2.5, and PM10, and fungal tendency. The potential index, corresponding to the MS-FECT, is
equivalent to that of formaldehyde and TVOC. In the future expansion of the platform, test items
of building materials can be added, and indoor air can be used to identify the source material of
pollution and to control the concentrations of indoor air pollutants in order to maintain IAQ.

This work is an extension of our 2016 research on building a screening system for pollutants
emitted from indoor building materials using smart microsensing technology (No. 1 annual
plan), smart microsensing MEMS sensors, and the chamber method of determining room
internal air emissions of VOCs from building materials and furnishings used in the establishment
of an indoor environment. An IAQ map of building material pollution sources can also be
established to monitor the distribution and flow of indoor pollutants over a long time, to
effectively and accurately improve 1AQ, to aid the design and transformation of building indoor
spaces, and to reduce the risk of cancer to maintain the health and comfort of occupants.

We built an IoT information model platform for the smart microsensing detection of pollutants
emitted from indoor building materials. To reduce health hazards and risks to personnel, new
testing items such as the emission of VOCs from building materials are controlled by
environmental on-site real-time screening and evaluation methods.

The following three steps are involved in the evaluation of the IoT information model
platform.

(1) Establish an on-site screening technology for pollutants emitted from indoor building
materials (MS-FECT)

3D information values of building IAQ (IAQ-BIM data) were obtained using an innovative
combination of MEMS sensors and the building material field and experimental emission test
slot method (FLEC). First of all, the indoor building material inspection technology (MS-FECT)
was developed using a smart microsensing chip (Fig. 7) to sense changes in the concentrations of
pollutants. Data were obtained under different experimental conditions in order to establish an
escape-rate database.

(2) Construct a smart microsensing screening system for pollutants emitted from indoor building
materials

Then, the on-site screening technology was combined with the IoT, an indoor positioning
system, and a BIM integrated cloud database to create a smart microsensor model IoT platform.
Data obtained through this developed platform were used to analyze the source of pollution.

(3) Construct an IAQ cloud system for the smart microsensing screening system for pollutants
emitted from indoor building materials

The microsensing screening system for pollutants emitted from indoor building materials
uses ICT wireless transmission technology to integrate data. However, in the indoor part, it is
assisted by the Beacon indoor positioning system to accurately locate the indoor building
material pollutants and obtain escape data of the pollutants. Together with the information
modeling system, the system can be applied in the future to establish a 3D map of building
material pollution sources.
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Fig. 7. (Color online) MEMS sensor to create sensing IoT platform.

4. Conclusions and Suggestions

It is essential to identify and control the source of indoor pollutants and the air quality to
maintain the health and comfort of the occupants. The results of this research will aid the
reduction of pollution sources in existing buildings and the design of new buildings. The
integration of information enables the rapid detection and management of relevant air pollutant
data, thereby reducing the required labor and the burden of managing material resources and
data reporting. It is also helpful in maintaining the health and comfort of occupants and
expanding the development of industrial technology.

The innovative combination of MEMS sensors and the building materials field and the
experimental emission test slot method (FLEC) is applied to sense pollution using smart
microsensing chips. The change in the concentration of materials leads to the need to detect
indoor building material pollution sources. This was achieved by connecting the smart
microsensing indoor building materials and the IoT information model platform to reduce indoor
air pollution. The application of IAQ management and healthy green building materials helped
to establish a building information system incorporating Beacon. Data push and data integration
resulted in a cloud data platform for a digital information model comprising various operating
systems controlled via mobile phones and computers for building management applications and
the control of indoor air pollution.

However, data push and management in complex multilayered spaces have not yet been
verified owing to a lack of time and labor. Artificial intelligence (AI) calculation methods can be
introduced in the future to improve calculation feasibility. The uncertainty of the measurement
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will continue to be examined in the follow-up research to ensure that the reliability and validity
of the measurement meet the requirements specific to the application. The stability, calibration,
and detection limit of the test chip should be continuously studied and refined. The indoor
positioning system can be created with Beacon, using Bluetooth to communicate with the BIM
information system. In the foreseeable future, the results of this research can be applied to actual
architectural space installations to understand their empirical performance and promote related
dynamic innovative technologies in industrial research and development.
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