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1. Introduction

It is a fact that people in developed countries spend almost 90% of their time indoors, where
they experience their greatest exposures. However, regulation of air pollution focuses on outdoor air,
as indoor environment is less well-characterized and recognized as a potential location for exposure to
air pollution.

What makes indoor air intrinsically more interesting than outdoor air from a scientific point
of view? Some sources are undoubtedly uniquely building-related (e.g., cleaning agents, emissions
from building materials and personal care products), while some contaminant dynamics operate
only in buildings (e.g., the distribution of particles and gases by mechanical ventilation systems and
photochemical reactions, and the infiltration of soil gases). Besides this, air pollutant concentrations
are often higher indoors than outdoors, particularly following activities such as cleaning and cooking
(with a greater source strength indoors than outdoor on a per area basis), while it has already been
proven that many indoor air pollutants are harmful to human health.

Another issue is ventilation. While indoor microenvironments are a microcosm of most urban
settings, the effective air exchange and renewal in buildings is much lower than outdoors, even in
urban areas. This concern is amplified by the fact that energy efficiency measures, driven by climate
change awareness, have made modern buildings more airtight, further degrading the quality of indoor
air. Therefore, a person is significantly more likely to inhale a harmful chemical molecule if it is emitted
indoors rather than outdoors.

Monitoring of indoor air pollutants in a spatio-temporal basis is challenging. A key element is
the access to local (i.e., indoor residential, workplace, or public building) exposure measurements.
Unfortunately, the high cost and complexity of most current air pollutant monitors results in a lack
of detailed spatial and temporal resolution. Therefore, individuals of vulnerable groups (children,
pregnant, elderly, and sick people) have little insight into their personal exposure levels. This
becomes significant in cases of hyper-local variations and short-term pollution events such as instant
indoor activity (e.g., cooking, smoking, and dust resuspension). Advances in sensor miniaturization
have encouraged the development of small, inexpensive devices capable of estimating pollutant
concentrations. This new class of sensors presents new possibilities for indoor exposure monitoring.

Furthermore, indoor air chemistry models typically account for air exchange with outdoors
through ventilation, deposition on indoor surfaces, and photochemical reactions. Surface chemistry on
furnishings, building materials, and human bodies is becoming increasingly recognized as being of
crucial importance.

In light of the above, this Special issue on ‘Indoor Air Quality’ was introduced to collect latest
research and address challenging issues in the areas of the triptych: Indoor environment quality
monitoring, indoor air modeling, and exposure to indoor air pollution.

2. From Indoor Environment Quality Perception to Indoor Air Quality Monitoring and Control

In this Special Issue, 24 papers were submitted, and 16 were accepted for publication (67%
acceptance rate). 63% of the published studies originate from Europe, while 37% of them were
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conducted in Asiatic countries. Various topics have been addressed in the contributed articles: Indoor
air quality (IAQ) monitoring and modelling, occupants’ comfort related to indoor environment
parameters as well as innovative techniques for IAQ monitoring and improvement. When looking
back, it can be concluded that the majority of the studies can be distinguished into two main groups.
The first one refers to occupants’ perception for the quality of the indoor environment as well as their
comfort inside a building. The second group focuses on new techniques of monitoring and controlling
the parameters determining the quality of indoor air. Finally, a quite smaller group includes studies
performed in indoor environments of special characteristics.

To be more specific, nine papers discuss the issues of IAQ perception and control as well as
thermal comfort. The study of M. Cho and M. Kim, [1] titled ‘Residents’ Perceptions of and Response
Behaviors to Particulate Matter—A Case Study in Seoul, Korea’ aimed at understanding the perception
of 171 people in Seoul for indoor air quality based on domestic particulate matter levels. In a
European-scale study titled ‘Personal Control of the Indoor Environment in Offices: Relations with Building
Characteristics, Influence on Occupant Perception and Reported Symptoms Related to the Building—The Officair
Project’, Sakellaris I. et al. [2] focused on revealing the complex relationship between office employees’
control over various indoor environment parameters and their comfort, health and productivity. 7441
occupants of 167 recently built or retrofitted office buildings in eight European countries participated
in an online survey about personal/health/work data as well as physical/psycho-social information.
In another study titled ‘An Investigation of the Effects of Changes in the Indoor Ambient Temperature on
Arousal Level, Thermal Comfort, and Physiological Indices’, Gwak J. et al. [3] aimed to design a thermal
environment that improves both the arousal level and thermal comfort of the occupants. To this end,
they investigated the relationships between the physiological indices, subjective evaluation values,
and task performance under several conditions of changes in the indoor ambient temperature. The
study ‘Probability of Abnormal Indoor Air Exposure Categories Compared with Occupants’ Symptoms, Health
Information, and Psychosocial Work Environment’ authored by Tähtinen K. et al. [4] aimed at (i) evaluating
the relation between the four-level categorized probability of abnormal indoor air exposure and
employees’ work environment-related symptoms, group-level health information, and psychosocial
work environment, (ii) assessing the relation between ventilation system deficiencies and employees’
work environment-related symptoms and evaluating the impact of prolonged IAQ problem solution
processes on perceived IAQ. The study ‘Combined Model for IAQ Assessment: Part 1—Morphology of the
Model and Selection of Substantial Air Quality Impact Sub-Models’ of Piasecki M. and Kostyrko K.B. [5]
provided an overview of models defining occupants’ comfort and satisfaction with IAQ. Specifically,
subcomponents of three potential IAQ models were classified according to their application potential:
IAQ quality index, IAQ comfort index, and an overall health and comfort index. The authors provide
a method for using the combined IAQ index to determine the indoor environmental quality index,
IEQ and a practical case study which provides IAQ and IEQ model implementation for a large
office building assessment. The study titled ‘An Accident Model with Considering Physical Processes for
Indoor Environment Safety’ authored by Yang Z. et al. [6] also deals with thermal comfort in an indoor
environment. In particular, authors presented an extension of Systems-Theoretic Accident Model
and Process (STAMP) while considering physical processes in an indoor environment as temperature
changes. Thermal comfort was also the subject of the study of Cheng X. et al. [7] titled ‘A Contactless
Measuring Method of Skin Temperature based on the Skin Sensitivity Index and Deep Learning’. In this study,
a skin sensitivity index was proposed to describe individual sensitivity of thermal comfort, and the
index was combined with skin images for deep learning network training. Also, a novel contactless
measuring algorithm (NISDL) based on SSI was proposed, with two different frameworks of NISDL
having been designed for real-time thermal comfort measurements. Finally, a deep learning algorithm
without SSI was also generated and trained. Two more studies have worked on the evaluation of the
indoor environment quality while focusing on a specific population group: Children and teenagers.
The study of Mainka A. and Zajusz-Zubek E., [8] named ‘Keeping Doors Closed as One Reason for Fatigue
in Teenagers—A Case Study’ investigated the variability of CO2 concentration in naturally ventilated
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bedrooms of teenagers in Polland, by correlating bedroom door opening during the night with CO2

concentration and thermal comfort. In the study ‘Cooking/Window Opening and Associated Increases of
Indoor PM2.5 and NO2 Concentrations of Children’s Houses in Kaohsiung, Taiwan’, Yen Y. et al. [9] attempted
to assess the influence of window opening and cooking activity to measured air pollutants levels in 60
children homes in an industrial city in Taiwan.

The second sub-group of papers published in this Special Issue, includes five studies which feature
the introduction of new developments in technology and computational science to the field of indoor
environment monitoring and control. The study of Kim S. et al. [10] titled ‘Evaluation of Performance
of Inexpensive Laser Based PM2.5 Sensor Monitors for Typical Indoor and Outdoor Hotspots of South Korea’
presents the results of the evaluation of a low-cost real-time PM monitor under indoor testing with
common PM2.5 sources of Korea (frying pork in a pan or smoking). In another study, ‘Real-Time
Monitoring of Indoor Air Quality with Internet of Things-Based E-Nose’, authored by Tastan M. [11] and
Gokozan H., an ‘e-nose’, a real-time mobile air quality monitoring system with various air parameters
such as CO2, CO, PM10, NO2 temperature and humidity was presented and evaluated. The proposed
e-nose is produced with an open source, low cost, easy installation and do-it-yourself approach. An
environmental quality solution based on IoT to supervise Laboratory Environmental Conditions (LEC)
named iAQ+ was introduced in the paper titled ‘An Internet of Things-Based Environmental Quality
Management System to Supervise the Indoor Laboratory Conditions’ authored be Marques C. and Pitarma
R [12]. This low-cost wireless solution for indoor environment quality supervision incorporates mobile
computing technologies for data consulting, easy installation, significant notifications for enhanced
living conditions, and laboratory activities. Further, Cheng X. et al. [7] study (presented in the previous
paragraph) belongs to this sub-group as it included training of deep learning network. Finally, the
study ‘A Promising Technological Approach to Improve Indoor Air Quality’ authored by Maggos T. et al. [13]
presents an innovative paint material which exhibits intense photocatalytic activity under direct and
diffused visible light for the degradation of air pollutants, suitable for indoor use. This innovative
photo-paint was tested under laboratory and real scale conditions.

Last but not least, three papers published in this Special Issue include studies of air quality in
indoor environments of special characteristics. The first one, ‘Study of Passive Adjustment Performance of
Tubular Space in Subway Station Building Complexes’ by Li J. et al. [14] focused on the various tubular space
forms in subway station building complexes with the scope of proposing an improvement of the indoor
environment in terms of comfort and energy consumption. The second one, ‘Application of Airborne
Microorganism Indexes in Offices, Gyms, and Libraries’ authored by Grisoli P. et al. [15] quantified the
levels of microorganisms present in the air in different places such as offices, gyms, and libraries. The
third one, ‘How Working Tasks Influence Biocontamination in an Animal Facility’ authored by Marcelloni
M. et al. [16] aimed to determine what factors could be associated with a high level of exposure to
biological agents in an animal facility, through the measuring and characterization of airborne fungi,
bacteria, endotoxin, (1,3)-β-d-glucan and animal allergens.

3. Conclusions

As a final point, the papers in this Special Issue have pinpointed two thematic areas of IAQ that
researchers currently focus on, and basically, answer two questions: (i) How do people perceive the
quality of air inside their home, office, school etc.? and (ii) what are the state of the art tools (both
instrumentational and computational) to monitor, control and improve indoor air quality? While this
Special Issue has been closed, further research towards these directions is expected in the very near
future. There are still several challenging research questions to be answered. Manuscripts addressing
challenging future research for Indoor Air Quality are invited in the second volume, named ‘New
Challenges for Indoor Air Quality’ launched by Applied Sciences, MDPI.

Author Contributions: D.E.S. performed the papers’ review and wrote the editorial. The author has read and
agreed to the published version of the manuscript.
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Abstract: This study is interested in understanding the particulate matter perceptions and response
behaviors of residents. The purpose of this study was to identify indoor air quality along with the
response behaviors of residents in Seoul, to ascertain whether there is a difference in behaviors when
particulate matter is present, according to the characteristics of residents and to grasp the nature
of this difference. A questionnaire survey of 171 respondents was conducted. The questionnaire
measured the indoor air quality perceived by residents, the health symptoms caused by particulate
matter, residents’ response behaviors to particulate matter and the psychological attributes affecting
those response behaviors. Residents of Seoul were divided into college students in their twenties,
male workers in their thirties and forties and female housewives in their thirties and forties. The data
were calibrated by SPSS 23 using a one-way analysis of variance (ANOVA) and multiple regression
analyses. The results show that most people found particulate matter to be an important problem
but were unable to do sufficient mitigation action to prevent its presence. Residents showed greater
psychological stress resulting in difficulty going out than physical symptoms. The most influential
factor on response behaviors was psychological attributes. Participants were aware of the risks of
particulate matter but believed it to be generated by external factors; thus, they felt powerless to do
anything about it, which proved to be an obstacle to response behaviors.

Keywords: particulate matter; perception; response behavior; psychological attribute

1. Introduction

In recent years, particulate matter (PM) has emerged as a big problem in Korea. According to the
Organization for Economic Cooperation and Development (OECD)’s annual report on the concentration
of ultra-particulate matter in countries by 2017, the mean population was exposed to PM2.5 and with
pollution at 25.1 μg/m3, Korea was the second worst of the member countries [1], with a level twice as
high as the average OECD member countries (12.5 μg/m3) and 2.5 times higher than the World Health
Organization (WHO)’s annual average recommended concentration (10 μg/m3). Based on Korea’s PM
forecast, the number of “bad” (36–75 μg/m3) and “very bad” (more than 76 μg/m3) days in metropolitan
areas increased from 62 in 2015 to 77 in 2018 [2]. In early March 2019, Korea experienced the most
severe PM situation. In Seoul, an 8-day ultra-particulate matter warning (PM2.5 with a time-averaged
concentration of more than 75 μg/m3 for 2 h) and 2 days (March 5 and 6) with an alert level (an average
PM2.5 of more than 150 μg/m3 for 2 h) [3]. As a result, the PM levels became hazardous to health.

PM is a WHO Level 1 carcinogen that has negative effects on health, contributing to cardiovascular
and respiratory diseases [4,5]. Choe and Lee [6] investigated the effect of particulate emissions on
specific diseases in Seoul and found that the number of hospitalizations for various respiratory diseases
increased as the amount of ultra-PM increased. Korea’s increase in PM is related to rapid economic
growth. Large cities, such as Seoul, have high levels of energy use resulting from the concentration of
population and economic activity and their direct emission of air pollutants is high. Further, since its
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geographical location is on the mid-latitude westerly wind area, seasonal influx of PM from neighboring
China also affects the increase of PM in Korea [7].

According to the survey data on the perception of environmental problems among Koreans aged 13
and over, conducted by the Korea National Statistical Office (KNSO), 82.5% of respondents experience
anxiety about PM [8]. Kim et al. [9] observed that Koreans regard PM as the most serious social risk factor.
Because national concern about PM has been increasing, the government introduced a comprehensive
plan for PM in 2017. In 2018, it attempted to reduce PM emissions by enforcing a Special Act on
Particulate Matter in major cities across the country, including the capital region [10]. The Ministry of
Environment, in consideration of atmospheric environmental standards and health effects, produced
a PM forecasting system, which presents the levels of PM as well as countermeasures [11]. However,
despite the various risk indicators for PM and notwithstanding the government measures, the residents
of Seoul are notably passive in protecting individuals and society from PM despite viewing it as
a threat [12]. To prevent and reduce the PM generated by anthropogenic rather than natural factors,
public efforts must be accompanied by measures at the national level. Without ensuring that residents
understand PM, it is predicted that reduction measures will be ineffective. Therefore, this study aims
to identify levels of awareness of PM, recognition of indoor air quality, symptoms of PM exposure
experienced by residents and coping behavior in relation to PM in Seoul. Specific research questions
are as follows:

First, how do residents perceive the indoor air quality, how do they feel PM symptoms and how
do they behave in response to PM?

Second, do the different characteristics of residents produce any variations in behavior in response
to PM?

Third, what are the impediments to the proper responses to PM by residents?
In this study, we have sought to understand the perceptions of PM and the subsequent response

behaviors of residents, as well as to identify the causes of these behaviors. It is critical to understand
and solve the barriers to public engagement to avoid the worst consequences of PM. The results of this
study are expected to be used as basic data for effective governmental measures to reduce PM.

2. Status and Risks of Particulate Matter in Korea

2.1. Characteristics of Particulate Matter Generation in Seoul

To identify the characteristics of PM generation in Seoul, we investigated the annual average
concentration of PM along with its highest levels of concentration. As shown in Figure 1, the average
concentrations of PM10 and PM2.5 in Seoul were calculated using Seoul’s atmospheric environment
information from the past 10 years. From 2009 to 2018, the average annual concentration of PM10 in
Seoul was 53.8 μg/m3 and the average annual concentration of PM2.5 was 27.2 μg/m3 [3]. The average
annual concentration of PM10 decreased from 76 μg/m3 in 2002 to 41 μg/m3 in 2012 but this decline has
since slowed. Since the government enacted the Special Act on the Improvement of the Air Quality in
the Seoul Metropolitan Area and established and performed its Basic Plan for the Management of Air
Quality in the Seoul Metropolitan Area in 2003, air pollution as well as PM concentrations have been
reduced [7]. However, no further improvement has occurred since 2012.
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Figure 1. Annual mean particulate matter (PM) concentration in Seoul (2009–2018).

The results of a survey of “bad” and “very bad” days exceeding a PM2.5 of 35 μg/m3 for an average
of 24 h showed that 44 days in 2015, 73 days in 2016, 64 days in 2017 and 61 days annually on average
were recorded as “bad” and “very bad”. This means that the number of days when the concentration
of PM was significant is very large. This can be seen by comparing the number of PM warnings and
days of alarm in Seoul. Figure 2 shows the number of PM and ultra-PM warning days using Seoul’s
atmospheric environment information. If there is a PM10 of 150 μg/m3 or a PM2.5 of 75 μg/m3 for more
than 2 h, a warning is issued. If there is a PM10 of 300 μg/m3 or a PM2.5 of 150 μg/m3 for more than 2 h,
an alarm is issued. In 2018, there were 17 PM warning days, 1 PM alarm day and 7 ultra-PM warning
days. Seoul residents were exposed to extremely high dust concentrations on these days.

  
(a) (b) 

Figure 2. High PM concentration days: (a) days exceeding a PM2.5 of 35 μg/m3 on average for 24 h;
(b) PM and ultra-PM warning and alarm days (Source: Seoul Atmospheric Environment Information).

This result is closely related to the monsoon season experienced in the geographical location
of Korea. Korea’s winter atmospheric circulation is affected by the northwestern winds associated
with the winter monsoon in East Asia and the location of the barometer over the Korean peninsula.
Inflow from China and Mongolia in winter greatly affects the concentration of PM in Korea [13].
Figure 3 shows the changes in the concentrations of PM and ultra-PM from March 2018 to February
2019 [3]. It shows that the levels of PM are high in winter and spring and low in summer. Specifically,
they are lowest in September and highest in January. The atmospheric environmental standards for
domestic PM are below 50 μg/m3 on average for 24 h and below 25 μg/m3 on average per year. Korea’s
levels exceed these standard values in all seasons except summer.

7



Appl. Sci. 2019, 9, 3660

 

Figure 3. Seasonal dust concentrations in Seoul.

The air quality in Korea deteriorates considerably as the number of days with seasonally high
concentrations of PM increase [14].

2.2. Domestic Particulate Matter Standards and Health Protection

The Ministry of Environment [2] proposed enhanced environmental standards for PM in
2018, taking into consideration national health effects, international standards, pollution status
and achievability. Table 1 shows the WHO recommendations along with the standards in other regions.
The concentration of PM in the domestic environment of higher than 50 μg/m3 far exceeds the WHO’s
recommended level of an annual average PM10 of 20 μg/m3 and is much greater than that of other
regions. In addition, the rate of achieving the annual PM environmental standard was around 60% in
2015 and the rate of achieving the 24 h environmental standard for PM2.5 and PM10 was very low at 4%
and 10.7% respectively.

Table 1. Comparison of air quality standards for PM (Source: Ministry of Environment).

Category Standard Time
PM Standards Standard Achievement

Rate (2015)Korea WHO USA EU

PM2.5 (μg/m3)
yearly 15 10 12, 15 25 65.0%
24 h 35 25 35 - 4.0%

PM10 (μg/m3)
yearly 50 20 - 40 65.6%
24 h 100 50 150 50 10.7%

Considering public health, the Ministry of Environment has been conducting PM forecasting
from February 2014 and ultra-PM forecasting with a warning system from January 2015 [2]. The PM
forecasting system provides forecasts of the PM concentration four times a day for the present day, the
following day and the day after that. The PM forecast is graded in four stages: “good”, “normal”,
“bad” and “very bad” (Table 2). The PM warning system works to promptly inform the public when
a high concentration of PM occurs and to reduce the damage. It is issued when the air quality is
harmful to health. Air pollution alarms are classified into two stages—warning and alarm—as shown
in Table 3. At the time of a PM alarm, there are eight countermeasures for people to take: remaining
indoors; wearing a health mask; reducing external activities; washing the body after returning home;
drinking water and eating fruits and vegetables; undertaking ventilation and indoor water cleaning;
managing indoor air quality; and restricting air pollution inducing activities.
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Table 2. Particulate matter forecast grade (2018).

PM Concentration (μg/m3, Average for 24 h) Good Normal Bad Very Bad

PM10 0–30 31–80 81–150 over 151
PM2.5 0–15 16–35 36–75 over 76

Table 3. Particulate matter warning and alarm issuing grade (2018).

Category Warning Issuing Alarm Issuing

PM10
PM10 hourly average concentration over

150 μg/m3 for 2 h
PM10 hourly average concentration over

300 μg/m3 for 2 h

PM2.5
PM2.5 hourly average concentration over

75 μg/m3 for 2 h
PM2.5 hourly average concentration over

150 μg/m3 for 2 h

3. Materials and Methods

3.1. Participants and Questionnaire Design

This study surveyed the residents of Seoul. To identify differences in the response to PM associated
with gender and age, respondents were divided into three groups. A total of 171 respondents were
used for the analysis. The groups were 20-year-old college students (N = 70, gender = 32 male and
38 female, mean age = 21.88, SD = 2.33), 30- to 40-year-old male workers (N = 51, mean age = 41.11,
SD = 5.45) and 30- to 40-year-old housewives (N = 50, mean age = 37.06, SD = 4.33). The questionnaire
comprised five main parts. The first part included questions about the quality of indoor air perceived
by residents in the home. The second part addressed the health of the residents in terms of objective
symptoms, subjective symptoms and health behaviors concerning the symptoms. The third section
elicited the residents’ responses to PM, dividing them into mitigating behavior, adaptive behavior and
behavior intentions. The fourth part sought to ascertain the psychological causes of interference with
the response behaviors of the residents to PM and the final content consisted of questions investigating
the residents’ overall knowledge of PM.

3.2. Measures

3.2.1. Measuring Response Behaviors to Particulate Matter

Mitigating behavior and adaptive behavior are countermeasures to deal with risk. Swart and
Raes [15] define “mitigation” as an anthropogenic intervention to reduce the sources of air pollution,
whereas “adaptation” is an adjustment in natural or human systems in response to climatic stimuli.
Mitigation is a way to reduce the cause of hazards associated with PM. Usually, the benefits of
mitigating behavior are not seen in the short term, so it is considered a long-term countermeasure [16].
Mitigating behavior is a personal effort to reduce the generation of PM, which includes “using public
transportation to reduce atmospheric gas generation”, “not using electricity and heating to restrain
unnecessary energy use”, “using kitchen utensils that generate less harmful gas” and other similar
measures. Adaptation refers to controlling the damage caused by PM.

Adaptive behavior can reduce the risks associated with PM by prophylactic and post-exposure
measures that minimize the negative effects of PM [17]. In contrast to mitigating behavior, from
which long-term effects arise, the effects of adaptive behavior are immediate and are characterized
by the matching of subject and beneficiary [18]. Adaptive behavior is action to prevent the damage
caused to individuals by high concentrations of dust. Behavioral intentions signify an individual’s
specific willingness to act in response to PM and include two positive intentions. To achieve sustainable
development policies, it is necessary to integrate mitigating actions that directly reduce the concentration
of PM and adaptive prevention actions that reduce the impact of the existing dust risk. In this study,
mitigating behavior, adaptive behavior and the behavioral intentions of Seoul residents are explored,
as shown in Table 4.

9



Appl. Sci. 2019, 9, 3660

Table 4. Responsive behaviors to particulate matter.

Question: What do you do when Particulate Matter Occurs?

Mitigating
behavior

MB1 Using public transportation to reduce atmospheric gas generation
MB2 Refraining from using electricity and heating for the reduction of unnecessary energy use
MB3 Using kitchen appliances that generate less harmful gas

Adaptive
behavior

AB1 Checking the levels of particulate matter concentration every day
AB2 Wearing a particulate matter mask on high particulate matter density days
AB3 Refraining from going out when the concentration of particulate matter is high
AB4 Turning on an air purifiers to reduce particulate matter concentration
AB5 Washing the whole body thoroughly in running water after returning home
AB6 Wiping dust from the floor with a damp cloth and undertaking indoor water cleaning

Behavioral
intentions

BI1 Being ready to suffer immediate damage or inconvenience to reduce particulate matter
concentrations.
BI2 Being willing to participate in actions to reduce particulate matter
BI3 Not feeling any urgency to change my behavior to prevent particulate matter pollution
BI4 Thinking that changes in my behavior do not affect particulate matter reduction
BI5 Not knowing what concrete action may be taken to reduce particulate matter

3.2.2. Measuring Psychological Attributes that Hinder Reactions to Particulate Matter

Gilfford [19] observed that most people find environmental sustainability to be an important
issue but that psychological barriers prevent them from engaging in sufficient actions to address it.
These psychological barriers impede the behavioral choices that would facilitate mitigation, adaptation
and environmental sustainability [20]. Risk perception is a factor that affects human attitudes and
behavioral intentions and that is very important in making individual decisions about a behavior [21].
Brewer et al. [22] explained three dimensions of risk perception. The first is the likelihood that one
will be harmed by the hazard; the second is susceptibility, referring to an individual’s constitutional
vulnerability to a hazard; and the third is severity, indicating the extent of harm a hazard may cause.
Psychological distance describes how individuals participate in future events [23]. The perceived
distance of events indicates how they are mentally construed. As the perceived distance increases, events
are interpreted as more abstract, decontextualized and conceived in generalized terms. When events
become closer, they use more specific, contextualized and detailed features [24]. The psychological
distance for PM was evaluated using the four distance domains of geography, temporality, socialization
and awareness. In addition, this research investigated various barriers increasing the perceived concern
of the public, such as information distrust, externalizing responsibility and uncertainty about the causes
of PM pollution. In this study, to understand the effects of response behaviors to PM, the psychological
attributes of the residents were classified into nine concepts within three domains: “risk perception”,
“psychological distance”, and “perceived concerns” (Table 5).

Table 5. Psychological attributes.

Question: What Are your Thoughts in Response to Particulate Matter?

R
isk

p
e

rce
p

tio
n

Likelihood
1. Contact with particulate matter is a health hazard
2. If I continue to be exposed to particulate matter, I will be damaged in a few years

Susceptibility 3. Particulate matter is an important problem for me
4. I am more affected by the risk of particulate matter than other risks

Severity 5. The risks of particulate matter for health are very serious
6. Even short-term contact with particulate matter can increase the likelihood of
cancer and early death
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Table 5. Cont.

Question: What Are your Thoughts in Response to Particulate Matter?

d
ista

n
ce

P
sy

ch
o

lo
g

ica
l

Geographic and
Temporal

7. The particulate matter condition is more serious in Korea than in other countries
8. The risk of particulate matter is present very often or constantly

Social
9. Particulate matter will have a significant impact on me and my family
10. Particulate matter is sure to be a serious social problem

Awareness
11. I am very concerned about particulate matter
12. I am interested in issues related to particulate matter

co
n

ce
rn

s
P

e
rce

iv
e

d

Information
distrust

13. I cannot trust the information about particulate matter
14. The risk of particulate matter is greatly exaggerated

Externalizing
responsibility

15. The problem of particulate matter is beyond my ability to solve
16. The solution to the excess of particulate matter should be provided by the
government rather than individuals

Uncertainty
17. The damage caused by particulate matter is unclear
18. It is difficult to measure health damage arising from particulate matter
19. Particulate matter does not affect me right now

3.3. Methodology

This research used a questionnaire to collect its data; the survey was conducted online in March 2019
and the data were analyzed using IBM’s SPSS Statistics Program 23. The question concerning residents’
perceptions of indoor air quality comprised positive and negative language (the semantic differential
method). We distinguished between positive vocabulary and negative vocabulary over five levels,
asking residents to assign one level to each question according to their perceptions. The vocabulary
used to measure the indoor air quality of residents included “bad”, “good”, “stuffy”, “refreshed”,
“unpleasant”, and “comfortable”. A five-point Likert scale was used to assess the symptoms, behaviors
and psychological responses of residents, ranging from “very unlikely” (1 point), to “unlikely” (2 points),
to “average” (3 points), to likely (4 points), to “very likely” (5 points). Questions measuring residents’
knowledge of PM could be answered as “right” (�) or “wrong” (X) and the “right” answers were
added to produce a score.

An ANOVA was used for the statistical analysis to determine whether there were differences in
behavior as a response to PM, according to the characteristics of residents. Participants were divided
into three groups based on their genders and ages: college students in their twenties, male workers
in their thirties and forties and female housewives in their thirties and forties. In addition to the
response behavior, we compared differences between the groups in terms of environmental exposures
to PM, perceived symptoms and psychological attributes. Further, post-hoc tests were conducted to
analyze variations between groups. Multiple regression analysis was conducted to identify the factors
influencing response behavior.

4. Results

4.1. Perceived Indoor Air Quality and Overall Satisfaction

The perceived indoor air quality and the satisfaction of residents in Seoul were measured using
a semantic differential approach. Residents assessed their perceptions of indoor air quality by comparing
two opposing pairs of vocabulary in five steps. For example, the evaluation score for the first question
on indoor air quality was divided into five levels, spanning two opposing experiences: “a lot of
particulate matter” and “no particulate matter”. The more PM respondents perceived, the closer to
1 point they scored and the less PM they observed, the closer they scored to 5 points.

A total of 171 residents were analyzed and the results are shown in Table 6. Respondents’ answers
to the four questions about the quality of indoor air produced an average score of approximately three
(2.93–3.25) points. This score comprises the median value of 1 and 5, indicating that the residents of
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Seoul understand the indoor air quality to be normal. The evaluations of overall indoor air quality also
averaged 3.21 points. However, the average score for the question, “Do you think seriously about or
are you interested in the quality of indoor air where you live?” was 4.17 points (where 1 point indicated
“not at all” and 5 points denoted “very much”), implying that respondents were interested in the air
quality of their living spaces.

Table 6. Perceptions of and satisfaction with air quality.

Perceptions of
Mean Std. Deviation

1 Point 5 Points

Indoor air
quality

very bad very good 3.26 0.91
a lot of particulate matter little particulate matter 2.94 0.98

stuffy refreshed 2.93 1.02
unpleasant comfortable 3.25 0.92

Satisfaction
dissatisfaction satisfaction 3.21 1.10

no thought or interest much thought and interest 4.17 1.10

Two phrases corresponded to 1 point and 5 points respectively and between these two phrases were expressions
valued at 2 points (signifying the perception of slightly more PM), 4 points (signifying the perception of slightly
less PM) and 3 points (signifying the perception of an average amount of PM).

4.2. Particulate Matter Environmental Exposures and Perceived Symptoms

When measuring the outdoor activity times of respondents, it was found that they stayed outdoors
for an average of 4.54 h (SD = 4.31) per day and the analysis of variance showed a statistically significant
difference (p < 0.01) depending on the subject group. The results are shown in Table 7. The group of
20 college students and the group of 30- to 40-year-old male workers remained outside for an average of
5 h a day—specifically 5.12 h and 5.07 h respectively—while the group of 30- to 40-year-old housewives
stayed outdoors for 3 h a day on average.

Table 7. Average daily external activity time.

Group 1 Group 2 Group 3
F (p-Value)

Mean Std Deviation Mean Std Deviation Mean Std Deviation

5.12 h 3.43 5.07 h 5.49 3.20 h 3.81 3.54 (0.031)

Group 1: 20-year-old college students; Group 2: 30- to 40-year-old male workers; Group 3: 30- to 40-year-old
housewives.

The physical symptoms and health problems experienced by residents as a result of PM were
verified through objectively judged symptoms, such as cough, allergy and headache, as well as
subjectively judged psychological symptoms, such as anxiety and stress. In addition, the extent of
any actual treatment at the hospital because of these symptoms was investigated. The respondents’
answers ranged from “not at all” (1 point) to “very strongly” (5 points) and the results are shown in
Table 8.

The average score for the response, “Thinking that particulate matter has a negative effect on my
health” was 4.39, the highest and the average score for the response “Thinking that particulate matter
causes problems in my life” was 4.00, the second highest. Symptoms such as respiratory problems and
complications with nose, skin and eyes rated 3.69 and 3.66 respectively, revealing that the average
scores for the objective symptoms of residents with health problems arising from PM were normal.
These findings indicate that the psychological symptoms (Mean = 4.39) were more significant than the
objective symptoms (Mean = 3.75); further, the incidence of direct treatment in hospitals (M = 3.15)
for such symptoms was not significant (Figure 4). However, ANOVA analysis showed statistically
significant differences according to subject groups. A Tukey post-hoc test was conducted to analyze
the differences between the groups and the results showed that the perceived symptoms were greater
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among the group of housewives in their thirties and forties than in the group of college students in
their twenties or in the group of male workers in their thirties and forties. Notably, the differences in
psychological symptoms were pronounced among these groups (Table 8).

Table 8. Health-related symptoms experienced by residents as a consequence of particulate matter.

Perceived
Mean

F (p-Value)
Group 1 Group 2 Group 3 Total

O
b

je
ctiv

e
sy

m
p

to
m

Suffering from cough, hoarseness,
bronchitis, respiratory distress and

difficulty breathing
3.54 3.50 4.08 3.69 3.33 (0.038 *)

Experiencing clogged nose, rhinitis,
sneezing, allergy and atopic symptoms,
such as itchy or swollen skin or dry eyes

3.51 3.43 4.10 3.66 3.76 (0.025 *)

Suffering from headache, arthritis and
other pain 2.61 2.92 3.38 2.92 4.38 (0.014 *)

Experiencing the deterioration of
an already present illness 2.42 2.88 3.38 2.84 7.57 (0.001 **)

S
u

b
je

ctiv
e

sy
m

p
to

m

Suffering increased stress and fatigue 3.34 3.50 4.14 3.62 7.23 (0.001 **)

Feeling worried and anxious 3.18 3.60 4.30 3.63 12.84 (0.000 ***)

Thinking that particulate matter has
a negative effect on my health 4.21 4.27 4.78 4.39 8.55 (0.000 ***)

Thinking that particulate matter causes
problems in my life 3.71 3.68 4.72 4.00 17.55 (0.000 ***)

Thinking that particulate matter reduces
my performance and concentration 3.20 3.31 4.02 3.47 6.80 (0.001 **)

R
e

m
e

d
y

I have recently been to the hospital for
any of the above symptoms 1.94 2.15 3.00 2.31 8.96 (0.000 ***)

I have recently been taking medication
for some of the above symptoms 2.12 2.31 3.04 2.45 6.19 (0.003 **)

I have recently taken a break at home
because of some of the above symptoms 2.51 2.39 3.42 2.74 7.80 (0.001 **)

* p < 0.05, ** p < 0.01, *** p < 0.001. Group 1: 20-year-old college students; Group 2: 30- to 40-year-old male workers;
Group 3: 30- to 40-year-old housewives.

 
Figure 4. Physical symptoms of particulate matter experienced by residents.
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4.3. Behavioral Changes in Response to Particulate Matter

Residents’ response behaviors to the occurrence of PM were analyzed and the results indicate
that adaptive behaviors (M = 3.66, SD = 0.95) controlling the damage caused by PM were more
prevalent than mitigating behaviors (M = 2.98, SD = 1.03) to reduce the fundamental causes of PM,
as shown in Table 9. The most common PM adaptive response behaviors were “AB1: Checking
the PM concentration every day” (4.00 points) and “AB5: Washing your whole body thoroughly
in running water after returning home” (3.78 points). Regarding behavioral intentions, the most
common PM response behaviors were “BI2: Being willing to participate in actions to reduce particulate
matter” (4.00 points) and “BI1: Being ready to experience immediate damage or inconvenience to
reduce the particulate matter concentration” (3.69 points). For other responses, scores ranging from
2.50 to 3.50 were obtained, indicating that residents’ responses to PM were not significant. However,
there were statistically significant differences among the groups (Table 9). In particular, the group of
30- to 40-year-old housewives showed higher scores for adaptive behavior and behavioral intentions
than the other groups (Figure 5).

Table 9. Residents’ response behaviors to particulate matter.

Behavior Type
Mean

F (p-Value)
Group 1 Group 2 Group 3 Total

Mitigating behavior
MB1 4.04 2.82 2.60 3.25 19.63 (0.000 ***)
MB2 2.80 3.00 3.00 2.91 0.49 (0.613)
MB3 2.55 2.94 3.12 2.83 2.91 (0.057)

Adaptive behavior

AB1 3.55 3.80 4.84 4.00 19.63 (0.000 ***)
AB2 2.77 3.35 4.28 3.38 20.36 (0.000 ***)
AB3 2.82 3.41 4.32 3.43 19.53 (0.000 ***)
AB4 2.77 3.92 4.32 3.56 19.03 (0.000 ***)
AB5 3.48 3.76 4.24 3.78 5.55 (0.005 **)

AB6 2.91 3.35 3.98 3.35 13.37 (0.000 ***)

Behavioral intentions

BI1 3.48 3.45 4.24 3.69 12.11 (0.000 ***)
BI2 3.91 3.86 4.28 4.00 3.72 (0.026 *)

BI3 1 −2.72 −2.82 −1.82 −2.49 12.44 (0.000 ***)
BI4 1 −2.54 −2.82 −2.12 −2.50 4.88 (0.009 **)
BI5 1 −3.05 −2.94 −2.86 −2.96 0.42 (0.657)

* p < 0.05, ** p < 0.01, *** p < 0.001, 1 Reverse scored for negative perceptions. Group 1: 20-year-old college students;
Group 2: 30- to 40-year-old male workers; Group 3: 30- to 40-year-old housewives.

 

Figure 5. Residents’ response behaviors to particulate matter.
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4.4. Barriers to Mild Behavioral Changes as a Response to Particulate Matter

We investigated the residents’ understandings of PM and their psychological causes as obstacles
to behavioral changes to reduce and prevent PM.

4.4.1. Lack of Knowledge

The items indicating the residents’ knowledge of PM consisted of 10 authentic scales (true/false)
based on data from experts and the Ministry of Environment. The respondents selected “correct” or
“incorrect” in answer to each item and answers of “correct” were treated as single points, producing
a total score between 0 and 10 points. Table 10 shows the results for the 171 respondents. The average
knowledge of PM was 6.56 (SD = 1.44) and the results of the analysis are shown in Figure 6. Knowledge
of PM did not vary among the groups.

Table 10. Residents’ knowledge of particulate matter.

Knowledge
Number of Correct

Answers (%)

1. The influx of particulate matter is mainly caused by artificial actors, such as boilers,
automobiles and power generation facilities 138 (80.7)

2. More than 80% of particulate matter is from abroad, as a result of the yellow dust
and smog from China 39 (22.8)

3. Preliminary reduction measures against emissions of particulate matter are
implemented nationwide and are targeted based on particulate matter concentration 43 (25.1)

4. Ultra-particulate matter comprises very thin, small particles but causes deterioration
of visibility in places where the flow of air is stagnant, creating obstacles to traffic and
navigation

118 (69.0)

5. When there is a particulate matter alarm, schools can prohibit outdoor classes, adjust
the times of travel to and from school and temporarily shut down 151 (88.3)

6. Domestic particulate matter concentrations are similar to those in major cities of
other OECD countries, such as New York and London 141 (82.5)

7. Even when exposure occurs for only a short time, particulate matter can penetrate
directly into the alveoli, resulting in asthma, lung disease and even death 119 (69.6)

8. The mask is a quasi-drug certified by the Food and Drug Administration that can
only prevent exposure to particulate matter if the product is marked “KF94” or “KF80” 133 (77.8)

9. Generally, high concentrations of particulate matter occur in spring and summer 89 (52.0)

10. It is helpful to eat fruits and vegetables that are rich in water and vitamin C to
combat the effects of high dust concentrations 152 (88.9)

 
Figure 6. Residents’ total knowledge of particulate matter.
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4.4.2. Psychological Attributes of Particulate Matter

The results of the survey of the psychological influences on behavioral responses to PM show
that risk perception (Mean = 4.01, SD = 0.76) and psychological distance (Mean = 4.32, SD = 0.73)
achieved a higher than average score of 4.0 points (where 1 point = “not at all” and 5 points =
“very much”). Table 11 shows the results of the analysis. Question 2 related to likelihood when
considering residents’ risk perception—“If you continue to be exposed to particulate matter, you will
be affected in a few years” (Item 4.5)—as did Question 1, “Contact with particulate matter is harmful
to health” (4.35 points)’; both of these questions received the highest scores. The score for the residents’
perception of the psychological distance with which they regarded PM was higher than that for their
risk perception. All questions concerning psychological distance were rated at greater than 4.0 and
among them, the scores for Question 10, relating to the social implications of PM—”particulate matter
is sure to be a serious social problem” (4.57 points)—and for Question 8, pertaining to the geographic
and temporal significance of PM—“the risk of particulate matter is present very often or consistently”
(4.47 points)—were the highest. Questions about perceived concerns, such as information distrust,
the externalizing of responsibility and uncertainty, were reverse scored. Among them, Question 16,
relating to the externalizing of responsibility—“The solution to the excess of particulate matter should be
provided by the government rather than individuals” (−4.35 points)—and Question 15—“The problem
of particulate matter is beyond my ability to solve” (−4.02 points)—received the highest scores.
There was a statistically significant difference between the groups (Table 11). The group of housewives
aged in their thirties and forties showed higher scores for risk perception and psychological distance
than the other groups (Figure 7).

Table 11. Psychological influences on residents’ response behaviors.

Psychological Attributes
Mean

F (p-Value)
Group 1 Group 2 Group 3 Total

perception
R

isk
Likelihood

1 4.08 4.33 4.74 4.35 8.58 (0.000 ***)
2 4.44 4.29 4.82 4.50 6.22 (0.002 **)

Susceptibility 3 4.10 4.19 4.62 4.28 5.11 (0.007 **)
4 2.84 3.07 3.68 3.15 6.70 (0.002 **)

Severity 5 4.10 4.15 4.58 4.27 4.69 (0.010 *)
6 3.34 3.41 3.86 3.51 3.10 (0.048 *)

distance
Psychological

Geographic
and temporal

7 4.18 4.19 4.60 4.30 2.99 (0.053)
8 4.41 4.25 4.80 4.47 8.13 (0.000 ***)

Social
9 3.92 4.19 4.70 4.23 11.01 (0.000 ***)

10 4.44 4.43 4.92 4.57 10.55 (0.000 ***)

Awareness
11 4.02 4.13 4.76 4.27 9.96 (0.000 ***)
12 3.70 4.00 4.60 4.05 11.86 (0.000 ***)

concerns
1

Perceived

Information
distrust

13 −2.97 −3.62 −3.80 −3.40 10.84 (0.000 ***)
14 −2.40 −2.43 −1.52 −2.15 13.65 (0.000 ***)

Externalizing
responsibility

15 −4.04 −3.96 −4.08 −4.02 0.30 (0.741)
16 −3.98 −4.52 −4.70 −4.35 11.91 (0.000 ***)

Uncertainty
17 −2.68 −2.88 −2.78 −2.77 0.36 (0.692)
18 −2.97 −3.01 −2.88 −2.95 0.15 (0.857)
19 −2.40 −2.50 −1.88 −2.28 4.08 (0.019 *)

* p < 0.05, ** p < 0.01, *** p < 0.001, 1 Reverse scored for negative perceptions. Group 1: 20-year-old college students;
Group 2: 30- to 40-year-old male workers; Group 3: 30- to 40-year-old housewives.
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Figure 7. Residents’ psychological influences.

4.5. Factors Affecting Response Behaviors to Paticulate Matter

A multiple regression analysis was conducted to determine the factors with the greatest effect on
residents’ response behaviors. Knowledge of PM, psychological attributes and PM-related symptoms
were selected as factors influencing response behaviors and the analytical result was statistically
significant (p < 0.05; F = 25.306, p-value = 0.000). Table 12 shows the evaluation of the contribution and
statistical significance of the individual independent variables. Psychological attributes were the most
influential factor on residents’ responses to PM, followed by PM-related symptoms.

Table 12. Multiple regression analysis of the response behaviors to particulate matter.

Variable B Std Error Beta t Value p-Value

Constant 8.103 3.577 2.265 0.025
Knowledge of PM 0.630 0.443 0.095 1.424 0.156

Psychological attributes 0.373 0.082 0.375 4.555 0.000
PM-related symptoms 0.191 0.070 0.219 2.737 0.007

Note: R = 0.55, R2 = 0.31, Adj. R2 = 0.30.

5. Discussion and Conclusions

In Seoul, it is inadvisable to go out on any day, except in summer, as a result of the PM concentration
and its effect on human health. When the WHO standard is applied, the concentration of PM in Seoul
is revealed to be remarkably high and cases of excessive concentration exceeding the daily average
atmospheric environment standard are also frequent. The government has been pursuing various
policies to reduce PM concentration but the concentration of PM has not improved to the extent that
people recognize any change. Research has shown that most people believe PM to be an important
problem but do not undertake enough mitigating behaviors to prevent its occurrence. Reliable research
should be preceded by an analysis of cause and effect before the preparation of PM countermeasures.
We sought to understand residents’ perceptions of PM, their response behaviors and the psychological
causes of these behaviors; the main findings of this study are as follows.

First, to identify the perceived indoor air quality of the residents, the questionnaire was distributed
at a time when the concentration of PM had been significant throughout the year; thus, residents’
interest in indoor air quality was great. However, despite high outdoor concentrations of PM, the indoor
air quality was not considered poor or dissatisfactory. The symptoms that residents attributed to PM
were not physical, such as allergies or bronchitis. They more commonly experienced psychological
stress or anxiety, feeling that PM had a negative effect on health and was interfering more frequently
with daily life, in that residents were going out less often to avoid it.
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Second, the problem with the PM-related behaviors of residents in Seoul was that many people
did not take actual action despite their willingness to do so. Mitigating behavior to try to minimize
PM generation was less common than adaptive behavior to protect individuals from the risks of
PM. This may have been because of the nature of mitigating behavior, which often entails loss or
inconvenience. Even if the risks associated with PM were largely recognized, it would be necessary
to compensate for the loss when the habitual behavior of individuals was abandoned in favor of
following the recommended behavior. Unlike preventive actions to protect individuals from PM,
compensation for mitigating behavior is only likely to be achieved in the distant future and even
then, such compensation would provide a social rather than an individual benefit. This suggests
that more persuasive strategies should be employed to stimulate changes in individual behaviors for
collective interests.

Third, the psychological characteristics of individuals can either hinder or promote action for
environmental sustainability. The greater the perceived risk and the more psychological that risk,
the more likely it is that an active response will occur. Analysis of the psychological factors affecting
residents in Seoul revealed that they perceived the risk of PM to be very close (in terms of psychological
distance). However, despite revealing significant levels of risk perception and psychological distance,
the results of this study did not show active response behaviors. Attention must be paid to the
externalizing of responsibility among the psychological causes of this lack of action. This study found
distrust of and uncertainty about PM information to be largely unrecognized as causes of apathy;
on the contrary, understanding PM saturation to be externally produced was the main reason for
inaction. If external factors are emphasized as the cause of the problem, it is possible that individuals
perceive the risk as uncontrollable, which may nullify their will to respond. The results of this study
also suggest that residents’ psychological barriers have a negative effect on their response behaviors
for the reduction of PM.

Fourth, the results of the correlation analysis show that the most influential factor in PM-related
behavior was psychological attributes but that physical symptoms also affect response behaviors to
PM. This result is meaningful in that it indicates desirable directions for PM policy. Based on the
analysis of psychological factors, it was found that, because PM is also produced by individuals, active
prevention is likely to occur if the importance of personal responses is conveyed. While knowledge of
PM was not found to significantly affect response behaviors, residents in Seoul showed an average
score of 6.56 out of 10 for PM knowledge. Lack of knowledge and understanding of the PM problem
hinders appropriate response behavior. It is necessary to provide accurate and correct PM education
and continuously available reliable information to enhance the knowledge of PM. In addition,

There was significant variation in residents’ perceptions, response behaviors and psychological
attributes concerning PM based on gender and age. Conversely, the time during which residents
undertook external activities exposed to PM did not significantly affect PM-related symptoms or
behavior. In contrast to college students in their twenties and male workers in their thirties and forties
who remained outdoors for 5 h on average, women in their thirties and forties who stayed outdoors for
only 3 h on average responded more sensitively to PM-related symptoms and their commitment to PM
reduction and mitigating actions was much greater. Similarly, the results of the psychological factor
analysis for PM showed that the group of women in their thirties and forties were more aware of the
risks than the other groups and felt those risks to be closer psychologically. However, it is the younger
generations who will become the subjects of society in future and will need to face these problems and
solve them. There is an urgent need for plans to increase awareness of the risks and the will of the
public to act.

Government efforts to reduce PM have focused primarily on expensive communication campaigns.
However, the results of this study suggest that the mere encouragement of attitudinal change is not
effective; public engagement in terms of accurate PM knowledge, health education and the study of
various personal characteristics and psychological causes is required.
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This study identified residents’ thoughts, response behaviors and psychological factors relating
to PM and showed that personal characteristics, cognition and emotions affect behavioral intentions.
Unlike previous studies, the significance of this research is that it seeks to understand residents’
behaviors in a multidimensional way. Psychological factors are expected to be used effectively to
motivate individuals to protect themselves from the risks of PM exposure. The residents of Seoul
involved in this study were well aware of the risks of PM but felt that its generation and any possible
solutions were external and therefore beyond their control. This situation is likely to prevent public
action to protect individuals and the society. It is recommended that we shift our focus from risk and
attention to participation and action. It is expected that a proper direction for efficient PM reduction
can be established using these results.
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Abstract: Personal control over various indoor environment parameters, especially in the last decades,
appear to have a significant role on occupants’ comfort, health and productivity. To reveal this
complex relationship, 7441 occupants of 167 recently built or retrofitted office buildings in eight
European countries participated in an online survey about personal/health/work data as well as
physical/psycho-social information. The relationship between the types of control available over
indoor environments and the perceived personal control of the occupants was examined, as well as
the combined effect of the control parameters on the perceived comfort using multilevel statistical
models. The results indicated that most of the occupants have no or low control on noise. Half of the
occupants declared no or low control on ventilation and temperature conditions. Almost one-third of
them remarked that they do not have satisfactory levels of control for lighting and shading from sun
conditions. The presence of operable windows was shown to influence occupants’ control perception
over temperature, ventilation, light and noise. General building characteristics, such as floor number
and floor area, office type, etc., helped occupants associate freedom positively with control perception.
Combined controlling parameters seem to have a strong relation with overall comfort, as well as
with perception regarding amount of privacy, office layout and decoration satisfaction. The results
also indicated that occupants with more personal control may have less building-related symptoms.
Noise control parameter had the highest impact on the occupants’ overall comfort.

Keywords: IEQ; perceived comfort; sick building syndrome; health effects
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1. Introduction

Office employees spend a significant part of their time in modern office buildings that are
characterized by sealed facades and complex building systems (e.g., mechanical, electrical, plumbing,
controls and fire protection systems) designed to reduce energy costs through controlled indoor
environment conditions. Beside central control, a wide range of degrees of personal control, such as
local thermostats, windows, personal lights etc., over the indoor environment can be found in modern
office buildings. Personal control has a crucial role in achieving a healthy [1–3], comfortable [4–7] and
productive [8–11] environment, reducing energy consumption in buildings without sacrificing the
comfort of occupants [12,13]. The effect of personal control on occupant satisfaction, especially with
regards to providing well-being and comfort is an important area of study [14,15].

Several studies have focused on estimating occupants’ comfort in offices and the ability to control
indoor environment parameters, producing a better Indoor Environment Quality (IEQ). In 1990,
Paciuk [16] studied if indoor environment comfort was affected by personal control, leading to a
model using thermal control parameters. Three different types of control parameters were involved:
available control (the degree and type of control made available by the environment), exercised control
(the relative frequency in which occupants engage in several types of controls to obtain comfort) and
perceived control (how the different degrees of available and exercised control interact to produce
different levels of perceived control). The model was applied on data from ten offices (511 workstations).
The results pointed out that the occupants’ level of control perception at their workstation enhances
their satisfaction in their working environment.

The possibility to control light satisfaction was surveyed by Collins et al. [17] in 13 office buildings.
The occupants provided with a task light recorded in general a higher satisfaction with light comfort
than those without a task light. In addition, both groups expressed improved light satisfaction when
they had the possibility to control light conditions. In another study [18], the role of personal control in
natural versus mechanical ventilated office buildings was investigated. Personal control on operable
windows, electronic lightning and solar blinds in natural ventilated buildings resulted in higher
levels of perceived control. It was also mentioned that control systems should be simple and in
compliance with the building design, as well as with quick response to alleviate discomfort as soon
as it is experienced. The level of perceived control by occupants had a small influence on the indoor
environment satisfaction, as described by Haghighat and Donnini [19] through a survey in 12 office
buildings. Satisfaction with respect to temperature, air quality, ventilation, air circulation and overall
comfort showed a moderate correlation with perceived control. On the contrary, there was a decline in
prevalence of health symptoms with an increasing amount of control over the indoor environment.

The association of temperature personal control and operable windows with reported health
symptoms and complaints was indicated in the early 1990s [20]. Many years later, Toftum [21] examined
occupants’ comfort perception and symptoms prevalent in mechanical versus natural ventilated
buildings in 24 office buildings located in Denmark. Multiple logistic regression analysis indicated that
the perceived control was more important for the prevalence of symptoms and environment perception
than the type of ventilation.

Zagreus et al. [22] remarked that occupants with a sense of high degree of control over
environmental parameters such as temperature, air movement, air quality and noise, were more
satisfied with the indoor environment. Boerstra et al. [23] examined the impact of perceived control
and access to control options in occupants’ health and comfort, through 64 office buildings in Europe.
The link between perceived comfort and control parameters such as temperature, ventilation, shading
from the sun, light, noise was investigated. The analysis showed that occupants feel more comfortable
when the perceived control over temperature, ventilation and noise is high. No significant correlation
was found between comfort and the different types of access to control like operable windows, type of
thermostats, etc., except for solar radiation.

In a recent study, Kwon et al. [24] tried to identify the relationship between the level of personal
control and users satisfaction within offices. They found that higher controllability leads to more

22



Appl. Sci. 2019, 9, 3227

thermal and visual satisfaction, while the results revealed the psychological impact on the users’
satisfaction by indicating differences among the available control types. The psychological aspect in
personal control was also raised by Luo and Cao [25] and Karjalainen [26].

The physiological and psychological aspect of IEQ satisfaction [27] and more specific thermal
satisfaction makes it harder to control indoor environment conditions and provide optimal results
for everyone in a given space. The ASHRAE standard 55 [27,28] or ISO 7730 [29,30] tries to give a
solution in this complex relation by stating the appropriate conditions that should be met in order to
establish comfort levels in offices. To achieve that, these standards consider both personal factors, such
as metabolic rate and clothing level, and environmental factors, such as air temperature, mean radiant
temperature, air speed and humidity. Apart from thermal comfort, other factors that can influence
comfort levels are usability of a space, acoustics, ventilation, daylight and energy use in a building.

Literature review highlights the role of personal control on the IEQ in office buildings. The objective
of this paper is to provide an updated overview of the personal control in office buildings and the
association with occupants’ perception. To the best of our knowledge, this is the first time that
European employees have participated in a questionnaire survey covering simultaneously in detail
records of comfort, control and health perception in office buildings. This large-scale survey was
performed under the framework of the European FP7-funded project OFFICAIR [31] and included eight
widely distributed across European countries (Finland, France, Greece, Hungary, Italy, Portugal, Spain,
The Netherlands) with different characteristics (e.g., geographical location, climate, socio-economic
status). More specifically, the aim of this study is threefold: (i) to describe the degree of personal
control over indoor environments in office buildings as reported by occupants (perceived personal
control) and the association with access to available controls; (ii) to investigate the associations between
perceived control and building characteristics; (iii) to study the associations between perceived control
and perceived comfort and health of the occupants.

2. Materials and Methods

2.1. Data Collection

This study is based on data collected between October 2011 and May 2012 in the OFFICAIR
project in modern office buildings in eight European countries [32–40]. ‘Modern’ buildings, constructed
during the last 10 years, are described by the presence of several sorts of new electronic equipment and
ventilation, heating and cooling systems, making the indoor environment almost unaffected by local
climate [34]. About 19 to 24 modern buildings, selected on a voluntary basis, were investigated per
country, resulting in 167 office buildings.

The protocol for data collection is described elsewhere in detail [34]. After a preliminary
inspection of each building, a checklist was filled in by a local investigator along with a building
manager, gathering information about building characteristics (e.g., presence of solar devices, operable
windows), mechanical systems (e.g., type of mechanical ventilation, heating, cooling), rooms and
activities (e.g., type of work, cleaning schedules). An online survey for the building occupants was
developed in the national language of the participating countries and included questions on personal
control of the indoor environment as perceived by the occupant, perceived comfort and building-related
symptoms. The survey was anonymous and the participants gave their consent prior to participation.
The study was approved by the competent local/national ethics committees. In total, 26,735 email
invitations were sent to the occupants with an average response rate of 41% across the buildings.
Although the questionnaire was online and its length might have influenced the response rate, the
participation rate can be considered satisfying, in line with other recent surveys [34]. The final database
involved 7441 participants—52% were females and 48% were males with an average age of 41 years.
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2.2. Characteristics of the Buildings and Access to Control

The available control types in each office building were obtained from the OFFICAIR checklist
(details in Table 1). The checklist included information regarding the presence of solar shading
devices (grouped as: not present, internal, external), type of solar shading device control, type of
temperature control, presence of operable windows, type of main lights control and type of mechanical
ventilation control.

Table 1. Checklist used to investigate the types of controls over the indoor environment available for
occupants in the building in the OFFICAIR project.

Parameter Items

Are there solar shading devices present?
Which kind?

Not present
South side only

One or more other facades
External vertical blinds

External shutters
External roller shutters

External louvers
External screens

External window films
External horizontal blinds
External awnings/canopies

External overhangs
External vertical fins

Blind between glazing
Internal vertical blinds

Internal louvers
Atrium

Double façade
Other

How are the solar shading devices controlled?

No control (fixed)
Individual

Central down, individual up
Automatic

How is the room temperature controlled?

Manual radiator valve
Local thermostat at radiator/heating unit

Local thermostat (e.g., on wall)
Central sensor

Façade sensor(s)—i.e., outside temperature
Zone sensor(s)

Manual control in room(s)
According to occupancy

Other

Are the windows operable?

Yes
Yes, some

Yes, but occupants are not allowed to open them
No

How are main lights (e.g., ceiling or wall)
controlled?

Automatic by time (building/floor/zone)
Automatic with manual end control (building/floor/zone)

Demand control: Daylight (photocells)
Demand control: Occupants (motion sensors)

Manual

What type of control system is there for
mechanical ventilation?

Central—Manual (on/off)
Central—Clock/Central—Demand control (temperature,

CO2, other pollutant, relative humidity)
Local—Manual (on/off)

Local—Clock/Local—Demand control
(temperature, CO2, other pollutant, relative humidity)

Recirculation control
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2.3. Perceived Control over the Indoor Environment

Five controlling parameters were set for defining the occupants’ evaluation of the perceived
control and IEQ: Personal control of the occupants over temperature, ventilation, shade from the sun,
light and noise was investigated using the following question with a seven-point Likert-like scale
answer (from “1, not at all” to “7, full control”): ‘How much control do you personally have over the
following aspects of your working environment?’. The combined control variables were introduced.
Several combinations were used (e.g., perceived control over temperature and ventilation) and the
overall combined control variable containing all the 5 parameters [23].

2.4. Personal Comfort, Reported Health Symptoms and Self-Assessed Productivity

The satisfaction of the occupants toward the following parameters was evaluated: overall comfort,
temperature (overall, too hot/cold, variation), air movement, air quality (overall air quality satisfaction,
humid or dry air, stuffy or fresh air, odor), light (overall light satisfaction, natural, artificial, glare),
noise (overall noise satisfaction, outside noise, noise from building systems, noise within the building),
vibration, amount of privacy, office layout, office decoration, and view from the windows. The following
question was used: ‘How would you describe the typical indoor conditions in your office environment
during the past month?’ or ‘How would you describe the following in your office?’ A seven-point
Likert-like scale answer (from “1, dissatisfied” to “7, satisfied”) was provided for most of the questions,
except for those questions investigating two extreme conditions in contrast where a seven-point scale
answer ranging from −3 to 3 was adopted (Table 2) and converted to a scale from 1 to 7 as follow:
+/−3 = 1; +/−2 = 3; +/− 1 =5; 0 = 7.

Table 2. Questions used to investigate occupants’ indoor environment quality perception in the
OFFICAIR project.

Parameter Sub-Parameters Type of Answer

Overall Comfort
Temperature Overall temperature Seven-point Likert-like scale

Seven-point Likert-like scale
Too hot/too cold temperature From “−3, too hot” to “+3, too cold”

Temperature variation From “−3, too much” to “+3, not enough”
Air movement From “−3, too draughty” to “+3, too still”

Air quality Overall air quality Seven-point Likert-like scale
Humid/dry air From “−3, too humid” to “+3, too dry”

Stuffy or fresh air Seven-point Likert-like scale
Odor Seven-point Likert-like scale

Light Overall light Seven-point Likert-like scale
Natural Seven-point Likert-like scale
Artificial Seven-point Likert-like scale

Glare Seven-point Likert-like scale
Noise Overall noise Seven-point Likert-like scale

Outside noise Seven-point Likert-like scale
Noise from building systems Seven-point Likert-like scale

Noise within the building Seven-point Likert-like scale
Vibration Seven-point Likert-like scale

Amount of privacy Seven-point Likert-like scale
Office layout Seven-point Likert-like scale

Office decoration Seven-point Likert-like scale
View from the windows Seven-point Likert-like scale

The occupants were also requested to estimate their productivity at the workstation and in other
locations inside the building, considering the influence of environmental conditions on a scale of
7 levels, from +30% to −30%. In addition, they were requested to record building-related health
symptoms. The Personal Symptom Index-5 (PSI-5) was calculated based on the incidence of five
health symptoms—dry eyes, blocked or stuffy nose, dry throat, headache, and tiredness—which
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are considered to be the fundamental components of sick building symptoms as mentioned by
Raw et al. [41]. This indicator has a 0 to 5 score, according to the prevalence of the reported symptoms.
The respective question was: ‘Have you ever experienced any of the following symptoms while
working in this building (or workstation) (including today)?’

2.5. Statistical Analysis

The statistical analysis of the dataset was performed in four steps (Figure 1):

i. Descriptive results were obtained.
ii. The correlation between the available control and the perceived control using the Kruskal

Wallis analysis of variance test was investigated [23,42]. Groups with less than five individuals
were not included in the analysis.

iii. The relationship between the occupants’ overall combined perceived control and the general
physical building characteristics as well as the occupant personal characteristics was examined
by applying a multilevel model [43,44], to account for the three-level structure of our data
(level 1-occupant, level 2-building, level 3-country). The ordered logistic regression analysis
was applied using building and country as random effects and the covariates as fixed effects.
Four step-by-step models were applied. The first was an empty model without any variable
and with building and country variance only. In the second model, individual level variables
were imported. The final version of the second model included variables, with p-value
below 0.2, such as gender, age (in four groups, <35, 35–45, 46–55, >55), effort reward ratio,
experience of negative events, use of air fresheners at home, type of job (managerial, professional,
clerical/secretarial, other), type of job contract (full-time, part-time), and job contract duration
(permanent, fixed-term). In the third model, building characteristics were imported iteratively
on the second model to identify significant relations with the perceived control. Variables with
a p-value below 0.2 were selected to be used in the next model. In the fourth model, both
individual and building level variables were imported. The results of the fixed effects were
reported in Odds Ratios (OR) and 95% Confidence Interval (CI). For the random effects, the
explained variance is reported as well as the Proportional Change in Variance (PCV) between
the null model and the final model with the variables.

iv. The potential relations between the occupants’ perceived control and perceived comfort and
reported health symptoms (PSI5) were examined by using the spearman correlation [45].
This study focused on the correlation between the various combined control scores (e.g.,
perceived control over temperature and ventilation) and the perceived occupants’ comfort.
Additionally, the dependent variable (overall comfort satisfaction) and the response-variables
were expressed in values on an ordinal scale; hence, ordinal regression analysis was
employed to determine the impact of the controlling parameters on overall comfort. In the
regression model, the response-dependent variable was the overall comfort satisfaction and the
predictor-independent variables were the satisfaction for each personal controlling parameter
as evaluated by the occupants. The results are presented in the format of OR and its CI95%.
The ORs were used to rank the effect of the personal controlling parameters on overall comfort.
p-values <0.05 were considered as statistically significant. The statistical package IBM SPSS
Statistics [46] was used for the analysis.

26



Appl. Sci. 2019, 9, 3227

Step1: Descriptive Analysis

Step 2: Kruskal Wallis tests.
Available control vs. 

perceived control 
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perceived comfort & PSI5

4.2: Ordered logistic regression -
Overall comfort vs. Perceived 

control 

Figure 1. Schematic overview of the methodology used.

3. Results

3.1. Characteristics of Perceived Personal Control

The responses to the perceived controls (with a response rate above 99% for all control types)
are presented in Figure 2. In general, noise, ventilation and temperature were perceived as poorly
controlled. Regarding shading from the sun and lighting, the occupants reported the perceived control
as moderate. A group of people (up to 35%) declared “no control” can be observed for all control
parameters. For temperature and ventilation control, the rest of the occupants are equally distributed
in the five levels of control degree. Very few occupants seem to be able to control the noise level at
their workstation, where answers follow a descending rate (full control below 5%). On the contrary,
regarding lighting and shading from the sun, after the distinctive “no control” group, the occupants’
answers exhibited an ascending rate, indicating that they feel more able to control the light conditions
(full control up to 20%).

Figure 3 presents the percentages of the office occupants who have no or low perceived control
(values < 4) on their indoor working environment. The majority (63%) has no or low control on noise.
Half of them declared no or low control on ventilation (53%) and temperature (47%). Almost one-third
of them remarked that they do not have satisfactory levels of control for lighting and shading from
sun conditions.

In Figure 4, the responses are presented based on the occupancy per room. Responses were
categorized into five groups. In the first group, which is characterized by personal office rooms,
occupants seem to have higher levels of control, except for ventilation. It is interesting to note that as
the occupancy increases, the degree of personal control becomes lower. Offices with many occupants
(30+), probably open space offices, show the lowest degrees of personal control for all parameters.
Furthermore, in all groups, the occupants characterized noise control as the worst parameter, while
lighting and shading from the sun control gathered higher degrees of control.
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Figure 2. Percentage of occupants based on self-reported degree of control (n = 7441).

 
0% 10% 20% 30% 40% 50% 60% 70%

Lighting control

Shading from the sun control

Temperature control

Ventilation control

Noise control

Figure 3. Percentage of occupants who reported no or low control.

Figure 4. Mean degree of perceived control according to room occupancy (1 = no control, 7 = full control).

The satisfaction comfort towards IEQ parameters was also examined, with regard to their respective
control options. The perceived satisfaction parameters were categorized in three levels of perceived
control: no control (1), low control (2–3), high control (≥4) and are presented in Figure 5. For each IEQ
parameter, the related personal control option was selected, e.g., for parameters about temperature
satisfaction, temperature control was selected; for indoor air quality parameters, ventilation control
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was selected, etc. Occupants with high degrees of personal control over their working environment
reported higher levels of satisfaction on average. In all cases, occupants with high perceived control
reported higher satisfaction levels. Occupants without personal control evaluated satisfaction of the
IEQ with lower levels. Only in some cases, ‘none’ and ‘low personal’ control options are reversed, e.g.,
in the case of satisfaction with odor and reflection.
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rt

No perceived control (1) Low perceived control (2-3)

Hi perceived control ( 4) Neutral level

Figure 5. Perceived comfort towards indoor environment quality according to three levels of
perceived control.

Figure 6 shows the degree of personal control vs. self-reported productivity at the workstation
(n = 7289) and in other places in the building (n = 7154). In both cases, occupants with higher levels
of personal control reported higher levels of productivity (Kruskal Wallis: p < 0.001). Regarding the
workstations, a small increase in the low control area results in a clear increase in productivity.

Figure 6. Self-reported productivity vs. degree of control.

3.2. Relationship between Perceived Control and Available Control

The statistically significant (p < 0.05) correlations between the available control and perceived
control are presented in Figures 7–11.

Regarding the availability of operable windows (Figures 7–10), the scores of perceived control over
temperature, ventilation, light and noise differ significantly (p < 0.001, p < 0.001, p = 0.001, p < 0.001,
respectively) among buildings with operable windows, some operable windows, operable windows
that people are not allowed to open, and no operable windows. The mean occupants’ score over
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temperature in buildings with operable windows was 1.3 points higher than in buildings without
operable windows (p < 0.001). The corresponding difference in the mean score for ventilation, light
and noise was 2 (p < 0.001), 1 (p < 0.001) and 0.8 (p = 0.001), respectively.

Figure 7. Perceived control over temperature vs. availability of operable windows (n is the number of
office buildings).

Figure 8. Perceived control over ventilation vs. availability of operable windows (n is the number of
office buildings).

 

Figure 9. Perceived control over light vs. availability of operable windows (n is the number of
office buildings).
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Figure 10. Perceived control over noise vs. availability of operable windows (n is the number of
office buildings).

With regard to the presence of solar shading devices, the buildings were grouped into three
categories based on the solar devices set up: internal, external, none (Figure 11). Perceived control over
temperature varied significantly through the different types of the solar devices (p = 0.028). The highest
score of perceived control over temperature was in buildings with no solar devices. This might
be explained by the fact that the design of these office buildings provides adequate control over
temperature without the use of solar shading devices; the multilevel regression analysis in the next
step provides additional insights. No significant differences were observed between perceived control
over shading and lighting in relation to the types of solar shading devices (p = 0.635 and p = 0.255,
respectively, Table 3).

 

Figure 11. Perceived control over temperature vs. availability of solar shading devices (n is the number
of office buildings).

Table 3 presents the remaining outcomes of the statistical tests performed between the available
control and occupants’ perceived control. Regarding temperature control, the analysis showed no
significant differences (p = 0.166) between the perceived control over temperature and the various
types of temperature controls (e.g., manual radiator valve and central sensor). The different types
of operable windows did not affect the perceived control of the shading from the sun (p = 0.100).
Subsequently, the type of control on the solar shading devices (fixed, individual, central control,
automatic) was examined (Table 3). Unlike the various types of solar devices, analysis of the available
different control types of the shading devices showed that there are no significant differences among
the scores of the perceived control over shading, lighting and temperature (p = 0.147, p = 0.710 and
p = 0.755, respectively). As far as the available controls of lights are concerned, no significant difference
was found for perceived control over lighting (p = 0.328). Finally, the several types of mechanical
ventilation control were examined. The occupants’ perceived control over ventilation and temperature
did not significantly differ (p = 0.105 and p = 0.768, respectively) from the available control types.
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3.3. Combined Perceived Control Versus Building Characteristics

The variances of country and building level according to Model 1 (the null model) are 0.38 and
1.17, respectively. The respective variances in Model 2, which includes the individual variables (gender,
age groups, effort reward ratio, experience of negative events, use of air fresheners at home, type of job,
type of job’s contract, job’s contract duration), were 0.52 and 0.94. The relations between the building
characteristics, which were added in the model iteratively, and the combined perceived control with
p-values < 0.2 are presented in Table 4 (Model 3). The strongest associations with a p-value < 0.001 were
found for the building’s location (suburban area), the maximum number of occupants, the documented
complaints procedure, the number of people in office, as well as for the office type and availability of
opening windows. Significant associations with a p-value < 0.05 were found for the number of adjacent
facades with other buildings, glares from neighboring buildings, total floor area, pesticide treatment
plan, smoking permission, use of portable air cleaner, floor of the workspace, partition in the offices,
and noise source of occupants—distracting conversations and the location of air and exhaust devices.

Table 4. Relations between combined overall perceived control and building characteristics (Model 3).

Characteristics n1/N1 n2/N2 OR (CI 95%) p-Value

General building characteristics

Location
Mixed industrial/residential area (vs. industrial area) 696/7441 14/167 1.68 (0.76–3.69) 0.199

Commercial area (vs. industrial area) 789/7441 18/167 0.95 (0.46–1.95) 0.883
Mixed commercial/residential area (vs. industrial area) 2279/7441 50/167 1.71 (0.94–3.09) 0.076

City center, densely packed housing (vs. industrial area) 1344/7441 30/167 1.35 (0.7–2.63) 0.374
Town, with no or small gardens (vs. industrial area) 328/7441 8/167 3.42 (1.33–8.75) 0.010

Suburban, with larger gardens (vs. industrial area) 864/7441 22/167 3.88 (1.92–7.82) <0.001

Village in a rural area (vs. industrial area) 24/7441 1/167 0.82 (0.09–7.46) 0.859
Rural area with no or few other homes nearby (vs. industrial area) 192/7441 6/167 1.27 (0.45–3.57) 0.646

Façades with adjacent buildings
2 façades (vs. 1 façade) 1932/4664 37/102 0.6 (0.38–0.95) 0.030

3 façades (vs. 1 façade) 288/4664 9/102 1.48 (0.68–3.25) 0.322
Density of nearby obstructions

Moderately dense (vs. very dense) 2610/7441 58/167 1.31 (0.69–2.5) 0.407
Few buildings (vs. very dense) 2992/7441 58/167 1.43 (0.74–2.76) 0.285
Free standing (vs. very dense) 1031/7441 26/167 1.95 (0.93–4.09) 0.076

Neighboring buildings with glass facades or
light-colored facades causing glare

Yes, in summer (vs. No) 215/7441 4/167 0.4 (0.13–1.27) 0.120
A little in summer (vs. No) 654/7441 12/167 0.5 (0.25–1) 0.049

Yes, in winter (vs. No) 102/7441 2/167 0.35 (0.07–1.71) 0.195
A little in winter (vs. No) 217/7441 5/167 0.24 (0.09–0.68) 0.007

Maximum number of occupants in the building
Between 101 and 250 (vs. ≤100) 2288/7260 56/163 0.79 (0.52–1.2) 0.272

≥251 (vs. ≤100) 3544/7260 51/163 0.39 (0.25–0.61) <0.001

Total floor area (m2)
Between 1441 and 3210 (≤1440) 2300/7234 53/160 0.78 (0.49–1.24) 0.295

≥3211 (≤1440) 3341/7234 54/160 0.51 (0.31–0.83) 0.007

Activities in the building besides office work
Underground car park (vs. No) 2678/7441 44/167 0.73 (0.46–1.16) 0.178

Print shop (vs. No) 428/7441 7/167 1.92 (0.78–4.73) 0.156
Pesticide treatment plan (vs. No) 7025/7441 99/164 0.59 (0.39–0.88) 0.010

Documented complaints procedure for occupants (vs. No) 5112/7349 99/165 0.41 (0.28–0.61) <0.001

Smoking permission
Only outside the building (vs. No) 3916/7441 88/167 0.55 (0.33–0.93) 0.026

Only in separately ventilated rooms (vs. No) 973/7441 13/167 0.29 (0.13–0.63) 0.002

Percentage of office furniture is less than one year old and made of MDF 7025/7441 162/162 0.99 (0.99–1) 0.200
Portable air cleaner (vs. No) 225/7441 5/167 0.33 (0.12–0.93) 0.035
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Table 4. Cont.

Characteristics n1/N1 n2/N2 OR (CI 95%) p-Value

Office characteristics

Floor surface of the office 7410/7441 167/167 1.05 (1.02–1.09) 0.001

Number of people in the office on average
Private (vs. 30+) 1501/7352 144/167 7.65 (6.19–9.45) <0.001

2–4 (vs. 30+) 2134/7352 152/167 5.15 (4.24–6.26) <0.001

5–9 (vs. 30+) 1019/7352 117/167 2.62 (2.15–3.21) <0.001

10–29 (vs. 30+) 1492/7352 100/167 1.48 (1.25–1.76) <0.001

Type of office
Shared private office (vs. single person private office) 2236/7417 150/167 0.56 (0.48–0.65) <0.001

Open space with partitions (vs. single person private office) 991/7417 115/167 0.21 (0.17–0.26) <0.001

Open space without partitions (vs. single person private office) 2602/7441 139/167 0.21 (0.17–0.25) <0.001

Other (vs. single person private office) 90/7417 60/167 0.39 (0.24–0.65) <0.001

Partitions within the offices (vs. No) 4112/7441 91/167 0.67 (0.45–0.99) 0.043

Noise source of occupants–distracting conversations (vs. No) 2653/7441 64/167 0.66 (0.45–0.98) 0.040

PC or laptop monitor position
In front of windows (vs. Not) 3018/7441 69/167 1.44 (1–2.08) 0.052

Printer/copy machines location
In the offices (vs. on the corridor) 2976/7441 75/167 0.62 (0.39–1) 0.051

In a separate printing room (vs. on the corridor) 2501/7441 47/167 0.64 (0.39–1.05) 0.075
Operable windows

Yes (vs. No) 3724/7441 85/163 5.51 (3.14–9.67) <0.001

Yes, some (vs. No) 1769/7441 40/163 3.08 (1.72–5.53) <0.001

Yes, but occupants are not allowed to open them (vs. No) 913/7441 20/163 1.54 (0.79–2.98) 0.204
Location of air supply devices inside offices—ceiling (vs. No air supply) 5783/7441 123/167 0.63 (0.4–0.99) 0.046

Location of air exhaust devices inside offices
High (vs. None) 6189/7089 128/154 0.46 (0.25–0.87) 0.017

Low (vs. None) 382/7089 10/154 0.63 (0.24–1.63) 0.339

p-values in bold are significant at 5%. Adjusted for gender, age groups, effort reward ratio, experience of negative
events, use of air fresheners at home, type of job, type of job’s contract, job’s contract duration. Characteristics
with a p value lower than 0.20 are presented. Level 1—Occupant level, Level 2—Building level, Level 3—Country
level. OR: Odd Ratio, CI: Confidence interval 95%, n1/N1: Occupants’ answers/total number of occupants, n2/N2:
building observations/total number of buildings.

All individual and building characteristics from Models 2 and 3 were imported to Model 4; the
relevant results are presented in Table 5. The variance between buildings was equal to 0.14 in Model 4.
PCV shows that 88% of the initial variance in overall perceived control was explained by the included
variables. Buildings with larger total floor areas were positively associated with perceived overall
control (OR 1.99, 95% CI: 1.22–3.25). The workspace floor was also positively associated with control
perception (OR 1.06, 95% CI: 1.02–1.10). The existence of any kind of operable windows (OR 3.64 up
to 6.53) and private and semi-private offices had the highest impact on the perceived overall control
(OR 1.58 up to 3.73). On the other hand, the building’s location (OR 0.24, 95% CI: 0.06–0.96) and the
buildings’ number of adjacent facades (OR 0.65, 95% CI: 0.44–0.97) with other buildings tended to
negatively associate with the perceived control. Both high number of occupants in the building (OR
0.67, 95% CI: 0.46–0.99) and the type of office (OR from 0.23 to 0.36) had a significant negative effect on
the perceived overall control. Indoor noise from distracting conversations was associated negatively
with the perceived overall control (OR 0.69, 95% CI: 0.49–0.97).

Concerning individual characteristics, in addition to gender (OR 1.21, 95% CI: 1.06–1.38) and age
group (OR 0.78, 95% CI: 0.61–0.99), strong association with the overall perceived control was found for
the ERI (OR 0.67, 95% CI: 0.46–0.99) and the occupants’ habit to use air fresheners at home (OR 1.26,
95% CI: 1.11–1.44).
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Table 5. Associations between combined overall perceived control, building characteristics and
individual characteristics (Model 4).

Factors OR (CI 95%) p-Value

Individual characteristics/personal activities

Female (vs. Male) 1.21 (1.06–1.38) 0.006

Age
<35 (vs. 55+) 0.89 (0.69–1.14) 0.345

35–45 (vs. 55+) 0.78 (0.61–0.99) 0.040

46–55 (vs. 55+) 0.95 (0.74–1.23) 0.720
Effort-reward ratio 0.31 (0.25–0.38) <0.001

Experience of negative events (vs. No) 0.94 (0.83–1.07) 0.367
Type of job

Managerial (vs. Other) 0.97 (0.75–1.27) 0.844
Professional (vs. Other) 0.98 (0.78–1.23) 0.873

Clerical-secretarial (vs. Other) 0.95 (0.77–1.17) 0.625
Type of job’s contract–Full-time (vs. Part-time) 1.12 (0.89–1.41) 0.344

Job’s contract duration–Permanent (vs. Fixed-term) 1.13 (0.91–1.39) 0.263
Air fresheners use in home (vs. No) 1.26 (1.11–1.44) <0.001

Building characteristics

Location
Mixed industrial/residential area (vs. industrial area) 0.64 (0.31–1.29) 0.208

Commercial area (vs. industrial area) 1.59 (0.83–3.07) 0.164
Mixed commercial/residential area (vs. industrial area) 1.05 (0.61–1.83) 0.849

City Centre, densely packed housing (vs. industrial area) 1.15 (0.62–2.1) 0.660
Town, with no or small gardens (vs. industrial area) 2.98 (0.95–9.39) 0.062
Suburban, with larger gardens (vs. industrial area) 1.73 (0.63–4.72) 0.285

Village in a rural area (vs. industrial area) 0.24 (0.06–0.96) 0.043

Rural area with no or few other homes nearby (vs. industrial area) 1.02 (0.24–4.45) 0.974
Density of nearby obstructions

Moderately dense (vs. Very dense) 1.11 (0.63–1.95) 0.729
Few buildings (vs. Very dense) 1.14 (0.65–2.02) 0.648
Free standing (vs. Very dense) 0.99 (0.44–2.19) 0.972

Maximum number of occupants in the building
Between 101 and 250 (vs. ≤100) 0.67 (0.46–0.99) 0.045

≥251 (vs. ≤100) 0.92 (0.56–1.52) 0.745
Total floor area

Between 1441 and 3210 (≤1440) 1.99 (1.22–3.25) 0.006

≥3211 (≤1440) 1.44 (0.81–2.57) 0.217
Façades with adjacent buildings

2 façades (vs. 1 façade) 0.65 (0.44–0.97) 0.033

3 façades (vs. 1 façade) 1 (0.51–1.95) 0.992
Neighboring buildings with glass facades or light-colored facades causing glare

Yes, in Summer (vs. No) 3.16 (1.15–8.66) 0.025

A little in Summer (vs. No) 1.52 (0.74–3.14) 0.256
Yes, in Winter (vs. No) 0.24 (0.06–0.94) 0.040

A little in Winter (vs. No) 0.49 (0.17–1.39) 0.180
Operable windows

Yes (vs. No) 4.81 (2.85–8.14) <0.001

Yes, some (vs. No) 6.53 (3.76–11.34) <0.001

Yes, but occupants are not allowed to open them (vs. No) 3.64 (1.82–7.27) <0.001

Activities in the building besides office work
Underground car park (vs. No) 0.79 (0.52–1.19) 0.258

Print shop (vs. No) 1.4 (0.6–3.27) 0.435
Portable air cleaner (vs. No) 0.79 (0.31–2) 0.622

Pesticide treatment plan (vs. No) 1.33 (0.74–2.38) 0.336
Smoking permission

Only outside the building (vs. No) 0.82 (0.46–1.46) 0.492
Only in separately ventilated rooms(vs. No) 0.66 (0.32–1.36) 0.260

Documented complaints procedure for occupants (vs. No) 0.77 (0.5–1.17) 0.221
Percentage of office furniture is less than one year old and made of MDF 1 (0.99–1.01) 0.800
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Table 5. Cont.

Factors OR (CI 95%) p-Value

Office characteristics

Floor surface of the office 1.06 (1.02–1.1) 0.002

Number of people in the office on average
Private (vs. 30+) 2.51 (1.59–3.97) <0.001

2–4 (vs. 30+) 3.73 (2.78–4.99) <0.001

5–9 (vs. 30+) 2.3 (1.79–2.96) <0.001

10–29 (vs. 30+) 1.58 (1.29–1.93) <0.001

Type of office
Shared private office (vs. Single person private office) 0.36 (0.23–0.55) <0.001

Open space with partitions (vs. Single person private office) 0.23 (0.14–0.36) <0.001

Open space without partitions (vs. Single person private office) 0.26 (0.17–0.4) <0.001

Other (vs. Single person private office) 0.57 (0.25–1.29) 0.178
Partitions within the offices (vs. No) 1.02 (0.64–1.61) 0.935

Noise source of Occupants–distracting conversations (vs. No) 0.69 (0.49–0.97) 0.034

PC or laptop monitor position
In front of windows (vs. Not) 1.32 (0.94–1.86) 0.103

Printer/copy machines location
In the offices (vs. on the corridor) 0.99 (0.63–1.55) 0.956

In a separate printing room (vs. on the corridor) 1.23 (0.76–1.99) 0.396
Location of air supply devices inside offices—ceiling (vs. No air supply) 0.81 (0.51–1.28) 0.365

Location of air exhaust devices inside offices
High (vs. None) 1.43 (0.61–3.34) 0.408
Low (vs. None) 0.93 (0.37–2.35) 0.879

County level σ2/PCV (%) 0.42/10
Building level σ2/PCV (%) 0.14/88

3.4. Impact of Perceived Control on Perceived Comfort and Health

3.4.1. Combined Perceived Control vs. Perceived Comfort and Health—Bivariate Analysis

The relationships between perceived control and perceived comfort are presented in Table 6.
Perceived overall comfort correlated significantly and positively with perceived control over all control
parameters. When the scores of the perceived control were combined, the correlation with the overall
comfort increased, reaching the highest value of r = 0.465. The combined correlation values are stronger
than the correlations between the single perceived control parameters. The strongest correlation for
perceived overall temperature was indicated with control over temperature (r = 0.420) and not with the
combined controls. The satisfaction with extreme hot or cold temperature conditions seems to have the
strongest correlation only with the control over temperature (r = 0.281), while the combined perceived
controls show equal effect. On the other hand, temperature variation was found to be more related
to the combined control over temperature and shading from the sun controls (r = 0.209). Perceived
air quality about dry or humid air and odor did not show strong correlations, either with single or
with combined perceived control parameters, indicating that these parameters were more difficult
to be controlled by the occupants. However, perceived overall air quality satisfaction and perceived
satisfaction with fresh air were found to be more correlated with the combined control perception over
temperature, ventilation and shading from the sun (r = 0.380 and 0.320, respectively).

Perceived comfort regarding natural light correlated positively with perceived control over shading
from the sun and over light (r = 0.370). Moreover, artificial light perception showed correlation with
the perceived control over light (r = 0.377). This means that occupants with higher degrees of shading
and lighting controls feel more satisfied with the light levels in their offices. Perceived satisfaction
with glare did not show strong correlation. In general, combined controls do not significantly affect
light satisfaction.
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Perceived comfort over outdoor noise seems to have low correlation with perceived controls.
The occupants were not able to control the noise levels coming from outside probably due to inefficient
available control types. Noise from building systems and noise within the building correlated positively
with perceived control over noise (r = 0.205 and 0.377). Moreover, the occupants were more satisfied
with the noise from building systems when they had higher degree of all combined controls (r = 0.226).
The highest correlation was observed (r = 0.408) between the overall noise satisfaction and perceived
noise control. This indicates that the occupants are more comfortable in buildings where they perceive
high degree of control over noise.

The amount of privacy was found to have significant correlation with all control parameters,
both single and combined, while the maximum correlation was recorded with all combined controls
(r = 0.433). This implies that high degrees of personal control improve the privacy that the occupant
needs. This positive relation was also observed for office layout and decoration perceived satisfaction
with r = 0.403 and 0.315, respectively.

As far as perceived control and the presence of health symptoms assessed through the PSI5 are
concerned, a significant negative correlation was found for all control parameters, both single and
combined. The combined perceived control scores exhibited a stronger negative correlation with
the PSI5.

3.4.2. Perceived Control vs. Perceived Overall Comfort—Regression Analysis

The relation between the overall comfort and five perceived control variables has been examined
by applying the ordinal regression analysis. The results are presented in Table 7. The maximum OR
value (1.28) corresponded to the perceived control over noise. The results showed that if the perceived
control over noise increases by one unit in the 1–7 point scale, there is a 1.28 time likelihood that the
overall comfort will increase by one unit. Perceived noise control was the parameter with the lowest
score according to the occupants’ recordings, as shown in Table 2. The impact on the overall comfort of
the control over noise, lighting, temperature and shading from the sun, was almost equivalent (ORs:
1.16, 1.14 and 1.12, respectively). Lastly, the perceived control over ventilation, despite the fact that it
was ranked as the second worst parameter, had the lowest impact on overall comfort (OR 1.03, 95% CI:
1.00–1.06).

Table 7. Relations between perceived control and perceived overall comfort.

Parameters OR CI (95%) p-Value

Perceived control over noise 1.28 (1.25–1.32) p < 0.001

Perceived control over lighting 1.16 (1.13–1.19) p < 0.001

Perceived control over temperature 1.14 (1.11–1.18) p < 0.001

Perceived control over shade 1.12 (1.10–1.15) p < 0.001

Perceived control over ventilation 1.03 (1.00–1.06) p < 0.05

Moreover, occupants were separated in two groups: those who had no or low control and those
who had high control for the sum of the five control parameters. The results are presented in Table 8.
The ranking remains the same as in the previous case, but two remarks can be highlighted. First, in the
“low control” group, occupants were less sensitive to controlling parameters, with lower OR values.
In addition, the perceived control over ventilation was not significant (p > 0.05). Second, in the “high
control” group, occupants were more sensitive to all controlling parameters with increased OR values.
The perceived control over lighting showed an almost equal impact on overall comfort as the perceived
control over noise.
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Table 8. Relations between perceived control in low and high control groups and perceived
overall comfort.

Parameters—
Low Control Group

OR CI (95%) p-Value
Parameters—

High Control Group
OR CI (95%) CI (95%)

Perceived control
over noise 1.21 (1.15–1.27) p < 0.001

Perceived control
over noise 1.37 (1.32–1.43) p < 0.001

Perceived control
over lighting 1.14 (1.11–1.17) p < 0.001

Perceived control
over lighting 1.32 (1.25–1.39) p < 0.001

Perceived control
over temperature 1.11 (1.06–1.15) p < 0.001

Perceived control
over temperature 1.26 (1.20–1.31) p < 0.001

Perceived control
over shade 1.10 (1.07–1.13) p < 0.001

Perceived control
over shade 1.19 (1.14–1.25) p < 0.001

Perceived control
over ventilation 0.99 (0.95–1.04) p > 0.05 Perceived control

over ventilation 1.08 (1.04–1.12) p < 0.001

4. Discussion

4.1. Occupants’ Personal Control

The current study analyzed data from 7441 occupants in 167 European modern office buildings,
sustaining and reinforcing findings from previous studies, revealing the importance of the perceived
personal control over indoor environment parameters.

The overall occupants’ comfort should be examined by investigating the role of every aspect
of personal control. Paciuk [16] highlighted three aspects of personal control; (i) available control,
(ii) exercised control; (iii) perceived control. Available control can be described by the degree and
type of control made available by the environment. It can be defined by ‘the degree of manipulation
of thermostats and other manual controls as well as the existence of operable windows, blinds,
sunshades, ventilation vanes, doors and HVAC system components’. Exercised control is defined by
‘the relative frequency in which occupants engage in several types of thermal-related behaviors in
order to obtain thermal comfort when needed’. The occupants’ perceived control is being produced as
the interaction of the different degrees of available (building controls) and exercised control (frequency
of use). OFFICAIR database does not include information about the occupants’ exercise control so in
that study this aspect was not examined. The main idea is that personal control, both available and
perceived, works as a moderator affecting the occupants’ satisfaction on IEQ parameters and on the
overall comfort.

Paciuk [16] examined the perceived control over temperature, ventilation, shading from the
sun, lighting and noise. The results showed that occupants have moderate or low control on these
parameters with a significant group of occupants, who declared that they had no access to the control
of their environment. This was also remarked by Haghighat and Donnini [19], where almost 60%
of the responders had no control access. Furthermore, around 30% of the participants were very
dissatisfied with the level of control. An interesting relationship between the perceived productivity
in offices and perceived control has emerged, where higher productivity levels were recorded when
occupants perceived higher degrees of personal control. Boardass et al. [18] also pointed out the issue
of productivity versus personal control, concluding in the same finding.

In this analysis, only a limited number of available control types were found to be associated with
the perceived control. Perceived control over temperature, ventilation, light and noise was found to be
associated only with the presence of operable windows. The effect of operable windows in the indoor
environment on occupants’ comfort was also raised by Brager et al. [47]. The scores of perceived
temperature control differ significantly with the different types of solar shading devices. However,
after importing these available control types along with various general building characteristics
in the multilevel model, only operable windows remained significant. Similar findings were also
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reported in another study [48] where opening windows were the most frequent behavior of controlling
thermal conditions. The limited effect of the available control on the perceived control was pointed
out in previous studies [23,24], which found no association between available and perceived control.
This could be explained by the fact that occupants could identify the available controls, but they were not
allowed to use them or did not know how to set them up or the control types could not respond rapidly.
The multilevel model, containing both individual and building characteristics (both general and
available control types), showcased 88% variance in perceived control between buildings. A Building’s
location and the distance with adjacent facades from other neighboring buildings seem to be significant.
The area and number of floors were also found to affect occupant control perception. The number of
occupants inside the building showed strong effect, especially inside the office, as well as the type of
office (private or open space with partitions). Gou et al. [49] remarked that the provision of personal
control in open-plan work environments is an important means to alleviating adverse perceptions.
Noise due to conversations and phone calls negatively affected the controlling perception, which was
expected as people cannot control themselves the level of noise. Around one-third of the occupants
reported negative perception of lighting control, which is similar to findings by Moore et al. [50].
Boardass et al. [18] and Toftum [21] also indicated that the perceived degree of controlling parameters
(temperature, ventilation, lighting) decreases with the increased number of occupants inside offices.
To some extent, it seems that occupants perceive controlling capabilities better when providing them
with the feeling of freedom inside the office buildings. Effort-Reward Imbalance (ERI), which is
a critical psychological parameter in office environments, significantly affected control perception
and the occupants’ perceived comfort inside offices [36]. Moreover, occupants who habitually use
air fresheners in their home seem to be more sensitive to adjusting their indoor work environment.
The psychological aspect of perceived control is reinforced, as observed by Luo et al. [25].

A significant positive but weak correlation was observed between perceived control and perceived
comfort. This finding is in compliance with Boerstra et al. [23], Haghighat and Donnini [19] and
Roulet et al. [51]. This work includes a deeper analysis of the appreciation of the perceived control.
It should be noted that the analysis using the combined control parameters is not widely used in this
type of studies. Combined scores of the controlling parameters were positively correlated with IEQ
satisfaction, as Boerstra et al. [23] also found. However, in our study, the combined control perception
affected with a stronger correlation the overall comfort, in contrast to the findings of Boerstra et al. [23].
This could be explained by the fact that occupants with higher combined control perception perceive
overall comfort with more satisfaction. Combined control perception also resulted in occupants being
more satisfied with the overall air quality as well as with the amount of privacy and office layout.
In general, occupants who are more able to adjust their environment feel more satisfied.

Regarding building-related health symptoms, the combined scores unveil higher negative
correlations with the PSI5. Office occupants reported less health symptoms related to buildings
where they perceived higher degree of personal controls.

4.2. Strengths and Limitations

This study has several strengths: a relatively large sample size, a survey performed in different
geographical areas across Europe, and the use of standardized procedures (questionnaire and checklist).
Data on socio-demographics, psycho-social work environment, and perceived environmental quality
were collected by a validated questionnaire. IEQ was assessed using both crude IEQ items (satisfaction
with perceived control over temperature, ventilation, shading from the sun, light and noise, as
well as satisfaction with overall thermal comfort, noise, light, and indoor air quality), and with
14 detailed indoor environmental parameters (e.g., layout, noise within the building, noise from
building systems, noise outside the building, air movement). Some limitations, however, should
be noted. Caution is needed when interpreting results, because data on IEQ were self-reported.
Consequently, a potential (recall) bias cannot be excluded and this type of surveys do not always
capture IEQ issues. A combination of objective and subjective measurements would be useful for
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assessing IEQ. Another limitation is the cross-sectional study design. Therefore, no causality of the
identified relations can be confirmed.

5. Conclusions

The following conclusions can be drawn from the present study:

1. In general, occupants have a moderate or low access in the control of their indoor working
environment. They have rated with a moderate control perception the lighting and shading from
the sun parameters. Noise was the worst control parameter, while temperature and ventilation
control were rated in the low control scale. Among the five control parameters, there was a
significant group of occupants who were not able to control their environment at all. Nearly all
occupants have no or low control on noise. Half of the occupants declared no or low control on
ventilation and temperature conditions. Almost one-third of them remarked that they do not
have satisfactory levels of control for lighting and shading from sun conditions. It is noteworthy
that as the occupancy within the offices increases, the degree of personal control becomes lower.

2. Occupants with a higher level of personal control were reported to be more productive within
their working environment. Moreover, occupants who declared high degrees of personal control
reported higher levels of IEQ satisfaction.

3. Some significant correlations were found between the available controls within the building and
the perceived control. The availability of operable windows had a higher impact on the occupants’
control perception over temperature, ventilation, light and noise than floor area or occupancy.
Perceived control over temperature differed significantly with the different types of solar devices.

4. Occupants’ perceived control is related to psychological aspects. General building characteristics,
such as floor number and floor area, office type, operable windows, etc., which help occupants
feel freedom were positively associated with the perceived control. ERI remains a significant
parameter of the controlling perception in office environments.

5. Concerning the impact of perceived control on perceived comfort, the results of the present study
are in general agreement with the literature. More specifically:

• The perceived combined control over all studied parameters is positive on the overall comfort
• The combined control over all parameters seems to have a stronger effect on overall comfort

than the single controls
• Temperature variation seems to be more related to the combined control of temperature and

shading from the sun control
• Combined control perception over temperature, ventilation and shading positively affects

the occupants and gives them the feeling of fresher air and an overall satisfaction with
air quality

• Noise from the buildings systems seems to be more affected by the combined control
perception of all parameters rather than single controls

• The combined perceived control of all parameters was found to affect the occupants’ privacy,
office layout and decoration satisfaction more

6. Regarding reported health symptoms, office occupants with a higher degree of personal controls
reported less building-related health symptoms.
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Abstract: Thermal factors not only affect the thermal comfort sensation of occupants, but also
affect their arousal level, productivity, and health. Therefore, it is necessary to control thermal
factors appropriately. In this study, we aim to design a thermal environment that improves both the
arousal level and thermal comfort of the occupants. To this end, we investigated the relationships
between the physiological indices, subjective evaluation values, and task performance under several
conditions of changes in the indoor ambient temperature. In particular, we asked subjects to
perform a mathematical task and subjective evaluation related to their thermal comfort sensation
and drowsiness levels. Simultaneously, we measured their physiological parameters, such as
skin temperature, respiration rate, electroencephalography, and electrocardiography, continuously.
We investigated the relationship between the comfort sensation and drowsiness level of occupants,
and the physiological indices. From the results, it was confirmed that changes in the indoor ambient
temperature can improve both the thermal comfort and the arousal levels of occupants. Moreover,
we proposed the evaluation indices of the thermal comfort and the drowsiness level of occupants
using physiological indices.

Keywords: thermal comfort; arousal level; physiological indices; electroencephalography;
electrocardiography

1. Introduction

The control of indoor environmental quality (IEQ, which consists of visual elements, olfactory
elements, and thermal factors, etc.) is important for improvements of the comfort and productivity
of occupants. Among the factors of IEQ, thermal factors, such as ambient temperature, radiant
temperature, humidity, and air velocity, are especially related with not only the thermal sensation and
thermal comfort of occupants, but also productivity and health. With the high technology of heating,
ventilation, and air conditioning systems (HVAC systems), the relationship between thermal factors
and thermal sensation and thermal comfort has received attention from several researchers worldwide.
In previous research, indices of thermal comfort, such as the predicted mean vote (PMV), predicted
percent dissatisfied (PPD), and standard new effective temperature (SET*), have been proposed
based on the relationship between thermal factors and the subjective evaluation of thermal comfort
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sensation [1,2]. Many studies have analyzed the indoor thermal quality based on the evaluation of
thermal factors using these indices [3–7].

In addition, improvements of the productivity of occupants who are working, studying, and
driving in indoor spaces, such as offices, classrooms, and vehicles, are needed. It is necessary to
maintain a high arousal state of the occupants to improve their productivity. In previous studies,
it was shown that productivity improved when the arousal level of occupants was high, and this
was related to the indoor ambient temperature that occupants felt as cool or cold [8,9]. From the
results of previous studies, the conditions of the ambient temperature to improve task performance
were different from the conditions of the ASHRAE (American Society of Heating, Refrigerating and
Air-Conditioning Engineers)’s thermal comfort zone [10]. Therefore, the conditions of the constant
ambient temperature were not appropriate to improve both the task performance and thermal comfort
levels. In previous studies, it was shown that the thermal comfort of occupants was immediately
changed in accordance with changes in the indoor ambient temperature [11]. The arousal level was
increased by outer stimulation and was maintained at a high state for several minutes [12,13]. Based on
these results of previous studies, we hypothesized that thermal stimulation due to cooling can improve
the arousal level of occupants. Furthermore, thermal comfort can be improved while maintaining
high arousal levels due to the removal of thermal stimulation. When considering the possibility that
changes in thermal factors can improve both arousal and thermal comfort levels, the physiological
effects associated with such changes in thermal factors, and how they affect the arousal level and
thermal comfort of occupants are not clear. Therefore, the design requirements for changes in ambient
temperature to improve both the arousal level and thermal comfort are also not clear. Therefore,
a continuous and quantitative evaluation of the thermal comfort and arousal level of occupants using
indices, which can be measured both continuously and quantitatively, such as physiological signals,
is needed to clarify the design requirements of changes in the indoor ambient temperature to improve
both the arousal level and thermal comfort.

In this study, we aimed to investigate the characteristics of changes in the arousal level and
feelings of thermal comfort of occupants, and the relationship between them when thermal factors
are changed. There are many factors that affect the thermal comfort and arousal level of occupants,
such as the ambient temperature, indoor air velocity, mean air radiant temperature, and metabolic
activity [5–7]. Especially, we focused on the changes in the indoor ambient temperature as a
fundamental investigation in this study. In addition, to propose evaluation indices that can evaluate
the thermal comfort and arousal level of occupants continuously and quantitatively, we investigated
the relationship between the arousal level, feelings of thermal comfort, and physiological indices,
which can be measured continuously and quantitatively.

2. Strategy

2.1. Investigation of the Effects of Changes in the Indoor Ambient Temperature on Arousal Levels, Thermal
Comfort, and Task Performance

To verify the hypothesis that thermal stimulation, due to cooling, can improve the arousal level of
occupants, and that thermal comfort can be improved while maintaining high arousal levels due to the
removal of thermal stimulation, several thermal conditions were set. Subjects were asked to conduct a
mathematical task and periodically evaluate their sensation values (using a subjective sensation vote)
in relation to their arousal level and thermal comfort. We attempt to clarify the effect of changes in the
indoor ambient temperature on the arousal level, thermal comfort, and task performance of occupants
by conducting an analysis of the results of the subjective sensation vote and task performance.

2.2. Investigation of the Relation between the Subjective Evaluation Value and Physiological Parameters, and a
Recommendation for Evaluation Indices

Indices that can evaluate the arousal and thermal comfort levels of occupants continuously and
quantitatively are necessary to clarify the design requirements of a temperature control that can
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improve the arousal and thermal comfort levels of occupants. However, as it was not possible to
perform a subjective sensation voting continuously, we considered clarifying the design requirements
for thermal environments using changes over time. This relied on the possibility to evaluate the
arousal level and feelings of thermal comfort using physiological parameters that could be measured
quantitatively and continuously. Previous studies have shown that the physiological indices measured
utilizing electroencephalograms (EEG), electrocardiograms (ECG), and respiration rates were effective
for the evaluation of arousal levels [14,15], and the skin temperature, EEGs, and ECGs of occupants
were effective for the evaluation of the thermal comfort [16,17]. Therefore, in this study, we assumed a
flow of physiological responses when the occupant was stimulated by thermal factors, as shown
in Figure 1, based on the above-mentioned previous studies to clarify the characteristics of the
physiological parameters under the condition of changes in both the arousal level and thermal comfort.
A thermal stimulation is transmitted from the sensory organ, such as warm spots and cold spots of
skin, to the central nervous system, which affects thermal and comfort sensation. This change in
comfort sensation then affects the autonomic nervous system, and the response is then conducted
through the locomotive organ. Based on this process, we selected the skin temperature as an indicator
of heat transfer between the environment and the human body, EEGs as an indicator of the reaction of
the central nervous system, and ECGs as indicators of the reaction of the autonomic nervous system.
Next, we attempted to search for indices that could separately evaluate the arousal level and thermal
comfort by performing a multiple regression analysis utilizing the physiological parameters and
subjective evaluation values of the arousal level and feelings of thermal comfort. In Figure 1, the flow
of physiological responses with the thermal stimulus is shown.

 
Figure 1. Flow of physiological responses with the thermal stimulus.

3. Methodology

3.1. Subjects

Ten subjects with vital statistics of a height of 173.5 ± 4.4 cm, weight of 61 ± 4.8 kg, age of 22.1 ±
1.2 years old, and who were right-handed participated in the experiment. The experimental contents
and procedures, which were approved by the ethics committee of the University of Tokyo, were
explained to the subjects before conducting the experiment. The subjects were then asked to avoid
intense physical activity, alcohol, and caffeine for 24 h prior to the experimental session.

3.2. Experimental Task

The subjects were asked to conduct mental arithmetic tasks known as “MATH”, which is based on
the algorithm proposed by Tuner et al. [18]. A 1–3-digit addition or subtraction question is displayed
for 2 s on the monitor, and then “equals to” is displayed for 1.5 s. Lastly, the answer is displayed for 1
s, and the next question is displayed after 0.5 s. Subjects had to determine if the answer was correct or
incorrect when the answer was displayed and click the left mouse button if the answer was correct
or the right mouse button if the answer was incorrect. The levels of questions in the original version
of MATH consisted of 1–5 levels. In this study, the beginning level was 3 (which is 2-digit addition
or subtraction), and the level of the next question was raised if the responses of the subjects were
correct, and was reduced if answers were incorrect. We deduced that changing the levels affected
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the physiological indices. Thus, we did not change the level of the question, and fixed it to level 3.
The MATH task included 50 questions for 250 seconds per set.

3.3. Experimental Conditions and Experimental Procedure

To evaluate the effects of the duration and degree of thermal stimulation, three environmental
conditions (A–C) were set as follows.

• Condition A: The indoor ambient temperature was maintained at 27 ◦C.
• Condition B: The indoor ambient temperature was decreased from 27 ◦C to 20 ◦C, and then

increased from 20 ◦C to 27 ◦C.
• Condition C: The indoor ambient temperature was decreased from 27 ◦C to 20 ◦C, and then

maintained at 20 ◦C.

We set condition A as a thermally comfort condition [10], and condition C as a high arousal
condition [8,9]. Condition B was set to verify the hypothesis that thermal stimulation due to cooling
can improve the arousal levels of occupants, after which thermal comfort can be improved while
maintaining high arousal levels due to the removal of thermal stimulation. There are many parameters
which affect the thermal comfort and arousal levels of occupants, such as the indoor velocity, mean air
radiant temperature, metabolic activity, and amount of clothing. In this study, we focused on only the
indoor ambient temperature as a fundamental investigation, thus those parameters except the indoor
ambient temperature were controlled in the experiment. The subjects wore short sleeves and short
pants and were asked to remain in the pre-room. The room temperature was set at 27 ± 0.5 ◦C for
approximately 1 h so that subjects could adjust to the thermal environment; they were asked to practice
the “MATH” at least twice during this time. Sensors were then attached to the bodies of the subjects to
measure their physiological indices. One set of tasks consisted of completing the subjective sensation
vote and the “MATH” task. The subjects were asked to perform seven sets of tasks at time intervals of
10 min and to rest between each task for approximately 3 min. Physiological indices were measured
from the start time (0 min) till the end time (70 min). The experimental procedure and environmental
conditions are shown in Figure 2.

Figure 2. Experimental conditions and environmental procedure.

3.4. Measurement

3.4.1. Subjective Evaluation of the Drowsiness Level and the Thermal Comfort Sensation

Before completing the “MATH” task, the subjects were asked to complete a questionnaire related
to their thermal sensation, thermal comfort sensation, and arousal level. The scale of thermal sensation
was based on ASHRAE/ISO (International Organization for Standardization) [10], and was denoted
using integral numbers from −3 to 3 (where −3, −2, −1, 0, 1, 2, and 3 are the meanings of cold, cool,
slightly cool, neutral, slightly warm, warm, and hot, respectively.). The scale of comfort sensation
was based on ISO10551 [19], and was denoted using integral numbers from −3 to 0 (where −3,
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−2, −1, and 0 are the meanings of very uncomfortable, uncomfortable, slightly uncomfortable, and
comfortable, respectively.). The scale of the arousal level was based on the drowsiness level of Zilberg’s
indicators [20], and was denoted using integral numbers from 0 to 4 (where 0, 1, 2, 3, and 4 are the
meanings of alert, slightly drowsy, moderately drowsy, significantly drowsy, and extremely drowsy,
respectively.).

3.4.2. Physiological Indices

(a) EEG

EEGs were recorded using an EEG-measuring instrument (EEG-1200, Nihonkohden Co., Japan) at
a sampling rate of 500 Hz. EEG electrodes were attached on 16 channels (based on the internationally
accepted 10–20 system, Fp1, Fp2, F7, F3, F4, F8, T7, C3, C4, T8, P7, P3, P4, P8, O1, O2). Next, raw data
were processed using the Fourier transform method, and the spectral power of each frequency band,
such as the content of theta wave (4–8 Hz), low-alpha wave (8–10 Hz), high-alpha wave (10–13 Hz),
low-beta wave (13–20 Hz), high-beta wave (20–30 Hz), and SMR (12–15 Hz) bands, was calculated in
addition to the values of the beta per alpha and alpha per high-beta for each channel.

(b) ECG

ECGs were recorded using an ECG-measuring instrument (WEB-7000 and ECG picker,
Nihonkohden Co., Japan) at a sampling rate of 1000 Hz. Three electrodes were attached to the
chests of subjects using the precordial leads method. The R-R interval (RRI) was calculated from the
ECG waveform using MATLAB (Mathwork Co.) programs. The values of the mean of the RRI and the
coefficient of variance of RRI [CVRR (100*SD/Mean of RRI)] were calculated from the RRI data. In
addition, the spectral power of each frequency band, such as the very low frequency (VLF, 0.001–0.04
Hz), low frequency (LF, 0.04–0.15 Hz), and high frequency (HF, 0.15–0.45 Hz) bands, was calculated
from the time series of the RRI using the fast Fourier transform method.

(c) Respiration

A thermal picker (WEB-7000, Nihonkohden Co., Japan) was used to measure the temperature of
the breath of subjects. The peak values in the time series graph of the temperature were detected, and
the mean and standard deviation of the respiratory cycle time were calculated.

(d) Skin Temperature

Thermocouples were attached at 7 places on the bodies of subjects based on the Hardy–Du
Bois method [16] to measure the skin temperature (LT8, GRAM Co., Japan). Finally, the mean skin
temperature was calculated using following Equation (1):

MST = 0.07 T1 + 0.14 T2 + 0.05 T3 + 0.35 T4 + 0.19 T5 + 0.13 T6 + 0.07 T7 (1)

where MST is the mean skin temperature based on the Hardy-DuBois method [16], and T1, T2, T3,
T4, T5, T6, and T7 are the temperatures of the forehead, forearms, hands, abdomen, thighs, legs, and
feet, respectively.

3.4.3. Facial Expression and Task Performance

The activities of subjects were recorded using the video camera, and the drowsiness levels were
recorded by an observer at intervals of 10 s based on Zilberg’s criteria [20]. After the experiment
was completed, the mean of the data recorded when subjects were performing the MATH task was
calculated. The task performance of MATH included the number of correct answers and the mean of
the reaction time taken to solve 50 questions. Figure 3 shows a participant completing the experiment.
Figure 3 shows photos of the field of experimental scene.
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Figure 3. Field photos of the experimental scene.

4. Results and Discussion

4.1. Characteristics of the Arousal Level and Thermal Comfort Corresponding to Changes in the Indoor Ambient
Temperature

4.1.1. Subjective Evaluation Value

The results of the subjective evaluation value corresponding to the drowsiness levels and the
thermal comfort sensation vote of subjects under conditions A, B, and C are shown in Figures 4 and 5.
We used multiple comparison based on the Bonferroni method to investigate significant differences
of the subjective evaluation value due to changes in the indoor ambient temperature. There was a
small change in the comfort sensation vote, but the drowsiness level increased under condition A,
where the indoor temperature was maintained at 27 ◦C. Under condition B, the comfort sensation vote
decreased to an uncomfortable state when the indoor ambient temperature dropped, and increased to
a comfortable state when the indoor ambient temperature increased. Under condition C, the comfort
sensation vote decreased to an uncomfortable state when the indoor temperature decreased and
was then maintained in this uncomfortable state. Under conditions B and C, the drowsiness levels
decreased and were maintained at an alert state, corresponding to the drop in the indoor temperature.
After the completion of set 4, the comfort sensation vote increased, corresponding to the increase
in the indoor temperature under condition B, but was maintained at an uncomfortable state under
condition C. The drowsiness level was maintained at a low state under both conditions. According
to this result, the arousal level was maintained at a high state even when the temperature increased,
and subjects felt comfortable even when the temperature dropped, leading to an increased arousal
level. This suggests that there is not always a dependence relationship between the arousal levels and
feelings of thermal comfort. Figures 4 and 5 show that when condition B is applied in sets 6 and 7, it
becomes possible to improve both the arousal level and thermal comfort of occupants by changing the
indoor ambient temperature. These results show that the hypothesis that thermal stimulation due to
cooling can improve the arousal level of occupants, after which thermal comfort can also be improved
while maintaining a high arousal levels due to the removal of thermal stimulation was verified for
condition B. Figure 4 shows the result of the thermal comfort sensation vote. Figure 5 shows the result
of the drowsiness level sensation vote.
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Figure 4. Results of the value of the thermal comfort sensation vote.

Figure 5. Results of the value of the drowsiness level sensation vote.

4.1.2. Rating Value of Zilberg’s Drowsiness Level by Observer

The rating values of Zilberg’s drowsiness level for each condition are shown in Figure 6, and it is
evident from the figure that the results are similar to those of the subjective sensation vote. Multiple
comparison based on the Bonferroni method was conducted to investigate significant differences of
the drowsiness level due to the changes in the indoor ambient temperature. After the completion of
set 3, the drowsiness levels under conditions B and C decreased significantly compared to that under
condition A. From the result of condition B, it was confirmed that the drowsiness level was maintained
at a low state after the completion of set 3.

Figure 6. Drowsiness level reached when calculating MATH (analysis of facial expressions based on
Zilberg’s method [20]).

4.1.3. Task Performance of MATH

The results of the MATH score under each condition are shown in Figure 7, and the results of the
response time taken to calculate MATH questions under each condition are shown in Figure 8. Multiple
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comparison based on the Bonferroni method was conducted to investigate significant differences in
the task performance due to changes in the indoor ambient temperature. It can be seen from Figures 7
and 8 that the MATH score was high after set 4, and the response time taken to calculate MATH
questions increases in the order of conditions C, B, and then A. Differences were observed between the
conditions in the results of the subjective sensation vote and the rating value of Zilberg’s drowsiness
level. However, significant differences were observed only between the conditions in the result of
the response time taken to calculate MATH for set 4, and the result of the MATH score for set 5. It
was assumed that the MATH work was easy enough for the subjects to perform, even at a low state
of arousal. Figure 6 shows the drowsiness level reached when calculating MATH (analysis of facial
expressions based on Zilberg’s method [20]). Figures 7 and 8 show the result of the MATH score and
the response time from the display of the MATH question to the participant’s click.

Figure 7. Result of MATH score.

Figure 8. Result of response time.

4.1.4. Consideration of Thermal Stimulation for High Arousal Levels

In the previous studies of Yoshida et al. [12] and Mohri et al. [13], to maintain a high arousal
level, the effects of several stimulation methods, such as the use of a fragrance, alarm, and shoulder
oscillation, were confirmed. As a result, the sleeping rebound occurred 10 min after the stimulation in
those studies. As in our results, high arousal states were maintained for over 10 min after the removal
of thermal stimulation. Though further investigation of these comparisons of the time to rebound is
necessary, our results showed that thermal stimulation is effective in improving the arousal levels of
occupants. Especially, our method is useful in spaces where air conditioning systems are installed,
because the installation of additional devices in the space to make stimulations, such as fragrances,
alarms, and shoulder oscillation, is unnecessary.
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4.2. Relationship between the Subjective Evaluation Value and Physiological Indices

Three hundred and twenty-nine physiological indices were calculated by using the data of
the EEGs, ECGs, respiration rate, and mean skin temperature in the experiment (320 indices from
EEGs, 7 indices from ECGs, 2 indices from respiration rate, and 1 index from skin temperature). By
considering the result of the subjective evaluation value as the standard for the perception of state,
we used correlative analysis to investigate the relationship between the subjective evaluation value
and the physiological indices. According to the flow of the physiological response shown in Figure 1,
changes in both the arousal level and thermal comfort affect the physiological response. To find
indices (out of the 329 physiological parameters) that corresponded to the arousal level, we used data
from sections when the arousal level changed, but the value of the thermal comfort sensation was
maintained constantly. On the other hand, to find indices that corresponded to thermal comfort, we
used data from sections when the value of the thermal comfort sensation changed and the arousal
level was maintained constantly.

4.2.1. Relationship between the Drowsiness Level and Physiological Indices

As a result of the correlation analysis, the correlation coefficients between values of the drowsiness
level vote and physiological indices were calculated using data from 57 sets in which the value of the
drowsiness level vote varied, but the value of the comfort sensation vote remained at 0 (comfortable).
There was a significant correlation between the drowsiness level and 102 physiological indices (data
N = 57, r > 0.339, p < 0.01). The indices in relation to the ECGs were not included in these parameters;
however, the indices in relation to the EEGs were included. Thus, this result showed that the
relationship between the reaction of the central nervous system and changes in arousal levels is
more significant than that between the reaction of the autonomic nervous system and changes in
arousal levels.

4.2.2. Relationship between Thermal Comfort and Physiological Indices

As a result of the correlation analysis, the correlation coefficients between the values of the comfort
sensation vote and physiological indices were calculated using the data from 98 sets in which the value
of the comfort sensation vote varied, but the value of the drowsiness level vote was between 0 (alert)
and 1 (slightly drowsy). There was a significant correlation between the value of the comfort sensation
vote and seven physiological indices in relation to skin temperature, EEGs, and ECGs (data N = 98,
r > 0.259, p < 0.01). The change in the mean skin temperature is related to thermal stimulation from
the outer environment, which is transmitted to the central nervous system and perceived as thermal
comfort, thus affecting the parameters of the EEGs. It was observed that changes in the thermal
comfort affected the autonomic nervous system, which in turn affected the indices in relation to the
ECGs. It appears that this process affected the result of the correlation analysis in this experiment.

4.2.3. Calculation of the Evaluation Index Using Multiple Regression Analysis

To propose an index that evaluates the changes in each arousal level and thermal comfort states,
multiple regression analysis was performed using the physiological indices that have a significant
correlation with the value of subjective evaluation. It was found that 102 parameters had a significant
correlation with the drowsiness level vote, and seven parameters with the comfort sensation vote.
These were thus considered as explanatory variables. Because an explanatory variable should have a
high correlation with the subjective sensation vote, to obtain a high multiple regression coefficient, we
selected an explanatory variable for use in the multiple regression analysis using the following process.

• Indices that had a significant correlation with the value of subjective evaluation were sorted
according to their correlation coefficient from high to low (x1, x2, . . . x102).

• x1 was selected as the explanatory variable, since it had the highest correlation coefficient with
the value of subjective evaluation.
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• x2 was selected as the explanatory variable if there was no significant correlation between x2
and x1.

• xn was selected as the explanatory variable if there was no significant correlation between xn and
all the parameters selected previously as explanatory variables.

(a) Evaluation Index indicating the Arousal Level

The result of the multiple regression analysis 1 (Yd) is shown in Table 1, and the regression
equation obtained from the result is expressed in Equation (2). The variables of the regression equation
include the indices of the EEGs. As a result, the coefficient of determination, R2, in relation to Yd
was 0.750.

Yd = −3.31 + 0.134 Xd1 + 2.520 Xd2 + 0.088 Xd3 − 0.268 Xd4 + 0.271 Xd5 (2)

where Xd1, Xd2, Xd3, Xd4, and Xd5 are the high alpha content of T7, beta per alpha content of F7, beta
content of F3, low beta content of F7, and alpha content of Fp1, respectively.

Table 1. Result of multiple regression 1 (Yd).

Model Summary

R 0.8657 Std. Error 0.7358
R2 0.7495 data N 57

Adjusted R2 0.7249

Index Coefficient Std.Error t p-value

Intercept −3.3123 0.4959 −4.6631 2.28 × 10−5

T7_High-alpha 0.1338 0.0201 6.6478 1.96 × 10−8

F7_Beta/Alpha 2.5196 0.3073 8.1996 7.09 × 10−11

F3_Beta 0.0878 0.0245 3.5817 0.0008
F7_Low beta −0.2684 0.0481 −5.5791 9.29 × 10−7

Fp1_Alpha 0.2708 0.0315 8.5969 1.72 × 10−11

We defined Yd as the index of the arousal level. To confirm the possibility that Yd can evaluate
the arousal level even when the thermal comfort changed, we calculated Yd from the data obtained
from five subjects for whom the arousal level and thermal comfort changed considerably, and then
performed a correlation analysis between Yd and the evaluation value of the drowsiness level. As a
result of the correlation analysis, the correlation coefficient (R) was calculated to be 0.726, and there
was a significant correlation between Yd and the evaluation value of the drowsiness level. Therefore,
this result suggests that Yd can be used to evaluate the drowsiness level, even when there are changes
in the thermal comfort.

(b) Evaluation Index Indicating Thermal Comfort

The result of the multiple regression analysis 2 (Yc) is shown in Table 2, and the regression
equation obtained from the result is expressed in Equation (3). The variable for the regression equation
included the indices of the skin temperature and EEGs. As a result, the coefficient of determination,
R2, in relation to Yc was 0.528.

Yc = −23.372 + 0.697 Xc1 + 0.172 Xc2 + 0.142 Xc3 (3)

where Xc1, Xc2, and Xc3 are the MST (Mean Skin Temperature), alpha per high-beta content of C4, and
alpha per high beta content of P4, respectively.
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Table 2. Result of multiple regression 2 (Yc).

Model Summary

R 0.7267 Std. Error 0.6859
R2 0.5276 data N 98

Adjusted R2 0.5125

Index Coefficient Std.Error t p-value

Intercept −23.3721 2.5461 −9.1795 1.02 × 10−14

MST 0.6967 0.0765 9.1119 1.42 × 10−14

C4_Alpha/HB 0.1718 0.0586 2.9295 0.0043
P4_Alpha/HB −0.1418 0.0296 −4.7885 6.25 × 10−6

We defined Yc as the index of thermal comfort. To confirm the possibility that Yc can evaluate
thermal comfort even when there were changes in the drowsiness level, we calculated Yc from the data
of nine subjects, excluding the data of participant D whose thermal comfort vote and drowsiness level
vote changed slightly. We thus confirmed the relationship between Yc and the value of thermal comfort.
As a result, the correlation coefficient (R) was calculated to be 0.728, and there was a significant
correlation between Yc and the value of thermal comfort (p < 0.01). Therefore, this result suggests that
Yc can be used to evaluate thermal comfort even when there are changes in the drowsiness level.

Table 1 shows the result of the multiple regression 1 (Yd), and Table 2 shows the result of the
multiple regression 2 (Yc). Figure 9 shows the relationship between the drowsiness level vote and
Yd(a), and the relationship between the comfort sensation and Yc (b)

 
(a) (b) 

Figure 9. The relationship between the drowsiness level and Yd (a), the comfort sensation and Yc (b).

(c) Review of Continuous Evaluation using Yd and Yc

As mentioned in Section 2.2., indices that can continuously evaluate the drowsiness level and
thermal comfort of occupants are needed to clarify the design requirements related to thermal factors
that can improve these states of the occupants. Therefore, we conducted a time-series analysis with Yd
and Yc to confirm the possibility that Yd and Yc can continuously evaluate arousal levels and thermal
comfort. We calculated the time series of Yd using data from subject C, who seemed to be drowsy
frequently throughout the experiment, and compared these data with those of the drowsiness level,
which was recorded at intervals of 10 s by analyzing the facial expressions of the subject based on
Zilberg’s method [20]. The time series analyses of the normalized Yd and the drowsiness level of
subject C are shown in Figure 10a,b. The figures clearly show the trend of changes in both indicators. It
can be seen that Yd and values of the drowsiness level show a similar trend. For example, the red circles
in Figure 10a,b indicate that values of the drowsiness level and the normalized Yd are higher than 3
(significantly drowsy) and 0, respectively, at the same time. Furthermore, it can be seen from Figure 11
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that there is a similar trend between Yc and the value of the comfort sensation vote. In Figure 11a,b,
the value of the comfort sensation drops to −3 (very uncomfortable) at 30 min, and at the same time,
the value of Yc drops and becomes a negative number. Thereafter, the value of the comfort sensation
vote remains at an uncomfortable state (−3: Very uncomfortable, −2: Uncomfortable), and similarly,
the value of Yc remains at a negative value. These results suggest that Yd and Yc can be used to
evaluate the drowsiness level and thermal comfort of occupants continuously. Figures 10 and 11 show,
respectively, changes in the normalized Yd (a) and drowsiness level (b), (subject C) and changes in Yc
(a) and the comfort sensation vote (b) (subject B).

(a) 

(b) 

Figure 10. Changes in the normalized Yd (a) and drowsiness level (b), (subject C): (a) Time series of
normalized Yd, (b) Time series of the value of the drowsiness level.

(a) 

(b) 

Figure 11. Changes in Yc (a) and the value of the comfort sensation vote (b): Time series of the value of
the comfort sensation vote, (subject B).
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(d) Review of the Utility and Validity of the Evaluation Index

To review the utility and validity of the evaluation index, as an example, we set the threshold
value in relation to Yd and the drowsiness level. When the threshold value of Yd is sets as 2.3, as shown
in Figure 12, Yd can be used as the classifier, which can classify the drowsiness level between level 0,
1, 2, or more with an 86.7% accuracy. This result suggests that there is a significant difference in the
physiological reaction between the drowsiness level of 1 (slightly drowsy) and 2 (moderately drowsy),
and is a similar trend to the results of a previous study about the relation between the arousal levels
and physiological indices of a driver [21], though the task of the subjects is different from that of the
previous study (arithmetic task vs driving). This result also suggests that Yd is a valid indicator of the
drowsiness level of occupants to classify between the drowsiness level of 1 (slightly drowsy) and 2
(moderately drowsy). Figure 12 shows the setting of the threshold value in relation to Yd.

Figure 12. Setting of the threshold value in relation to Yd.

5. Conclusions

In this study, we aimed to design a thermal environment that can improve the indicators of both
the arousal level and feelings of thermal comfort. We hypothesized that thermal stimulation due to
cooling can improve the arousal level of occupants, after which thermal comfort can be improved while
maintaining high arousal levels due to the removal of thermal stimulation. To verify the hypothesis,
we measured physiological indices, values of subjective evaluation, and performances of arithmetic
tasks throughout several thermal conditions in which the indoor ambient temperature was changed.
In addition, we investigated the relationships between them to identify the indices that can be used to
evaluate the arousal levels and thermal comfort of occupants. As a result, the following findings were
noted:

• When the indoor ambient temperature decreased and then increased, both the arousal level and
thermal comfort of occupants remained at high levels. This result suggests that the hypothesis of
this study was verified and changes in the indoor ambient temperature can be used to improve
both thermal comfort and the arousal level of occupants.

• We proposed the evaluation indices of thermal comfort and the drowsiness level of occupants. It
was observed that the drowsiness level and thermal comfort of occupants can be evaluated
quantitatively and continuously using Yd and Yc, which were obtained from the equation
consisting of physiological indices in relation to EEGs, ECGs, and skin temperature.
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In future work, we will investigate the relationship between the change patterns of the indoor
ambient temperature, thermal comfort, and arousal levels of occupants. After that, we aim to design a
novel thermal environment, considering all comfort parameters based on these findings, with the aim
of improving both the arousal levels and feelings of thermal comfort of occupants, and then carry out
an evaluation of the validity of the designed thermal environment.
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Formula Symbols

Index Meaning Unit

MST Mean skin temperature ◦C
T1 Temperature of the forehead ◦C
T2 Temperature of the forearms ◦C
T3 Temperature of the hands ◦C
T4 Temperature of the abdomen ◦C
T5 Temperature of the thighs ◦C
T6 Temperature of the legs ◦C
T7 Temperature of the feet ◦C
Yc Index of thermal comfort
Yd Index of drowsiness level
Xd1 High alpha content of T7
Xd2 Beta content per alpha content of F7
Xd3 Beta content of F3
Xd4 Low beta content of F7
Xd5 Alpha content of Fp1
Xc1 Mean skin temperature ◦C
Xc2 Alpha content per high beta content of C4
Xc3 Alpha content per high beta content of P4
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Abstract: Indoor air problems are complicated and need to be approached from many perspectives.
In this research, we studied the association of four-level categorisation of the probability of
abnormal indoor air (IA) exposure with the work environment-related symptoms, group-level
health information and psychosocial work environment of employees. We also evaluated the
multiprofessional IA group assessment of the current indoor air quality (IAQ) of the hospital
premises. We found no statistical association between the four-level categorisation of the probability
of abnormal IA exposure and the employees’ perceived symptoms, health information, and perceived
psychosocial work environment. However, the results showed a statistical association between
perceived symptoms and man-made vitreous fibre sources in ventilation. Furthermore, extensive
impurity sources in the premises increased the employees’ contact with health services and
their perceived symptoms. The employees perceived stress and symptoms in all categories of
abnormal IA exposure, which may be related to IAQ or other factors affecting human experience.
Prolonged process management may influence users’ experiences of IAQ. The results suggest that an
extensive impurity source in premises does not always associate with the prevalence of perceived
symptoms. We conclude that indoor air questionnaires alone cannot determine the urgency of the
measures required.

Keywords: perceived indoor air quality; building research; indoor air questionnaires; psychosocial
work environment; categorisation; ventilation; mould; moisture; man-made mineral fibres

1. Introduction

To assess the health significance, urgency, and extent of required indoor air quality (IAQ) measures,
property owners and occupational health and safety professionals need reliable information on the
buildings’ conditions and impurity sources. Information is also needed regarding the experiences
and health of the users of the premises, and on the cooperation in indoor air (IA) solution processes.
When all the factors affecting the IAQ problem have been properly assessed, the degree, timing,
and possible prioritisation of measures can be decided on. Properly timed and targeted measures
have important implications for the economy, health, and well-being. IAQ problems can be controlled
and good IAQ achieved if (i) the factors affecting the indoor environment are under control, (ii) the
indoor environment is perceived as good and healthy [1–3], and (iii) good practices are in place for
maintaining the indoor environment and solving indoor air (IA) problems [3,4].
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IAQ problems are often the result of many different factors and their interaction or complex
combination. In addition to moisture and mould damage, several other factors and their interactions,
such as material emissions [5], ventilation deficiencies [6], system impurities [7], outdoor and soil
impurities [8], human activities in the premises [9], IA temperature, and dry air [10] can cause IAQ
problems. Office-type buildings have no established measurement methods for all IA pollutants,
and no health-based limit values for most of them [2,11].

Several IA pollutant sources can cause symptoms and harm to the users of premises. A recent
review concluded that the greater the presence of moisture and mould damage in the premises,
the greater the risk of respiratory health effects [11]. Man-made vitreous fibres (MMVF) in the
ventilation system may cause upper respiratory irritation and skin symptoms among users of the
premises [5,12–14]. Volatile organic compounds (VOC) from building materials may cause sensory
irritation [5,7]. IAQ problems may also affect sick leaves and work efficiency [15].

It has been estimated that predictive property management reduces the IAQ-related symptoms
of premises users [16], and some evidence shows that repairing moisture and mould damage and
removing contaminants from buildings can reduce respiratory symptoms [17,18] and improve work
efficiency [19].

In addition to IAQ factors, several other factors at workplaces, such as stress, poor cooperation,
heavy workload, and individual factors may also affect perceived IAQ and play a role in IAQ
problems [20,21]. These problems should be examined from a wider perspective, and experience
of the users of the premises and the psychosocial environment should be considered [20–23]. It has
been suggested that good practices for solving complex or prolonged IAQ problems are well organised
and involve long-term multiprofessional cooperation between experts [23,24].

The aim of this study was to test the use of the holistic approach in determining the urgency of
the measures required from the perspective of building health. It can be divided into the following
sub-aims: (i) to evaluate the relation between the four-level categorised probability of abnormal
IA exposure and employees’ work environment-related symptoms, group-level health information,
and psychosocial work environment, (ii) to assess the relation between ventilation system deficiencies
and employees’ work environment-related symptoms and (iii) to evaluate the impact of prolonged
IAQ problem solution processes on perceived IAQ.

This paper uses the term probability of abnormal IA exposure, which means a comprehensive
method of categorising the results of building and ventilation system research. The method used to
assess the probability of abnormal IA exposure is presented in our earlier study [25].

2. Materials and Methods

2.1. Materials

This study is based on two research and development projects conducted at the Finnish Institute
of Occupational Health (FIOH). These projects were carried out between February 2013 and April 2014,
in 27 hospital buildings (studied area altogether about 130,000 m2), which form a unified building
complex located in two Finnish hospital districts. Background information on the buildings’ earlier
history and documents revealed that parts of the buildings had IAQ problems. We investigated
altogether 111 building floors or sections and selected forty building floors or sections on which to
focus in more detail, from the premises in which both the IA questionnaire and the assessment of
probability of abnormal IA exposure were carried out. We also conducted the building investigations
and abnormal IA exposure assessments were still carried out in building premises that were not
workplaces or were not in use. The oldest building was built around 1902 and the newest in 2010.
One half of the buildings (48%) were built between the 1940s and 1950s. All of them were of stone or
different combinations of stone materials and were mostly multistorey and divided between many
hospital department areas and hospital functions. Some of the buildings had been repaired in several
different stages and these renovations varied greatly. The ventilation system of the buildings was
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mostly mechanical extract and supply ventilation. However, several different ventilation systems and
machines served different parts of the building. The maintenance, repair, reliability, and age of the
ventilation systems varied considerably across the floors or sections of even one building.

The same IA researcher group conducted all the building research and ventilation system
assessments. All the data were analysed by the same multi-professional group of experts,
which comprised IA researchers, a civil engineer, an occupational health physician, a microbiologist,
and a ventilation and building health specialist.

2.2. Assessment of Probability of Abnormal IA Exposure

We carried out systematic building examinations that covered (i) structural and architectural
plan surveys, (ii) maintenance staff interviews, (iii) examinations and openings of high-risk building
structures, (iv) moisture- and mould-damaged range and severity authentications, (v) assessments of
ventilation systems, (vi) assessments of air leaks from or through damaged structures, (vii) assessments
of air pressure differences, and (viii) assessments of other IA pollutants or pollutant sources in the
buildings [25] (Figure 1). We collected building investigation and IAQ measurement results and used
a four-level categorisation method to assess the probability of abnormal IA exposure [25] (Figure 1).

Figure 1. Process for assessing the probability of abnormal indoor air (IA) exposure [25].

We collected categorised parameters for the final assessment of the probability of abnormal IA
exposure. This probability was categorised as: (1) probability of abnormal IA exposure unlikely,
(2) probability of abnormal IA exposure possible, (3) probability of abnormal IA exposure likely, and
(4) probability of abnormal IA exposure very likely [25] (Table 1). In cases of moisture and mould
damage, air leaks from or through damaged structures to IA must be examined simultaneously
with indoor negative pressure. In the main criteria for assessing the probability of abnormal IA
exposure, the predominant IA impurity source is a determining criterion. The probability of abnormal
IA exposure arises when the national limit values (IAQ, material samples, ventilation) are exceeded,
structures or systems have found damaged, or IAQ pollutant sources that are known to affect indoor air
quality and building health are found [25]. The national maximum limit values for IA concentrations,
microbial growth on building material, MMVF and asbestos in dust, and specific detailed methods for
evaluating building and ventilation conditions and IAQ are presented in our earlier research [25].
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Table 1. Main criteria and categories for assessing probability of abnormal IA exposure in buildings.

Categories Main Criteria for Assessing Probability of Abnormal IA Exposure in Buildings.

Unlikely

No moisture or mould damage in structures. No air leaks from or through damaged
structures. Ventilation system can be controlled by indoor pressure difference from the
building envelope. Room acoustic materials and ventilation system have no man-made
vitreous fibres (MMVF) sources. Indoor air quality corresponds to national reference
values and guidelines set for the premises.

Possible

Mould-damaged structure type is not widespread in building and repairs are easily
definable (less than 1 m2). A few or single air leaks from or through damaged
structures or from surrounding premises. Room acoustic materials or ventilation
system have MMVF sources and fibres may end up in the indoor air or on surfaces.1

Concrete floor has extensive moisture, which can cause water vapour damage to
permeable floor coating (emissions).1 Indoor air quality does not correspond to
national reference values or the guidelines set for the premises, and an indoor air
impurity source has been identified.1

Likely

Building or premises have widespread mould-damaged structure. Repairs are
significant and affect a large part of the (one) structure of the building or premises, e.g.,
whole base floor structure. There is recurrent damage in the type of structure. Air leaks
from or through damaged structures or from surrounding premises and moisture or
mould-damaged materials are regular and recurrent in the structure, occasionally there
is negative pressure in the premises and/or air-tightness is risky. Indoor air quality
does not correspond to national reference values or the guidelines set for the premises,
and an indoor air impurity source has been identified.1 Creosote has been used in the
structure and air leaks into the indoor air from the structure. There is also a notable
smell of creosote (e.g., naphthalene) in the indoor air.1

Very likely

The building or premises has a great deal of extensive mould damage in several
structures. The extent of repairs is significant and affects several structures in the
building or premises e.g., whole façade and whole base floor. There is recurrent
damage in the type of the structures. Air leaks from or through damaged structures are
regular and recurrent, negative pressure is significant in the premises and/or
air-tightness is very risky. Indoor air quality does not correspond to national reference
values or the guidelines set for the premises, and an indoor air impurity source has
been identified.1 Creosote has been used in the structures and air leaks into the indoor
air from the structures. In addition, concentrations of polycyclic aromatic
hydrocarbons (PAH) or separate components exceed the set national values and
guidelines.1 Dust sample tests have found asbestos fibres in the premises, and the
pollution source has been defined.1 Indoor radon concentrations exceed the set
national values and guidelines (400 Bq/m3 [26]).1

1 The assessment must take into account the extent and impact of the problem and impurity source.

2.3. Employees’ Experiences of Indoor Air Quality and Psychosocial Work Environment

To study the users’, i.e., employees’ experiences of the work premises, work environment-related
symptoms and psychosocial work environment, we used FIOH’s validated and frequently used IA
questionnaire, which is based on Örebro’s [27] indoor climate questionnaire [28,29]. To study perceived
stress, we used a validated single-item measure of stress symptoms [30]: “Stress means a situation in
which a person feels tense, restless, nervous or anxious or is unable to sleep at night because his/her
mind is troubled all the time. Do you feel this kind of stress these days?”. The response options were:
(1) not at all, (2) just a little, (3) some, (4) quite a lot, and (5) very much. In the analyses, we combined
the levels (1) not at all and (2) just a little into one level, and levels (4) quite a lot and (5) very much
into one level.

We sent the questionnaire to 3608 hospital employees, of whom 2669 responded. The total
response rate was 74%, with a range of 51% to 93%. The surveys were conducted in the spring from
February to April and in the autumn in November, in 2013. We selected 40 IA questionnaire groups for
the study, totaling 1558 respondents. The selected IA questionnaire groups were in premises in which
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the probability of abnormal IA exposure assessment had already been performed. The employees
did not know the results of the assessment prior to responding to the IA questionnaires. This is a
questionnaire-based study, in which participation was voluntary and performed no intervention on
individuals, according to Finnish legislation it did not require ethics committee handling.

2.4. Group-Level Information from Occupational Health Services and Multiprofessional Indoor Air Group

We obtained information on the assessment of the group-level health of employees from
occupational health services (OHS). The information covered employees’ health from 43 building
sections or floors. The group-level information from the OHS did not contain information on how
many employees had work environment-related health symptoms in the building sections or on the
floors. In the survey, we used short forms to ask about the following issues in relation to employees’
health: (i) case of new onset asthma or aggravation of existing asthma, (ii) having to change workroom
because of IAQ and work environment-related symptoms, (iii) increased amount of employee visits
to OHS due to IAQ-related issues, and (iv) increased sickness absences due to respiratory symptoms.
The hospital’s multiprofessional IA group also provided information on the estimated duration of the
IAQ problem solution on every building floor or section.

2.5. Statistical Analyses

Statistical analyses were carried out using IBM SPSS Statistics program 25.0 with a statistically
significant level of p < 0.05. The statistical analysis used weighted averages of group response
rates. The Mann–Whitney U test studied the differences between the probability of abnormal IA
exposure categories (unlikely, possible, likely, and very likely) and the employees’ complaints about their
work environment-related symptoms and psychosocial work environment. This test also compared
the difference between the two groups’ (yes/no) ventilation adequacy, ventilation MMVF sources,
ventilation moisture problems, and expired ventilation lifespan and the employees’ complaints about
their work environment-related symptoms. Fisher’s exact test studied the relation between the weekly
work environment-related symptoms experienced by the employees and the categorised group-level
information on employee health. The group-level health information was categorised as ‘yes’ and ‘no’
as follows: case of new onset asthma or aggravation of existing asthma, having to change workroom
or workplace because of work environment-related symptoms, increased amount of employee visits to
OHS, and increased sickness absences due to respiratory symptoms.

3. Results

Probability of Abnormal IA Exposure and Employees’ Experience

All building floors or sections (total 111) were investigated and we were able to assess the
probability of abnormal IA exposure on or in 95 building floors or sections. In the case of forty building
floors or sections, the assessment of the probability of abnormal IA exposure and IA questionnaire
could both be conducted in the same areas (the IA questionnaire group was located in the area that was
assessed as belonging to an abnormal IA exposure category). The probability of abnormal IA exposure
was assessed as unlikely for 5% (n = 2), possible for 40% (n = 16), likely for 45% (n = 18), and very likely for
10% (n = 4) of the selected forty floors or sections of the buildings. In the likely and very likely categories,
these floors or sections had wide moisture and mould damage in their structures together with air leaks
from damaged materials to the IA and often had a detected MMVF source in the ventilation system
as well as ventilation deficiencies (Table 2 and criteria in Table 1). These categories also had other
impurity sources (Table 1), but moisture and mould damage in the building structures were dominant.
The higher (more abnormal) the assessed category of probability of abnormal IA exposure, the more
insufficient the ventilation was, the more often the lifespan of the ventilation system was exceeded
and the more often MMVF sources were detected in the ventilation system from the categories likely
and very likely (and not from unlikely category) (Table 2).
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Table 2. Ventilation survey findings are included in all the sections or floors in which probability of
abnormal IA exposure was assessed (95 floors or sections). (All building floors or sections (111) were
investigated and we were able to assess the probability of abnormal IA exposure on or in 95 building
floors or sections.).

Assessed Probability of
Abnormal IA Exposure
on/in Building Floors or

Sections
(n = 95)

Lifespan of
Ventilation

System Had Been
Exceeded

n (%)

Insufficient
Ventilation

n (%)

MMVF (Man-Made
Vitreous Fibres) Source
in Ventilation System

n (%)

Moisture Problem
in Ventilation

System
n (%)

Unlikely (n = 7) 7 (100) 3 (43) 3 (43) 0 (0)
Possible (n = 39) 23 (59) 22 (56) 12 (31) 6 (15)
Likely (n = 37) 26 (70) 24 (65) 26 (70) 15 (41)

Very likely (n = 12) 10 (83) 9 (75) 9 (75) 1 (8)

The perceived weekly work environment-related symptoms among the employees exceeded the
corresponding number of weekly work environment-related symptoms in FIOH’s reference data [28,29]
(Figure 2). Even in premises in which the building research showed no source of contamination, some
employees perceived weekly symptoms more than those in FIOH’s reference data [28,29] (Figure 3).
An analysis of the differences between the probability of abnormal IA exposure categories (unlikely,
possible, likely, very likely) and the employees’ weekly perceived work environment-related symptoms
(headaches, concentration difficulties, irritation of the eyes and nose, irritation of the skin on the face
and hands, hoarse throat, coughing, coughing at night, shortness of breath, wheezing, fever or chills,
joint pain, and muscular pain revealed no statistically significant differences (Table 3).

Figure 2. In the buildings assessed for probability of abnormal IA exposure, weekly work
environment-related symptoms (n = 1558) were perceived more often than in the Finnish Institute of
Occupational Health’s (FIOH) comparable reference data [28].
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(a) (b) 

(c) (d) 

Figure 3. Perceived work environment-related symptoms of users of premises in assessment of
probability of abnormal IA exposure categories, compared to FIOH reference data [28] (a) unlikely
(n = 61), (b) possible (n = 618), (c) likely (n = 760), (d) very likely (n = 118).

Table 3. An analysis of the differences between the probability of abnormal IA exposure
categories (unlikely, possible, likely, very likely) and the employees’ weekly perceived work
environment-related symptoms.

Variable (Weekly Symptoms)
Unlikely 1

n = 2
(p-Value)

Possible 2
n = 16

(p-Value)

Likely 3
n = 18

(p-Value)

Very Likely 4
n = 4

Fatigue 1 vs. 2 (0.673) 2 vs. 3 (0.220) 3 vs. 4 (0.609)
1 vs. 3 (0.257) 2 vs. 4 (0.570)
1 vs. 4 (0.355)

Headache 1 vs. 2 (0.778) 2 vs. 3 (0.157) 3 vs. 4 (0.481)
1 vs. 3 (0.208) 2 vs. 4 (0.777)
1 vs. 4 (0.643)

Concentration difficulties 1 vs. 2 (0.672) 2 vs. 3 (0.233) 3 vs. 4 (1.000)
1 vs. 3 (0.165) 2 vs. 4 (0.507)
1 vs. 4 (0.064)

Irritation of the eyes 1 vs. 2 (0.888) 2 vs. 3 (0.262) 3 vs. 4 (0.125)
1 vs. 3 (0.378) 2 vs. 4 (0.777)
1 vs. 4 (0.814)

Irritation of the nose 1 vs. 2 (0.779) 2 vs. 3 (0.073) 3 vs. 4 (0.061)
1 vs. 3 (0.130) 2 vs. 4 (0.925)
1 vs. 4 (0.643)
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Table 3. Cont.

Variable (Weekly Symptoms)
Unlikely 1

n = 2
(p-Value)

Possible 2
n = 16

(p-Value)

Likely 3
n = 18

(p-Value)

Very Likely 4
n = 4

Hoarse, dry throat 1 vs. 2 (0.399) 2 vs. 3 (0.101) 3 vs. 4 (0.061)
1 vs. 3 (0.130) 2 vs. 4 (0.508)
1 vs. 4 (1.000)

Coughing 1 vs. 2 (0.481) 2 vs. 3 (0.147) 3 vs. 4 (0.287)
1 vs. 3 (0.378) 2 vs. 4 (0.636)
1 vs. 4 (0.355)

Coughing at night 1 vs. 2 (0.941) 2 vs. 3 (0.652) 3 vs. 4 (0.237)
1 vs. 3 (0.792) 2 vs. 4 (0.289)
1 vs. 4 (0.411)

Irritation of skin on face 1 vs. 2 (0.260) 2 vs. 3 (0.133) 3 vs. 4 (0.551)
1 vs. 3 (1.000) 2 vs. 4 (0.508)
1 vs. 4 (1.000)

Irritation of skin on hands 1 vs. 2 (0.888) 2 vs. 3 (0.152) 3 vs. 4 (0.349)
1 vs. 3 (0.378) 2 vs. 4 (0.705)
1 vs. 4 (1.000)

Shortness of breath 1 vs. 2 (0.562) 2 vs. 3 (0.508) 3 vs. 4 (0.663)
1 vs. 3 (0.509) 2 vs. 4 (0.502)
1 vs. 4 (0.355)

Wheezing 1 vs. 2 (0.374) 2 vs. 3 (0.342) 3 vs. 4 (0.275)
1 vs. 3 (0.178) 2 vs. 4 (0.600)
1 vs. 4 (0.480)

Fever or chills 1 vs. 2 (0.352) 2 vs. 3 (0.308) 3 vs. 4 (1.000)
1 vs. 3 (0.736) 2 vs. 4 (0.562)
1 vs. 4 (0.623)

Muscular pain 1 vs. 2 (1.000) 2 vs. 3 (0.161) 3 vs. 4 (0.932)
1 vs. 3 (0.44) 2 vs. 4 (0.298)

1 vs. 4 (1.000)
Joint pain 1 vs. 2 (0.324) 2 vs. 3 (0.283) 3 vs. 4 (0.898)

1 vs. 3 (0.900) 2 vs. 4 (0.570)
1 vs. 4 (0.643)

Other work environment- 1 vs. 2 (0.176) 2 vs. 3 (0.099) 3 vs. 4 (0.831)
related symptoms 1 vs. 3 (0.074) 2 vs. 4 (0.288)

1 vs. 4 (0.060)

Statistically significant level of p < 0.05.

As regards the IA questionnaire results, most of the employees (88%) felt that their work was often
stimulating and interesting, 74% believed they would receive help from their colleagues if needed,
21% often had the opportunity to influence their own work and working conditions, and 53% had no
feelings of stress. A heavy workload was reported by 14% of the employees, which is below FIOH’s
reference value [28]. Stress was reported by 16% of the employees and 4% believed that they would
not get help from colleagues if needed. Stress and lack of help from colleagues were perceived more
often than in FIOH’s comparable reference data [28]. Stress was perceived more often than in FIOH’s
reference data in every category of abnormal IA exposure (Table 4). Most often, stress was perceived
in premises in which the probability of abnormal IA exposure was estimated as being unlikely (Table 4).
An analysis of the differences between the probability of abnormal IA exposure categories (unlikely,
possible, likely, very likely) and the employees’ perceived psychosocial work environment and stress
revealed no statistically significant differences.
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Table 4. Perceived psychosocial work environment and stress according to probability of abnormal IA
exposure categories (unlikely, possible, likely, very likely).

Question on
Psychosocial Work

Environment

Unlikely
n = 61

(%)

Possible
n = 619

(%)

Likely
n = 763

(%)

Very Likely
n = 118

(%)

FIOH’s
Reference

Value
%

Do you regard your work as interesting and stimulating?

Yes, often 52 (88.1) 540 (87.5) 684 (89.9) 102 (86.4) 82
Yes, sometimes 7 (11.9) 66 (10.7) 61 (8.0) 11 (9.3) 16

No, seldom or rarely 0 (0) 11 (1.8) 16 (2.0) 5 (4.2) 0

Do you have too much work?

Yes, often 12 (20.7) 95 (15.5) 98 (12.9) 15 (12.7) 20
Yes, sometimes 36 (62.1) 360 (58.7) 489 (64.4) 71 (60.2) 64

No, seldom or rarely 10 (17.2) 158 (25.8) 172 (22.7) 32 (27.1) 16

Do you have opportunities to influence your working conditions?

Yes, often 38 (32.8) 120 (19.5) 161 (21.2) 38 (32.8) 21
Yes, sometimes 61 (52.6) 335 (54.3) 379 (49.9) 61 (52.6) 51

No, seldom or rarely 17 (14.7) 162 (26.3) 220 (29.0) 17 (14.7) 28

Do your fellow workers help you with work-related problems?

Yes, often 33 (55.9) 463 (75.2) 569 (74.8) 83 (70.3) 79
Yes, sometimes 24 (40.7) 129 (20.9) 171 (22.5) 28 (23.7) 19

No, seldom or rarely 2 (3) 24 (3.9) 21 (2.8) 7 (5.9) 2

Do you feel stress?

Quite a lot or very much 15 (26.3) 92 (15.1) 105 (15.0) 16 (14.0) 10
Some 12 (21.1) 181 (29.7) 243 (32.4) 40 (35.1) 28

Not at all or just a little 30 (52.6) 337 (55.2) 403 (53.7) 58 (50.9) 63

In addition, an analysis of the differences between the probability of abnormal IA exposure
categories’ (unlikely, possible, likely, very likely) and the employees’ group-level health information
(obtained from OHS) revealed no statistically significant differences. However, the more abnormal the
probability of the IA exposure category, the more employees contacted OHS due to IAQ-related issues
from the categories possible, likely and very likely (Table 5).

Table 5. IAQ-related group-level health information on employees (obtained from OHS), according to
building floors or sections in which probability of abnormal IA exposure categories (unlikely, possible,
likely, very likely) were assessed.

IAQ-Related Health Information
Unlikely

n = 2
(%)

Possible
n = 16

(%)

Likely
n = 20

(%)

Very likely
n = 5
(%)

Some employees have new asthma or aggravation of previous asthma 1

Yes 2 (100) 5 (31) 5 (25) 3 (60)
No 0 (0) 10 (63) 14 (70) 2 (40)

No information 0 (0) 1 (6) 1 (5) 0 (0)

Some employees have changed work premises or work places due to IAQ-related symptoms 1

Yes 1 (50) 4 (25) 4 (20) 2 (40)
No 1 (50) 11 (69) 16 (80) 3 (60)

No information 0 (0) 1 (6) 0 (0) 0 (0)

The amount of employee contacts with OHS due to IAQ-related issues has increased 1

Yes 2 (100) 5 (31) 10 (50) 3 (60)
No 0 (0) 10 (63) 10 (50) 2 (40)

No information 0 (0) 1 (6) 0 (0) 0 (0)

The amount of sickness absence due to respiratory symptoms has increased 1

Yes 1 (50) 4 (25) 8 (40) 1 (20)
No 0 (0) 7 (44) 11 (55) 3 (60)

No information 1 (50) 5 (31) 1 (5) 1 (20)
1 Group-level health information does not contain information on how many employees have IAQ-related health
symptoms on building floors or in sections or the assessed categories. IAQ: indoor air quality; OHS: occupational
health services.
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The results show a statistical association between detected MMVF sources in ventilation
systems and perceived work environment-related symptoms and a statistical association between
ventilation system age and perceived work environment-related symptoms (Table 6). The hospital’s
multiprofessional IA group estimated the duration of the IAQ problem solution process on every
building floor or in each section, and the attempts to solve the indoor air problems in the unlikely,
possible, likely, and very likely categories had lasted a year or more (Table 7). The hospital’s
multiprofessional IA group also estimated ‘No IAQ problems’ in premises in which the research
group had assessed the probability of abnormal IA exposure as being possible and likely (Table 7).

Table 6. Statistical significance of differences (p-value) between weekly reported work
environment-related symptoms and ventilation factors (yes/no) studied.

Perceived Work
Environment-Related

Symptoms Weekly

Respondents
N = 1558

n

Technical
Lifespan of
Ventilation
System Had

Been Exceeded

Moisture
Problem in
Ventilation

System

MMVF Source
in Ventilation

System

Insufficient
Ventilation or

Ventilation System
Did Not Match

Purposes of
Facilities

Fatigue 532 NS NS 0.005 NS

Headache 266 0.035 NS 0.002 NS

Concentration difficulties 164 0.049 NS 0.005 NS

Irritation of the eyes 559 0.014 NS 0.006 NS

Irritation of the nose 656 0.003 NS 0.001 NS

Hoarse, dry throat 475 0.001 NS 0.001 0.025

Coughing 225 0.016 NS 0.022 NS

Coughing at night 50 0.008 NS NS NS

Irritation of skin on face 373 NS NS NS NS

Irritation of skin on hands 508 0.035 NS 0.003 NS

Shortness of breath 64 0.045 NS NS NS

Wheezing 32 0.001 NS NS 0.044

Fever or chills 42 NS NS NS NS

Muscular pain 160 0.027 NS 0.003 NS

Joint pain 193 0.039 NS NS NS

Other work
environment-related

symptoms
75 0.005 NS 0.001 0.027

NS: not significant. Statistically significant level of p < 0.05.

Table 7. Estimated duration of IAQ problems on each building floor or in each section studied.

Estimated Duration of IAQ Problems:
Number of Cases

Unlikely
(n = 2)

Possible
(n = 16)

Likely
(n = 18)

Very Likely
(n = 4)

No IAQ problems 1 7 6 0
Duration of IAQ problems less than a year 0 2 4 0
Duration of IAQ problems one year or more 1 7 8 4

For each building floor or section, we looked at all the collected data (results of assessed probability
of abnormal IA exposure, IA questionnaires results, group-level health information and IA group
information) at the same time. The most urgent measures were required for floors or sections
on/in which the probability of abnormal IA exposure was likely or very likely, the health information
(Table 5) and IA questionnaire results (Figure 3a–d) indicated health problems, and solutions were
delayed (Table 7).
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4. Discussion

The detailed examination of the buildings and the four-level categorisation of the probability
of abnormal IA exposure made it easier to organise the outcomes and obtain a clear picture of
the many factors affecting the IAQ of the buildings and premises. The strength of our research
was its multiprofessional approach, which took into account the employees’ perceived work
environment-related symptoms and health information, multiprofessional IA group information
and the results of the technical building investigations.

According to previous studies, observed indoor mould and moisture damage indicates an
increased health risk, and the greater the mould and moisture damage, the more prevalent respiratory
symptoms in adults [11]. This study found no statistically significant differences between the
four-level categories and employees’ perceived work environment-related symptoms, perceived
psychosocial environment, or OHS group-level information on employees’ health. However, extensive
impurity sources in the premises increased some employees’ perceived work-related symptoms.
Our earlier study [31] shows that all the symptoms perceived by the employees were very similar
to the work-related symptoms examined in this study. The results showed a statistical association
between MMVF sources in ventilation systems and perceived IAQ and work environment-related
symptoms. Other studies have achieved similar results [5,14]. In addition, the age of the ventilation
system was associated with perceived symptoms. The more the probability of abnormal IA exposure
was estimated to differ, the more prevalent were ventilation system deficiencies and the MMVF sources
in the ventilation system. Therefore, IAQ problems were usually affected by impurities from both the
building and ventilation, which shows that many IAQ factors can affect perceived symptoms.

Employees perceived more work environment-related symptoms and stress and lack of social
support from colleagues than those reported in FIOH’s comparative data from (damaged and
nondamaged) hospital buildings, a result which may be related to the poor condition of the buildings or
other factors affecting the human experience. On the other hand, the amount of employee contact with
OHS increased due to IAQ and work environment-related issues in all the categories of the probability
of abnormal IA exposure. An earlier study has shown an association between symptoms and work
strain [21], the psychosocial work environment [4,32], and individual factors (e.g., gender, age) [21,33].
The risk of experiencing the workplace as harmful has shown to be higher among employees who
report mould problems than those who report ventilation problems in workplaces [34].

In our research, symptoms were common, stress was high, and the amount of contact with
OHS in IAQ and work environment-related issues was great on floors or in sections in which the
category of abnormal IA exposure was assessed as being unlikely and building floors or sections
that were undamaged. Workers in non-damaged buildings have also shown to have IAQ and work
environment-related symptoms [29,33]. Overall, the employees perceived stress in every category of
abnormal IA exposure more than the amount reported in FIOH’s reference data [28]. On the other
hand, the employees often perceived their work as stimulating and interesting in all categories of the
probability of abnormal IA exposure. An earlier study has also shown that hospital employees find
their work more interesting and stimulating than office workers [28,32]. As the buildings and the
factors affecting IAQ have been carefully studied, the building technology and IAQ alone may not
explain the prevalence of the perceived work environment-related symptoms and the stress and the
amount of IAQ- and work environment-related contact with OHS. These issues may also be partly
affected by other factors influencing human experience, such as work-related and organizational
factors not investigated in this study, or individual human factors.

Based on the IA group’s information, attempts to solve the indoor air problems in several buildings
had lasted more than a year. The IA group’s evaluation of no IAQ problems in the premises often
contradicted our building investigation results. One reason for these prolonged problem-solving
processes may be that building-related problems or impurity sources have been unclear or building
investigations incomplete. An earlier study also had similar findings [4]. Prolonged or unclear
problem-solving processes may have increased health concerns and distrust of the problem-solving
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process and influenced the IAQ-related experience of employees. Thus, careful decision-making
procedures are important, especially when people feel threatened by IAQ-related risks [34].

The employees did not know the results of the assessment of the probability of abnormal IA
exposure prior to responding to the IA questionnaires, which contributes to the reliability of the study.
The differences between previous studies and our research results may result from differences in the
building research methods. Many studies are based on observations of visible damage or indications
of damage, and hidden damage has remained unclear [11]. Our study was very detailed, and we
also investigated hidden damage, in addition other pollutant sources. Possible limitations of our
research may be that our data concerned only a small number of buildings with no IAQ problems
or impurities affecting IAQ, which may have affected data distribution. Due to this, we had no
reliable comparison survey of damaged and nondamaged buildings or premises. The method for
assessing the probability of abnormal IA exposure is very pragmatic and is always based on strong
technical expertise in building technology and IAQ. In addition, the criteria for the probability of
abnormal IA exposure recommend taking into account many impurity sources in a building, based
on national instructions, regulations and limit values in the field of the built environment and IAQ.
However, the assessment also involves a researcher’s subjective view. OHS’ information was collected
at group-level, and as the results were analysed categorically, they may not have provided sufficiently
accurate results. In addition, the questions concerning the psychosocial work environment were quite
limited in the IA questionnaire. They covered qualitative and quantitative workload, opportunities to
influence one’s working conditions, and social support at work. Although these are essential factors in
the light of the stress theory, they fail to provide a comprehensive picture of the psychosocial work
environment. The questionnaire did not include, for instance, factors such as organizational changes
and questions concerning leadership.

The probability of abnormal IA exposure provides us with a holistic picture of the many factors
affecting the IAQ of buildings and premises. In this case, the most urgent measures could have been
identified more easily and holistically. Moreover, in the premises that needed the most urgent repairs,
employee contact with OHS was increased, and the employees’ perceived work environment-related
symptoms indicated poor IAQ. On the other hand, in the premises in which no technical problems
were found, the employees still perceived more work environment-related symptoms and stress
than those reported in FIOH’s reference data. Thus, IAQ problems should always be analysed from
many perspectives; (i) the building’s technical condition, (ii) perceived IAQ and psychosocial work
environment, (iii) OHS information, and (iv) measures for solving IAQ problems, which may all
affect the experience of IAQ problems. Indoor air questionnaires can serve as a parallel method with
technical investigations in the building.

5. Conclusions

The four-level categorisation of the probability of abnormal IA exposure provides a comprehensive
and systematic way of ranking building sectors from the perspective of building health. The method is
based on national instructions for building and ventilation investigations, building codes, and limit
values, and is therefore systematic and partially established. Thus, it can be applied in different
environments. The method may also be used in other countries (with similar environments to that
in Finland), if the national instructions, limit values, and building codes are taken into account and
applied. The method enabled the holistic identification of the most urgent measures. This may
help property owners allocate resources for proper repairs and also help OHS identify employees’
IAQ and work environment-related symptoms. The results suggest that the extensive impurity
source in premises does not always associate with the prevalence of perceived IAQ and work
environment-related symptoms. Therefore, the solution to the IAQ problem is more specific when
technical survey results, the health and experience information of the users of the premises, as well as
the problem solution process are taken into account. The results also suggest that IA questionnaires
alone cannot determine the urgency of the measures required. Possible limitations of our research
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are that the study was only conducted in hospital buildings and premises. Limitations may be that
our data concerned only a small number of buildings with no IAQ problems or impurities affecting
IAQ: this may have affected data distribution. The method for assessing the probability of abnormal
IA exposure is, however, very pragmatic and always based on strong technical expertise in building
technology and IAQ. Further studies should assess the probability of abnormal IA exposure in different
work environments (e.g., offices), and the associations between the probability of abnormal IA exposure
categories with perceived IAQ and the health of employees. They should also assess the impact of the
IAQ solution process perceived IAQ. The results of further studies may possibly validate the method.
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Abstract: Indoor air quality (IAQ) is one of the most important elements affecting a building user’s
comfort and satisfaction. Currently, many methods of assessing the quality of indoor air have
been described in the literature. In the authors’ opinion, the methods presented have not been
collected, systematized, and organized into one multi-component model. The application purpose
of the assessment is extremely important when choosing IAQ model. This article provides the
state-of-the-art overview on IAQ methodology and attempts to systematize approach. Sub-models of
the processes that impact indoor air quality, which can be distinguished as components of the IAQ
model, are selected and presented based on sensory satisfaction functions. Subcomponents of three
potential IAQ models were classified according to their application potential: IAQ quality index,
IAQ comfort index, and an overall health and comfort index. The authors provide a method for using
the combined IAQ index to determine the indoor environmental quality index, IEQ. In addition,
the article presents a method for adjusting the weights of particular subcomponents and a practical
case study which provides IAQ and IEQ model implementation for a large office building assessment
(with a BREEAM rating of excellent).

Keywords: indoorenvironmentquality; IEQ;PPD; IAQ;TVOC;BREEAMassessment; occupantsatisfaction

1. Introduction

1.1. State-of-the-Art Indoor Air Quality Measurement Systems

Approximately 30 years ago, people began to realize that buildings not only provide them with
a sense of security, but can also significantly affect their health and well-being. This is particularly
important due to the fact that people spend an increasing amount of time in closed indoor environment.
Air quality and ventilation approaches were initially based on the users’ dissatisfaction with the scent
of the human body and, as such, the understanding of indoor air quality (IAQ) had serious limitations.
Large quantities of pollutants and their sources clearly influence the indoor comfort of building
inhabitants, as well as their health. In 1998, Fanger [1] presented an approach to the quantitative
determination of perceived IAQ based on the level of dissatisfaction of residents caused by bad odors
and irritants, smoke, and other sources of pollution. This approach provided two new measures of
IAQ: the olf, which quantifies the pollution generated from a strong source of human bio-pollutant
in the range of the impact of emitted odors on perceived air quality, and the decipol, measuring the
perceived air quality in an indoor space with a source of pollution of one olf at a ventilation rate of 10 l/s.
The number of emitted olfs per floor unit in different types of buildings and the amounts of pollutants
from tobacco smoking (in olfs) can then be determined. Consideration of only the odour of the human
body, without taking into account the influence of pollutants from various other sources (for example
emissions from construction products), was very limited. At this stage, the determination of IAQ did
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not take into account the significant differences among contaminants and did not distinguish their
specific impacts on health or comfort. The study of emissions undetectable by the senses (such as
carbon monoxide and other pollutants that affect health at concentrations below their odor threshold),
together with health-effects thresholds, has become particularly important. The range of air pollutants
that should be considered as IAQ components is very difficult to determine, because the composition
of pollutants constantly changes due to the fact of their dynamic nature, secondary reactions, sorption
processes, and other physical and chemical phenomena occurring in indoor environments, thus it
cannot be inherently determined, as illustrated in Figure 1.

Figure 1. Overview of the physical and chemical processes of potential pollution sources in the indoor
environmentofabuilding. (VOCs—VolatileOrganicCompounds, SVOCs—semiVolatileOrganicCompounds).

Smoking alone emits more than 7000 different compounds, many of which are harmful [2] for humans
and animals and may transport biological pollutants that can act as allergens. People and household animals
emit gases which are unpleasant, transfer pathogens, and cause diseases. These examples show that there are
many paths for penetration of and exposure to the sources of pollution in indoor environments.

In connection with the growing need to determine levels of indoor air pollution, new centers
performing tests and new methods have been created considering the ability to analyze an increasing
number of harmful substances. Measurement of pollutant concentrations in the air is generally a
task performed by experts mainly in accredited laboratories and the results are published in scientific
journals, technical reports, and, eventually, in guidelines, e.g., those of American Society of Heating
Refrigerating and Air Conditioning Engineers ASHRAE [3]. The presence and concentrations of
pollutants are often detected and measured without careful consideration of the significance of these
measurements, and the pollutants measured may not be the most widespread or the most harmful.
Some emissions are incorrectly grouped together; for example, more than one million volatile organic
compounds (VOCs) are known and their toxicities are generally unknown, but they are often reported
as a single value and referred to as the total VOCs (TVOCs) component. Frequently, carbon dioxide is
used as an indicator of IAQ, although it does not have such a negative effect on the health of residents
in the concentrations in which it is usually found in buildings. In our opinion, CO2 is rather a marker of
human bioeffluents. Examples of different understandings of the set of typical pollutants in an indoor
environment are shown in Table 1 [4]. This table provides recommended values from the results of the
European project HealthVent [5], which aimed to develop health-based ventilation guidelines. Table 1
also includes recommendations provided by the Word Health Organization (WHO) on the acceptable
levels of pollutant concentrations [6,7], as well as recommendations from other organizations, such as
China’s IAQ standard values [8]. Different approaches to the IAQ issue mean that the exposure limits
assumed in the various source materials differ.
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Theoretical work on a combined IAQ model allowing aggregation of the results of the assessment
of components affecting humans [14] is not yet well recognized in the literature. However, studies on
IAQ indicators, which aim to provide a quantitative description of indoor air pollution, have been
conducted since the nineties. In 2003, a significant study by Sekhar et al. [15] was published related to
the standard indoor pollutant index (IPSI), the disease symptom index in the building symptom index
(BSI), and to the often-cited works by Moschandres and Sofuoglu [16,17] on the indoor environmental
index (IEI), indoor air pollution index (IAPI), and the indoor pollutant standard index (IPSI). The IAPI
characterizes air pollution in an office with a single number: the index. The index value ranges
between zero (lowest pollution level, i.e., best indoor air quality) and 10 (highest pollution level i.e.,
worst indoor air quality). The IAPI is a composite index; sub-indices ed are aggregated using the
arithmetic mean in conjunction with a tree-structured calculation scheme. This scheme gives rise to
some reservations, because at the top of the tree-structured calculation scheme is the IEI (calculated as
the arithmetic mean of the IAPI and the IDI (indoor air discomfort index), and the combination of IAQ
sensation and thermal conditions does not appear until later.

While considering the indicators for the quantitative description of pollution, the proposal of the IEA
Working Group named “Defining the Metrics of IAQ” should also be mentioned. This group prepared,
in 2017, the document entitled “In the Search of Indices to Evaluate the Indoor Air Quality of Low-Energy
Residential Buildings” [18]. The group made the following assumption for the categorization of various
indicators: there should be one index per individual pollutant and a dimensionless coefficient should be
specified to evaluate the IAQ, provided that the current (observed) concentrations of a given pollutant
cj are related to the ELVs (exposure limit values) concentration cj,ELV.

IAQindex( j) = Ij =
cj

cj,ELV
(1)

The index is calculated for each individual pollutant [18], which is specific only for this exact
pollutant. The report showed that aggregation can be performed by addition, by taking the maximum
value or by other methods, in an attempt to define metrics that can be used to evaluate IAQ.
The assumption was that the reference value usually refers to health risks (accounting for chronic
or acute effects), but other metrics can also be used, (e.g., odor or irritation threshold). There are
two important properties to be considered when aggregating sub-indices: ambiguity and eclipsing.
As a result of the analysis, the authors concluded “that there are problems with model aggregation
methods. In the aggregation model Iagg = I1 + I2, ambiguity creates a false alarm and in the aggregation
model Iagg = 1/2(I1 + I2), eclipsing underestimates the effect” [18]. Therefore, the discussion remains
open [18]. The report also showed how there are large spreads of concentrations of individual pollutants
(up to seven rows), even in the group of pollutants for which sub-indices were built. It determined
the difficulties of building a weighted scheme based on the simplest percentage adjustment of the
concentration shares and, thus, the share of the mass of pollutants to be removed by ventilation.

The current state of knowledge does not provide information authorizing the omission of certain
pollutants. Hence, taking into account the lack of data on the characteristics of each chemical compound
and consideration of the “removal efficiency” [19] requires us to abandon thinking about the adjustment
of many individual pollutants, and to focus only on the creation of a model based on the representative
and target components. In this state of knowledge, there are hopeful studies and proposals with a grey
combined

∑
IAQindex model and the grey clustering model for IAQ indicators proposed by Zhu and

Li in 2017 [20] is particularly interesting, especially when the relationships between system factors
and the system’s IAQ behavior and the interrelationships among the factors are uncertain. At first,
all specific indoor air pollutants and related parameters should be measured. However, this is a
very complex and time-consuming process. On the basis of the characteristics and correlations of
the pollutants, the indoor air quality can be characterized by representative indicators. Studies [20]
have pointed out that respirable particulates, CO2 and TVOCs, were the three most representative
and independent environmental parameters which can be used as an evaluation index of indoor air
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quality in office buildings. Since each indicator represents a class of pollutants with similar sources and
dissemination characteristics, this index group avoids unreliability due to the fact that these indicators
are “too small” because of critical concentration depression. A data pretreatment method must be
used in the calculation procedure, reflecting the differences in concentration levels among different
pollutants, but also expressing their influence on the comfort and health of the indoor occupants.
Moreover, the measured pollutant concentrations can be used to predict the probable levels of other
parameters, and good agreement was found between the predictions and measured values.

1.2. The Research Questions

The main research question contained in the paper concerned whether it was possible with the
current state of knowledge to create and use in practice an IAQ model that was based on a unified and
coherent approach for input indoor air parameters (such as pollutant concentrations, odor levels, and
moisture content) and provided one output parameter (we proposed occupant satisfaction, IAQindex

(in %)). The authors looked for physical equations for the IAQindex’s subcomponents and dependencies
for their predicted occupant satisfaction functions with a pollutant concentration cj (PD = f (cj) in %)
which could be used as a model for subcomponents.

This paper’s intention was to provide an IAQ model with a step-by-step process which can
be used to determine the value of the overall indoor environmental quality index (in %) including
another three components: thermal comfort, acoustic comfort, and lighting quality. The innovative
approach and added value of this article is in the use of the proposed IAQ model in practice and
the relatively simple calculation of the overall IEQ value (with an uncertainty estimation) using the
actual results of measurements in the Building Research Establishment Environmental Assessment
Method BREEAM certified case study office building. The authors also provided occupant satisfaction
functions for CO2, TVOCs, and formaldehyde HCHO in two variants: with experimental %PD values
taken from the literature and for these pollutants’ %PD values converted from an Air Quality Index
system (see Section 2.2.).

2. Methods

2.1. Research Content and Strategy

The proposed IAQ model is presented in Sections 2.2–2.7. The model is later used to analyze the
case study of an office building described in Section 2.9. Figure 2 presents the subsequent research
steps from theory to practical application. Section 2.8 shows the method for determining indoor
environmental quality IEQindex where IAQ index is a subcomponent/part of the IEQindex model.
In order to determine the IAQ and IEQ, physical measurements of the indoor environment in the
building were conducted using the experimental approach provided in Section 2.10. Based on these
physical indoor measurements the IAQ and IEQ indexes (number of occupants satisfied with the indoor
air and overall indoor quality, respectively) were assessed (see Section 3) and discussed (see Section 4).
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Figure 2. To determine the indoor air quality and indoor environmental quality (IEQ) indexes for the
case study. (TC—thermal comfort, L—light quality, ACc—acoustic comfort).

2.2. The IAQ Model Proposal—Basic Assumptions

In the IAQ model construction process (our proposal), the commonly accepted approach is to
transform individual concentrations of pollutants into subcomponents before they are aggregated into
a single index (occupant satisfaction in %). However, summation of sub-indices can lead to situations
in which all are under individual health thresholds, but the final indicator shows when the threshold
has been exceeded. Conversely, the averaging of partial sub-indices can lead to an overall indicator
showing an acceptable IAQ, even though one or more partial indicators are larger than their individual
thresholds. One solution is to use the maximum value of all sub-indices to create the final form of the∑

IAQindex. Taking these issues into consideration, the authors created the
∑

IAQ model with three
complication levels adapted to the purposes of potential applications of the model, as presented in
Figure 3;

i. Certification of a building, e.g., via the BREEAM system using (three sub-indices), called
“quality”;

ii. Design, including perceptible contaminants affecting comfort and using the IAQ index when
calculating the IEQ (five sub-indices), called “comfort”;

iii. Complex design, with the
∑

IAQindex representing both comfort and health (seven sub-indices)
called “comfort/health”.

Figure 3.
∑

IAQ model has three possible levels (i.e., similar to a Russian doll structure) adapted to the
potential applications of the model.

The simplest one, “quality”, is an inner part of the
∑

IAQcomfort model and can be used separately
for simple applications with the main purpose of supporting a green building certification, e.g., via the
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BREEAM system using three components, i.e., CO2, HCHO, and TVOC. This model is used later on
the case study of a BREEAM building.

Figure 1 shows the processes influencing the morphology of the
∑

IAQ model and Figure 3
provides a list of the pollutants for which three IAQ submodels were built, containing human-perceived
contaminants (IAQquality and IAQcomfort models), but also the IAQcomfort/health model for both
perceptible and imperceptible pollutants, i.e., those that are not perceptible by humans but affect
health and require additional energy for intensive ventilation for health reasons. There are potential
sub-indices, such as IAQ(VOCnon-odorous) or IAQ(CO) [5,7]. Dust pollutants may have their sub-index
both in the comfort model (if reliable curves of human sensory perception of PM concentrations are
known) or in the IAQcomfort/health model if their health impact is considered to be the dominant feature.
Considering the types of pollutants harmful to health assigned to the sub-indices of IAQ, we only
consider the most important air pollutants (i.e., target emissions) that were given in the WHO guide in
2010 [5,7]. Submodels of processes that impact on air quality in indoor environments, which can be
distinguished as components of the IAQ model, were based on sensory satisfaction functions (index of
occupant dissatisfaction (PD) with the level of air pollution). Subcomponents of the three potential
IAQ models were classified according to their future potential applications: in the assessment of
environmental quality index IEQ (models IAQquality and IAQcomfort) or in the design of ventilation
taking into account all possible harmful-to-health pollutants (model IAQcomfort/health). In our opinion,
such systematization creates order and has a practical dimension as presented later on in the case study.
The following are the target pollutant groups:

i. In the air quality model
∑

(IAQ)quality, the IAQ index subcomponents were assigned to the
selected three pollutants. The submodels for the IAQ were CO2, TVOC, and formaldehyde
HCHO, as recommended by References [5,10,21,22];

ii. In the
∑

(IAQ)comfort model, thepreviously provided simplified IAQquality subcomponents for the
three main pollutants were extended with a set of selected compounds VOCodorous, related to the
collection of IAQ sub-indices (VOCodorous) with an unknown cardinality, increased appropriately
for the number of dominant pollutants. In addition, we provided a conditional deluge of
two more components: (1) calculated using the enthalpy of hot and humid air (high enthalpy
h > 55 kJ/kg [23]), the percentage of persons dissatisfied with respiratory cooling with
humid air at relatively high temperatures and (2) the percentage of persons dissatisfied
with indoor pollution with respect to dust pollution (PM10 and PM2.5), measured via panel
tests. The introduction of a dust-pollution subcomponent to the IAQ model may be debatable,
because some experimenters [24,25] underline the unique results of sensory tests of discomfort
from dust, and the influence of “emissions” of respiratory dust particles on satisfaction is still
under-researched. Considering the above, we expected two variants of the comfort model:
with PD (PM10, PM2.5) or without this factor;

iii. In the overall
∑

IAQ model, comfort (IAQ)comfort and health risk (IAQ)health indicators were
used, and, hence, this model was called (IAQ)comfort/health. Models for subcomponents of IAQ
not perceived by humans but influencing health, can be borrowed from the index set in the AQI
(air quality index) system [26–28], which was adapted to assess the quality of indoor air based
on, and in accordance with, the concepts of the air quality assessment system used globally by
the American EPA.

Values of AQI indices published on active EPA websites using the air quality index system were
introduced for application in US federal regulations in 1999 [28]. Currently, the AQI system for outdoor
air includes the following pollutants: ozone, particulate pollutants (PM10 and PM2.5), carbon monoxide
CO, sulfur dioxide SO2, and nitrogen dioxide NO2. To convert a specific air pollutant concentration
to an AQI, the EPA developed a tool called the AQI Calculator, which is an open resource [29].
This system (referring to the index from 2004 [16] and the indoor pollutant standard index (IPSI))
was further developed, and the proposed IAQI for indoor air presented by Wang et al. [30] in 2008
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and a newer proposal [27] from 2017 for a similar but narrower set of indices, also for indoor air,
were both modeled on it. The AQI and IAQI indicators showed an increase in the level of impact on
human health with increasing concentrations of air pollution. There are some detected difficulties
here, since “AQI is a piecewise linear function of the pollutant concentration” [27]. The calculated
values of the AQI [31] or IAQI [30] indices, over the entire 0–500 scale calculated from the measured
concentrations of selected contaminants or in the part of the scale corresponding to the IAQ rating,
ranged from “good” to “unhealthy”, and can be converted to PD% for use in the model equation,
(IAQ)comfort/health. Concentrations will be significant when the uncertainties of scale conversions are
estimated. Authors believe that their way of converting the AQI scale to PD% (which is similar to the
method of conversion of the IEQ components’ ordinal scales from the OFFICAIR EC project [32] to
PD% scale; for example, the occupant percentage dissatisfied with noise [33,34] should be accepted in
light of the expected results of a metrological analysis of the reliability of the combined

∑
IAQ model.

Subcomponent models (physical functions, PD%) of the IAQ model for all individual air pollutants
are presented later in this section.

2.3.
∑

IAQ Model Weighting Scheme Considering Air Pollution Ventilating

To obtain a comprehensive picture of IAQ in a building, it is necessary to measure the number of
pollutants with different individual concentrations. There are methods that weigh sub-indices [21] but
the problem is finding an effective weighting scheme and understanding how to adjust them in the
overall model of all the pollutants in

∑
IAQ. For this reason, we proposed an adjustment method for the

weights. In our opinion, provided in detail in References [33,34], and also according to Reference [22],
the best weighting scheme, which would lead to a credibly aggregated model of IAQ composed
of many extractable components (sub-indices), would be a system based on concentration values
(the “excess masses” of pollutants to be regarded as loadings for the ventilation system). Therefore,
the we aimed to determine the individual pollutants assigned to the IAQ model, their concentrations,
cj, as the inputs of the IAQ submodels, and their “excess concentrations” originating from emissions
or determined within indoor environments. Thus, it was possible to determine directly the energy
requirements for ventilation purposes and the required minimum global ventilation rate. Determining
the input concentration value, cj, for each IAQ sub-index enables the determination of the total mass of
pollutants in the air, which is the basis for determining the air change rate N1, . . . 7 (overall air change
rate), assuming that the model includes all significant IAQ pollutants.

Currently, according to References [35–37], the most common assumption made is that pollution
from VOCj compounds arises only from emissions due to the presence of construction or finishing
materials (for j = 1, 2, . . . n) (it can be assumed that the source i of an emission is the entire indoor
environment and then i = 1) from the zero state. The physical model for determining the ventilation
rate in indoor environments polluted with VOC-type pollutants from building materials is given by EN
16798-1:2019 [10], assuming that design parameters for indoor air quality are derived using limit values
for substance concentrations. In accordance with ECA Report Number 11 [36], the design ventilation
rate required to dilute an individual substance emitted from building materials is calculated as:

Qh =
Gh

Ch, j −Ch,0
× 1
εv

(2)

where Qh is the ventilation rate required for dilution in m3 per second, Gh is the emission rate of the
substance in micrograms per second, Ch,j is the guideline value of the substance in micrograms per
m3, Ch,o is the concentration of the substance in the supply air in micrograms per m3, and εv is the
ventilation effectiveness.

In fact, in a building with active “indoor chemistry” (see Figure 1), the use of this formula seems to
be increasing. Taking into account the dynamic nature of the processes of generating various pollutants,
the approach to IAQ and its components should be changed and subcomponents should be treated as
pollution load processes, increasing in number not only due to the emission processes but also due to
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the generation of bio-pollution, water evaporation, and even dust infiltration from outside. It is also
possible to set steady-state (initial) concentrations of pollutants and to determine the expected time
courses of removal of these pollutants by means of ventilation (curves

∑
cj = f(τ)), at constant values of

air change rate per hour ACH (h−1). Such ventilation rate calculations for CO2 were developed in 1997
by Persily [38] and similar ones were provided in 2017 by Gyot [39] at the Berkeley National Laboratory.
These calculations are not very accurate, as shown in the general demonstration graph in Figure 4.

Figure 4. Of CO2 above outdoors levels with two people in the contaminated building (ACH—air
change rate) and in a typical clean office room (ACH*).

Less accurate time-dependent curves of the total minimum ventilation rate ACH needed for
“contaminant exhaustion” can be determined using programs [40] based on generic engineering
equations for the sum of pollutants

∑
cj. The generic equation for pollution concentration (the ratio

of the amount of polluting product to the amount of fluid in the space (such as air in a room) can be
calculated from the following equation:

c = q/(n·V·(1 − e−Nt)) (3)

where c is the pollution concentration in the space (or in the room) with perfect mixing (m3/m3) or
(kg/kg), q is the amount of pollution added to the space (m3/h) (kg/h), N is the air change rate per hour
(h−1), V is the volume or mass of the space (m3) or (kg), e is the number 2.72, and t is time (h). If the
initial concentration (at t = 0) in the space and the concentration in the supply fluid is zero, after some
time the concentration in the room will stabilize. The ventilation rate graph for an amount of pollution
q = 1 and a volume of space V = 1, shows the values of

∑
cj, similar to Figure 4. In order to obtain

more exact values of the VOC concentrations remaining in the room for the air change rate function,
it is possible to use the published dependencies or for the assumed volumes V of ventilated spaces
with determinate concentrations, as they can be determined experimentally. A simplified method for
determining the ventilation rate N from a simple formula for the time, t, course of a trial ventilation
was provided by the Japanese researchers Noguchi et al. [41] in 2016. A description of this method is
worth reading. Based on the temporal changes of the TVOC concentration measured using a PIDTVOC

meter [42], the air change rate N or the ventilation rate F was estimated using the following method.
Assuming perfect mixing of the air in the room and a constant TVOC emission rate E, the concentration
change of TVOC in the room can be expressed by the following equation:

C(t) = Cj +
(E

F

)(
1− e− F

V t
)
= Cj +

(E
F

)(
1− e−Nt

)
(4)
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Finally, Equation (5) can be expressed with one unknown parameter, the air exchange rate N as:

log
( Cst −Cj

Cst −C(t)

)
= Nt (5)

The initial concentration cj can be determined from the experimental results. After a long time,
when the exponential term in Equation (5) can be assumed to be zero, the concentration C(t) becomes
constant. The steady-state concentration Cst can be determined from the temporal change in the
experimental results where the concentration levels off.

The rule that the IAQ model should include a weighting scheme, referring to the variation in the
share of pollutants in the IAQ, has been noted in References [35,37]. According to the first proposal,
the weighting system is based on the differentiation of coefficients Rj, which are the ratios of the real
concentration values (or mass of pollutants) to the values of reference concentrations, representing the
so-called relative masses of non-eliminated pollutants. This can also be represented by the desirable
reduction in the level of pollution by means of ventilation and, thus, also by the energy requirements.
For one emission source, the proposed system with a coefficient Rj for a given pollutant Cj has the
formula:

Rj =
yj

Ij
, j = 1, 2, . . .m (6)

where Ij is the ratio of the gas-phase concentration to the reference concentration value. For example,
for the LCI (Lowest Concentration of Interest) value for the jth compound emitted from the building
material, the factor Rj is dimensionless, since yj is the gas-phase concentration for the jth compound in
μg·m−3, Ij is the lowest concentration of interest (LCI) [41] for the jth compound in μg·m−3 and m is the
number of all elected compounds. The weight coefficients Wj are used as the weights of the equations
in the IAQ index, according to:

Wj =
Rj

m∑
j=1

Rj

j = 1, 2, . . . . . .m (7)

The authors of Reference [35] justified adjusting the coefficients where
∑

Rj ≤ 1, but they did not
explain the physical meaning of this condition. We believe that further discussion should include the
issue of whether the “relative mass” of contamination expressed by Equation (6) has a proper place
in the weighting scheme for the equations. The dimensionless quantity (7) does not have a sound
physical meaning [37]. In our opinion, this type of calculation method is debatable.

One should strive to cover all the sub-indices of the combined IAQij model with a weighting
scheme that would give VOCs a share in the total energy requirements for ventilation. The term
“relative mass” should correspond to weights rationally proportional to the energy expenditure for
ventilation of individual pollutants (IAQ sub-indices). Therefore, our future work will focus on
introducing weights for all expressions in the overall IAQ model equation. However, since this
is currently not possible without an adjustment method adapted to weight determination for very
small concentrations, it was decided to present our model as an interim solution. We proposed the
use of weights based on the “excess concentration” values within the pollutant categories only with
similar and comparable orders of concentration values, for example the VOCodorous and VOCnon-odorous

categories. The rules of adjustment with boundary conditions will be provided and justified in the
follow-up article to this report.

2.4.
∑

IAQ Model Scheme Morphology

According to the new proposal, for models with air quality sub-indices IAQ(Pj) (developed with
the standard EN 16798-1:2019 as a reference for IEQ model creation [22,33] and with assumptions
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described in Reference [34]), in the case where indoor air has many pollutants, P1, . . . j, the combined
ΣIAQindex equation is:

ΣIAQindex =WP1·IAQ(P1)index +WP2IAQ(P2)index, . . . , WPjIAQ(Pj)index (8)

where the WP1, . . . Pj weighting system for IAQ components is created on the basis of the arithmetic
mean and the concept of “excess concentration” is introduced only for groups of pollutants with similar
concentration values. There is a difference in concentration Δcj between the observed concentration of
pollutant cj and the reference concentration cref (cELV or cLCI), which is below the current concentration
in contaminated rooms. Thus, the excess concentration is:

Δcj = cj − cref (9)

The weights W1, . . . j for all three IAQ models are determined on the basis of arithmetic means or
by adjusting all the values of Δcj in a given model using Equation (10):

Wj(IAQcom f ort/health) =
Δcj∑

j=1...7
Δc1...7

(10)

where the sum of the adjusted weights Wj of all ventilated pollutants described with sub-indices should
be unity. The weight values for a given IAQ model, (e.g., IAQcomfort) may be different, but the sum of
the sub-index weights must be ≤1.0.

The values of the reference concentrations are the concentration levels that are acceptable or
recommended as limit values for various pollutants Pj. In the case of the

∑
IAQquality submodel as

part of the IEQindex model, weights should be used for the VOCodorous (HCHO and TVOC) reference
threshold concentrations of odors. The weights in the weighting system should be adjusted to unity
according to the Equation (11):

WHCHO =
Δcj∑

j=2,3
Δc2,3

=
(cj − cre f )

(cTVOC − cre f ) + (cHCHO − cre f )
(11)

There are, however, non-typical cases in which the scales have different values. This is the case
for formaldehyde, the concentration of which is many times lower in the building than the threshold
level cth. According to the WHO [7], the admissible value cref is also higher than the concentration
in the building. In this case, the authors recommend taking the reference value as zero. Then, the
weight WHCHO described by Equation (11) (for two pollutants), would not be negative (cHCHO − cref).
The ASHRAE Guideline 10 (2011) [3] recommends that the IEQ model (and appropriate weights, Wi)
should contain synergy effects of environmental parameters included in the subcomponents and their
sensory perceptions.

Figure 5 shows the extended IAQindex model with its sub-indices treated as components of the
IEQindex, but also with sub-indices of the IAQcomfort/health type, i.e., pollutants that do not belong to
the IEQ model but are important to health and the energy balance of a building with a mechanical
ventilation system. The experimental dependencies of the percentage of persons dissatisfied, %PD,
and the values of the concentrations of pollutants, cj, sensed in indoor air in the appropriate ranges are
of fundamental significance in the sub-indices relevant to the IEQ model [43].
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Figure 5. ΣIAQindex model with weighting scheme.

From the dependencies, expressed as the curves for PD(CO2) or PD(VOCodorous), the equations of
the models are derived Equations (12)–(14):

ΣIAQquality =W1·IAQ(CO2)+W2·IAQ(TVOC) +W3· IAQ(HCHO) (12)

∑
IAQcomfort =W1·IAQ(CO2) +W2·IAQ(TVOC) +W3·IAQ(HCHO)

+W4·IAQ(VOCodorous) +W5·IAQ(h)
(13)

∑
IAQcomfort/health =W1·IAQ(CO2) +W2·IAQ(TVOC) +W3·IAQ(HCHO) +W4·IAQ(VOCodorous)

+W5·IAQ(h) +W6·IAQ(PM2.5, PM10)+W7a·IAQ(VOCnon-odorous) +W7b·IAQ(CO) +W7c·IAQ(NO2)
(14)

The scheme of the
∑

IAQcomfort/health model consists of seven (or more) components or IAQ
submodels and these are models for the various types of pollutants: IAQ(CO2), IAQ(TVOC),
IAQ(HCHO), IAQ(VOCodorous), IAQ(h), IAQ (PM2.5, PM10), and the selected IAQ(VOCnon-odorous).
The IAQ(VOCodorous) and IAQ(VOCnon-odorous) models should be multiplied, depending on the number
of dominant VOC pollutants, and, hence, the

∑
IAQcomfort/health model will, in practice, have more than

seven components.
The inputs of each IAQ submodel are unit concentrations in air of a given pollutant,cj (in the case

of IAQ(h). This is the moisture content x in well-known units “g of water vapor (gw) per kg of dry
air (kga)”, converted to a concentration of cj in μgwater/m3 (or H—absolute humidity in gw/m3 which
is a measure of water-vapor density). In some cases, it is necessary to convert the pollution-derived
parameter to VOC concentration (conversion of the odor intensity OI to VOC concentration is described
later in this section).
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From the concentration values, total air pollution can be calculated, and, subsequently, also the
energy needed to ventilate the indoor air pollution. When the concentration levels of pollutants are
variable and are increasing due to the presence of emissions, then the formulas given in Reference [36]
and the amended standard EN 16798-1:2019 are used to calculate the required ACH ventilation rate.
When the level of contamination is set (or quasi-fixed) and the volume and other parameters of the
ventilated room are known, it is possible to calculate ventilation-time curves, i.e., maximum ventilation
curves for ACH ventilation rate to reach concentration levels ELV, LCI or the olfactory threshold level,
according to Reference [40] or another adequate equation.

There are two outputs of each IAQ submodel as described below:

1. The weights of the weighting system for the model
∑

IAQquality and hypothetically W1, . . . 5 for
the model

∑
IAQcomfort or W1, . . . , 7 for the model

∑
IAQcomfort/health (in a hypothetical model with

a set adjustment method). These should reflect the energy load of the IAQ expressed by the
theoretically assumed increase in the current concentration of pollutant cj relative to the reference
concentration of cj,ref, which determines the level of this concentration intended to be obtained
by ventilation.

2. The PD% with the IAQ as a function of air pollution concentration. These values, determined in
panel tests, reflect the impact of the interaction of air with a given pollutant at the actual level of
concentration, estimated via panelists’ sensations/perceptions (PD = f(cj) in %).

Examples of measurable physical parameters for the purpose of IAQ and IEQ calculations (see case
study) are given in the following section.

For the construction of the combined model
∑

IAQindex with a weighting scheme useful for
aggregating sub-indices, we proposed the model presented in Figure 5. In this scheme, the combined
IAQ model is shown as the basic assumption for the aggregation of all sub-indices. First, the model
was cut by a cross-connected vertical connection regarding the inputs of submodels—the calculation
of the sum of the masses of all pollutants

∑
cj in the ventilated space, using the values for the inputs

of all submodels of IAQ concentration values of contaminants. The sum of the concentrations of
all air pollutants expressed as mass units of pollution per m3 of volume (which can be read after
multiplication by V (m3) as the mass to be displaced by ventilation), is the basis for calculating the “air
change rate per hour” (ACH), the minimum air exchange rate needed to reduce the observed mass
level of air pollution in a ventilated room (see Reference [40]). The second connection concerns the
submodel outputs—the conversion of excess concentration to a dimensionless value, which allows
to for the weighting scheme of the

∑
IAQindex combined model and the weights of individual IAQ

submodels to be determined.
Additional assumptions were as follows:

i. The sum
∑

Δc1, . . . 7, which admittedly constitutes an excess mass increase of the sum of pollutants
described by the submodels, was treated only as a “virtual energy load of the building” for
ventilation conducted for the elimination of pollutants, and therefore, when adjusting the
weights, the possibility of dividing the excess concentration by the sum of concentrations
should be considered.

ii. The percentage of persons dissatisfied PD(IAQcomponent) determined experimentally in sensory
studies using panelists’ sense of air quality during their exposure to an internal environment
deteriorated by a given contamination component (PD = f (cj)), was derived from the literature
or direct experiments.
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Values of weights W1, . . . j in sets of three, five or more components of the three
∑

IAQindex models
(see Equations (12)–(14), were adjusted to a value of unity by dividing Δc1, . . . , j of each component by
the sum of excess concentrations

∑
Δc1, . . . j in μ/m3. We proposed the use of cref values, apart from the

values of cLCI [18], cELV, and the threshold values cth for odorous compounds, were as follows.

i. For IAQ(CO2) and IAQ(HCHO), the cELV concentrations were derived from EN 16798-1:2019 [10];
ii. For IAQ(TVOC) and IAQ(VOCodorous), the threshold concentrations, cth, for identified odorous

compounds or mixtures are from Reference [44];
iii. For the IAQ(h), the water-vapor concentration H (gw/m3), recalculated from the moisture

content x (gw/kgdry air) using the gas constant for the water vapor and the actual temperature,
the value of h up to the critical value for “high enthalpy of humid air” was evaluated using
the formula:

h = 1.006ta + x·(2501 + 1.805ta) (15)

where h is the specific enthalpy of humid air (kJ/kg), which must be >55 kJ/kg. The EN
16798-1:2019 standard [10] recommends a limit for the dehumidification of air of 12gw/kgdry air

(this value must be converted to a c value in gw/m3).

i. For IAQ(VOCnon-odorous), the cELV value in cases where no established LCI values were derived
from the EN 16798-1:2019 standard.

ii. For IAQ(PM2.5, PM10), the cELV values were derived from the WHO [7] or other organizations
(Tables 1 and 2).

The proposed reference values of pollutants forming the sub-indices of the IAQ model are
given in Table 2. With reference to the concentration values of cLCI, it should be noted that
according to References [18], this value is typically acquired by dividing occupational exposure
limits by a safety factor (100 or 1000). Concentration cLCI is taken from Lowest Concentration
of Interest (EU-LCI) from European Commission lists.

However, the model values for exposure limit values (ELVs) of indoor air pollution, in accordance
with the recommendations of the health-based ventilation guidelines [5], should be adopted in
accordance with the current WHO guidelines given in the periodically issued WHO Air Quality
Guidelines [7].

2.5. Selection of Submodels for Pollutant Components

Our overall selection of physical subcomponent equations and dependences for %PD = f(cj) is
presented in Table 3. The models presented were used to determine the IEQ for the sample building.
The highlighted pollutants were taken into account in the case study building assessment.
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The air quality indexes (i.e., AQI [31] and IAQI [30]) are piecewise linear functions of the pollutant
concentrations. At the boundary between AQI categories, there is a discontinuous jump of one AQI
unit. To convert from concentration cj to Ij (in the converted scale index Ij will be PDj, Equation (16)
is used.

Ij = ((Ihigh − Ilow)/(chigh − clow)) · (cp − clow) + Ilow (16)

where Ij is the air quality index I in the PD*% scale, clow is the pollutant concentration break point,
which is ≤cj, chigh is the pollutant concentration break point, which is ≥cj, Ilow is the index break point
corresponding to clow, Ihigh is the index break point corresponding to chigh and cp is the truncated (to an
integer) actual concentration for the pollutant. Little data exist on the AQI’s metrological reliability for
AQI and IAQI. Only in the EPA Air Program undertaken at Cornell University [26] is there a previous
review of the quality assurance requirements for AQI.

2.6. The Representative VOCs for Indoor Environment

The time when IAQ studies focused on a class of contaminants referred to as volatile organic
compounds (VOCs) is bygone. The analytical methodology available was the primary basis for this
focus, but the recent broadening of analytical methods has led to growing realization that other
compounds (i.e., SVOCs) beyond traditional VOCs are implicated in IAQ problems. The choice of
VOCs remains a challenge in IAQ assessment. Moreover, VOCs is somewhat vague term, the definition
of which is not universally agreed upon. It has been defined in terms of vapor pressures and boiling
points, as well as molecular chain lengths detectable by chromatographic techniques. Due to the
complexity of VOC emission profiles, it is tempting to simplify the analysis and reporting of emissions
by grouping all detected compounds together. The first problem with this approach is that individual
compounds have highly variable health and/or comfort effects, the result being that concentration
alone is not predictive of IAQ effects. Levels of concern vary by orders of magnitude, so a collective
concentration will not correlate with IAQ. Second, VOC detection and quantification are highly method
dependent. A given sampling and analysis system cannot capture or respond to all the VOCs present
in any indoor environment or in the test chamber for a given emitting material. Thus, the term
“total” is misleading. The important aspect of IAQ submodel selection is the strategy defined by
the US EPA as “VOCs—Total versus Target: Irritancy, Odor and Health Impact”. The representative
90 target VOCs were presented by Canada’s National Research Council’s Institute for Research in
Construction (NRG-IRC) in collaboration with several academic and governmental partners, including
Health Canada. The compounds were selected based on health impact, occurrence in indoor air,
known emission from building materials, as well as suitability for detection and quantification by gas
chromatography-mass spectrometry (GC-MS) or high-performance liquid chromatography (HPLC).
Our list of target VOCs was actually representative for indoor environment and recommended by the
HealthVent project and is provided in Table 1.

2.7. Steps of ΣIAQindex Calculation

After selection of the IAQ model type (
∑

IAQquality or
∑

IAQcomfort), the IAQindex evaluation was
carried out using the complex model

∑
IAQ from Figure 5, which should contain the following stages.

(a) Calculation of the total concentration of pollutants in the ventilated space or the total mass of
air pollutants per m3, the level of which is to be reduced by the ventilation process (taking into
account the ventilated volume of the room and the emissions present).

(b) Selection of the IAQindex model shape from the models defined by Equations (12)–(14), with the
provision that due to the multiplication of the submodels for IAQ(VOCodorous), the number of
subcomponents of the IAQcomfort model will be more than five.

(c) Processing the input data of the submodels to obtain the concentration value cj, e.g., converting
the measured OI value into a concentration value for a given pollutant cj in μg/m3.
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(d) Calculation of the excess concentration values for each identified contaminant (Table 2)
Δcj = cj−cref.

(e) Calculation of the sum of excess concentrations (see Table 2),
∑

Δcj.
(f) Calculation of adjusted weights Wj for the selected model equations. IAQquality and IAQcomfort,

are determined on the basis of arithmetic means or by adjusting all the values of Δcj in a given
model using Equation (10), only for groups of pollutants with similar concentration values.

(g) Calculation of the value of the ventilating air flow for the environment described in the IAQindex

model in accordance with the requirements of the standard EN 16798-1:2019 (a method using the
criteria for the ventilation required for the individual substance emitted) [10].

(h) Calculation of given IAQ environmental input parameters, including concentrations of pollutants
cj assigned to submodels. The PD values from their sensory equations (Table 3) are presented as
the dependence of the percentage of persons dissatisfied PD = f (cj, . . . ), from one of the formulas
from Table 3, in order to determine this function.

(i) Selection of the
∑

IAQquality model equation (with weights W1, W2, and W3) or the IAQcomfort

model equation (with weights W1, . . . W5 or more) and calculation from Equation (13) of the
value with adjusted weights, followed by multiplication of IAQ submodels (Equation (8)) and
insertion as a term of the IEQindex in Equation (18) [34].

When selecting the
∑

IAQcomfort/health model type, an IAQindex evaluation is carried out using the
combined model

∑
IAQ from Figure 5, which should contain the following steps.

(a) Calculation of the total concentration of pollutants
∑

cj in the ventilated space or the total mass of
air pollutants per m3, the level of which is to be reduced by the ventilation process (taking into
account the ventilated volume of the room and the emissions present).

(b) Choosing the IAQindex model (12) from among the models defined by Equations (12)–(14), with the
provision that by multiplying the IAQ(VOCnon-odorous) submodels, the number of subcomponents
of the IAQcomfort/health model will be more than seven.

(c) Processing of submodel input data to obtain concentration values cj in μg/m−3.
(d) Calculation of excess concentration values for each pollutant identified (Table 2) using Δcj = cj−cref.
(e) Calculation of the sum of excess concentration values for submodels 1–7 via

∑
Δc1 . . . 7

(f) Determination of the adjusted weights W1, . . . 7 for the equation of the IAQcomfort/health model on
the basis of arithmetic means or by adjusting all the values of Δcj in a given model using Equation
(10), only for groups of pollutants with similar concentration values.

(g) Calculation of the values of the ventilating air stream from the total concentration of indoor air
pollutants

∑
cj (for instance, Reference [42]), for the environment described by the

∑
IAQindex

model (Figure 5) in accordance with the requirements of the EN 16798-1:2019 standard for the
individual substances emitted and using an alternative method when the concentration in the
room has stabilized.

(h) Calculation of the given IAQ input parameters, including concentrations of all pollutants, cj,
assigned to the submodels. The PD values are taken from their sensory equations (Table 3)
depending on the percentage of persons dissatisfied, PD = f (cj, . . . ), or selected from the formulas
for determining this function given in Table 3.

(i) Development of IAQPM2.5, IAQPM10, and IAQnon-odorous submodels. When it is planned to use
the indoor air quality index scale IAQI or a similar scale, it is necessary to convert these to PD*
values in %, in two steps: (1) by reading from the standard curves of the IAQI = f(cj) all IAQI
values for the determined (measured) VOCnon-odorous concentration values and using the converted
scale calibration curve, PD = f(IAQI), by reading from the recalibration curve (Equation (16)),
the PD = f(cj) values on the dissatisfaction rating scale from zero to 100 in %, according to Footnote
7 in Table 3.
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(j) Calculation of IAQ values for Pj pollutant submodels from Equation (8) and insertion into the
model equation

∑
IAQcomfort/health (14) (with weights W1, W2, . . . , W7 or more).

2.8. The IEQ Assessment Equation with
∑

IAQ As a Subcomponent

The proposed IAQ model can be a substantial component of the IEQ model; for example, in the
case study shown later in the article. The indoor environmental quality index refers to the quality of a
building’s environment with respect to the occupants’ satisfaction in %. The morphology of the IEQ

index model used to assess buildings, to determine as an IEQ component the IAQindex and to determine
other subcomponents TCindex—thermal comfort, ACcindex—acoustic comfort and Lindex—light quality
based on measurements of physical properties in each of the submodels—in accordance with the
scheme of the Piasecki–Kostyrko model, is presented in Figure 6 [22].

Figure 6. The research steps necessary to determine the IEQindex for buildings, including physical and
design parameters of buildings and subcomponent models.

The EN 16798-1:2019 is the reference for IEQ model creation [22,33]. The standard allows complex
indoor information to be presented as one overall indicator of indoor environmental quality of the
building—IEQindex. The model reliability, including the uncertainties of measurements and data for
this model, was discussed clearly in Reference [34], where the authors also presented the internal
incongruity in the IEQ model structure and the justification for using the crude weights method for each
subcomponent. Originally, the IEQ model was expressed as a polynomial equation consisting of four
terms by Wong [43]. The IEQindex is composed of the following subcomponents (SIi): thermal comfort
(TCindex), indoor air quality (IAQindex), acoustics (ACcindex), and lighting quality (Lindex). Multiplying
their weights, Wi, leads to Equation (17).

IEQindex = Σ Wi·SIi (17)

The authors adopted the crude weighting system, where all elements are weighted in the same
way (0.25 for W1–W4), as shown in Equation (18).

IEQindex = 0.25 · TCindex + 0.25 · ΣIAQindex + 0.25 ·ACcindex + 0.25 · Lindex (18)

100



Appl. Sci. 2019, 9, 3918

As a consequence of the equation, the subcomponents SIi (the predicted percentage of those
satisfied) can be calculated using Equation (19).

SIi = 100 − PD(SIi) (19)

where PD is the predicted percentage dissatisfied (PPD) and PD(SIi) is the percentage of persons
dissatisfied with the IEQ subcomponent (SIi) level. The authors’ simulations for IEQindex sub-indices
and preliminary metrological analysis of the overall IEQ model fitting were performed with Monte
Carlo tests.

It is easy to show that the standard deviations of these values are equal:

SD(SIi) = SD(PD(SIi)) (20)

2.9. A Case Study of a Building

The experimental part of this study was performed simultaneously with the BREEAM certification
process, including determination of the three primary IAQ pollutants: formaldehyde concentration,
CO2, and VOCs in the indoor air [22]. The building is a high tower, made of a convex concrete–steel
structure with a glass facade. The basic information on the assessed building is presented in
Table 4. At the time of the test, the building had a standard empty office without furniture (so-called
pre-occupancy stage). The walls were plastered and painted, the suspended ceilings were in place,
and the floors were finished with synthetic carpets. All building installations were active, including
the mechanical ventilation controlled by the Building Management System BMS system with zonal
CO2 concentration sensors. The building was tested a few days after the formal end of finishing works.
The tests were made on the 55th and 47th floor.

Table 4. Information on the building in the case study.

Office
Building

Certificate

Facade View Indoor View Life-Stage Number
of Floors

Net Area
(m2)

IAQ Assessed

Area (m2)
Number
of Floors

BREEA
Mexcellent pre-occupant 49 59,000 3000 2

Measurement points in the building were determined based on the analysis of frequencies of
designed occupancies of the room and interior finish standards (open spaces). The sampling plan was
prepared with the BREEAM assessors conducting the certification process of the facility. The main
focus was on the IAQ index of open spaces in which the largest number of people may reside, and these
represent the largest occupied usable floor space. According to the detailed design project documents,
the building emphasizes the use of materials with known and low emission levels (BREEAM certified).

2.10. The Equipment, Measurements, and Experimental Approach

Standardized CEN and ISO analytical methods were used to determine the VOC concentrations
and CO2 and formaldehyde concentrations in the indoor air of the building. Selection of the sampling
points was made with the BREEAM assessor in two representative office zones per tested floor and
a minimum of two floors. The building was tested three days after formal final finishing works at
the pre-occupancy stage with no users inside. For this office building, the tests were conducted on
the 55th and 47th floors. Air samples were collected using an active sampling procedure with an
electronic mass flow controller, which controlled the air flow (10 dm3/h for VOC tests and up to
30 dm3/h for formaldehyde tests). Indoor samples were set up in selected representative office locations,
approximately 1.5 m above the floor, away from windows, doors, potential emission sources, and direct
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sunlight. Air samples were tested in accordance with the ISO 16000-6:2011 and ISO 16000-3:2011
standards. The VOCs were assessed using tubes filled with Tenax adsorbent. Then, they were thermally
desorbed using a thermal desorption apparatus (TD-20, Shimadzu, Tokyo, Japan). The process of
separation and analysis of volatile compounds was achieved using a gas chromatograph equipped
with a mass spectrometer (GC/MS) (model: GCMS-QP2010, Shimadzu, Tokyo, Japan). The following
GC oven temperature program was applied: initial temperature 40 ◦C for five min, 10 ◦C per min to
260 ◦C, and the final temperature of 260 ◦C for 1 min. The 1:10 split ratio injection mode was applied.
The method used has a limit of quantification of 2 μg/m3. The volatile compounds were identified
by comparing the retention times of chromatographic peaks with the retention times of reference
compounds and by searching the NIST data base (National Institute of Standards and Technology,
Gaithersburg, MD, USA) mass spectral database. Identified compounds were quantified using a
relative identification factor obtained from standard solution calibration curves. TVOC was calculated
by summing identified and unidentified compounds eluting between n-hexane and n-hexadecane.
In order to determine volatile aldehydes, air samples were taken via cassettes using a solid absorbent
silica gel coated with 2,4-dinitrilophenyl hydrazine (2,4-DNPH), and then subjected to a laboratory
test using high-performance liquid chromatography (HPLC) with UV-Vis detection (Dionex 170S,
Dionex, Sunnyvale, CA, USA) and an isocratic pump (Dionex P580A, Dionex, Sunnyvale, CA, USA).
The described method has a limit of quantification at 2 μg/m3.

Other IEQindex components were tested as follows. The acoustic tests confirming the designed
values were carried out by the measurement of the equivalent sound levels, LAeq, in the selected
locations. The measurements were carried out during the daytime (starting at 11:00). The following
equipment was used for the measurements: Brüel&Kjær 4231 acoustic calibrator (Brüel&Kjær,
Nærum, Denmark), Nor-121 analyzer (Norsonic, Tranby, Norway), Brüel&Kjær 4165 measuring
microphones (Brüel&Kjær, Nærum, Denmark), analyzer with microphone Norsonic-140 (Norsonic,
Tranby, Norway). Before the tests were carried out, the calibration of the measuring path was conducted
in accordance with the instructions to “check the acoustic measurement channel”. The test results were
evaluated in relation to the requirements considering permissible sound levels A in rooms intended
for human dwellings. Thermal environmental measurements were provided using the microclimate
multifunctional instrument HD32.1 and the tests were in accordance with ISO 7726 and ISO 7730.
VOCs were tested simultaneously at all points. Visual comfort (Hea 01) was confirmed by using a
MAVOLUX 5032C instrument (USB version) with a 3C15683 detector (Gossen, Nürnberg, Germany),
in accordance with EN 12464 provisions.

2.11. Additional Explanations

The adaptation of the IAQ model to a practical casestudy was mainly for illustrative purposes in the
context of the presented IAQ calculation/aggregation method. We did not focus deeply on discussing
the technical or environmental issues of the presented building. Other IEQ subcomponents, such as
thermal, acoustic, and visual satisfaction (in %), used to determine the IEQ index, were experimentally
determined and partly presented in References [22,33]. Authors do not focus on these results in this
article, as they have already been discussed in other papers [22].

3. Results

3.1. Results for theIAQindex and IEQindex Prediction

A previous publication of ours [22] reported on IEQ and IAQ building assessments for a larger
number of BREEAM buildings, where IEQ was assessed without calculating the combined

∑
IAQ index.

The combined model of the
∑

IAQindex presented in this paper had not yet been previously developed,
and we were limited in determining the IEQindex, thus we only took into account two of the most
well-known pollutants (i.e., CO2 and TVOC) separately. The assessment of the IEQ index was made by
adaptation of the measured parameters (complying with the draft EN 16798-1:2019 standard for indoor
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environments) as the input values for the submodels of the IEQindex. The input values for the case
study are presented in Table 5, which provides the input data for determining the IEQindex sub-indices
of thermal comfort (TCindex), indoor air quality (IAQindex), acoustics (ACcindex), and lighting quality
(Lindex) for an office building (47th floor) three days after completion of the finishing work before users
were allowed in the building (i.e., pre-occupancy stage).

Table 5. Physical parameters 1 and IEQindex results calculated using Equation (9) separately for an
IAQindex with internal air pollution of CO2 and an IAQindex with internal TVOC air pollution, assuming
a realistic uncertainty of parameter measurement for the case study of a building (47th floor; open
space) three days after the completion of finishing works.

Sub-Index Sub-Index PD(SIi) Models Input Values
Sub-Index (Satisfied)

and ±SD

TCindex

PMV (Fanger-CBE-ISO 7730)
PMV = f(ta, tr, va, pa, M, Icl,)

PDTC = f(PMV)

Icl 0.55 clo

90% ± 3.2%

ta 24.0 ◦C
tr 24.5 ◦C

va 0.15 m/s
RH 45%

M 1.1 met

IAQindex

PDIAQ(CO2) =

395·exp(−15.15·CCO2
−0.25)

450 ppm 85.2% ± 0.6%

PDIAQ(TVOC) =

405·exp(−11.3·CTVOC
−0.25)

787 μg/m3 52.0% ± 18.0%

ACcindex

PDACc =
2·(ActualSound_Pressure_Level(dB(A))
−DesignSound_Pressure_Level(dB(A)))
Actual (background) noise level

Design sound level 55 dB(A)
45 dB(A)

80% ± 6.7%

Lindex

PDL = −0.0175 + 1.0361/{1 +
exp(+4.0835 · (log10(Emin) −

1.8223))}
450 lux 98.4% ± 9.0%

IEQ(CO2) First variant with cCO2 as an IAQindex parameter IEQCO2 = 92.2% ± 5.8% 1

IEQTVOC Second variant with cTVOC as an IAQindex parameter IEQTVOC = 80.1% ± 10.7%
1 The IEQ and its measurement’s uncertainty (with subcomponent standard deviation values) were calculated for
IEQ physical parameter values, where ta is the air temperature (◦C), tr is the mean radiant temperature (◦C), va is
the relative air velocity (m/s), pa is the water-vapor partial pressure (Pa), M is the metabolic rate (met), and Icl, is
the clothing insulation (clo). In addition, cCO2 is the concentration in ppm, cTVOC is the highest observed TVOC
concentration in μg/m3, actual noise is in dB(A), and Emin is the minimum daylight illuminance (lux).

3.2. Results for the ΣIAQindex and IEQindex Assessment Including Identified Pollutants (CO2, TVOC, and HCHO)

The example of a modified calculation of the collective submodel
∑

IAQquality for three basic
pollutants, as a component of the IEQ model for determining one project value for this indicator, is
provided in two variants. The first variant uses sub-indices of IAQ for two pollutants, CO2 and TVOC,
which are described in Table 5, as well the sub-index of the third pollutant, HCHO (according to
Reference [47]), where these differences in the approaches mean one must combine them into one
submodel

∑
IAQ in order to be used in IEQ calculation. The second variant uses submodels of IAQ for

TVOC and HCHO pollutants based on the IAQI system [30] and then converts them into percentages
of persons dissatisfied PD* in %. According to the diagram of the model

∑
IAQ from Figure 5 and

using Equation (12) of the
∑

IAQquality model, the submodel weights are calculated as follows.
WCO2 for the submodel IAQ(CO2) = 0.5 is a component of the polynomial:

∑
IAQquality = 0.5·IAQ(CO2) + 0.5·IAQ(VOC) (21)
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WVOC for submodel IAQ(VOC) = 0.5 is a weight for combined submodel of the polynomial:

IAQ(VOC) =WTVOC·IAQ(TVOC) +WHCHO·IAQ(HCHO) (22)

with the terms WTVOC and WHCHO calculated from Equation (14) using the measured values cj (actual
concentration of TVOC and HCHO) and the reference values cref (Table 6).

Table 6. Calculation of the weights of the WTVOC and WHCHO values for the two sub-indices of the
combined IAQ(VOC) model.

Sub-Index Input Value cj Input 1 Value cref
Excess

Concentration Δcj
Wj

IAQ(TVOC) 787 μg/m3 300 μg/m3 487 μg/m3 0.96

IAQ(HCHO) 18 μg/m3 0 18 μg/m3 0.04
1 EN 16798-1:2019 for a very low-pollution building.

In our case study, the value of the submodel IAQ weight for the model (HCHO) ought to also
be calculated from the measured value and the reference value cref. However, formaldehyde is an
unusual pollutant because, although it belongs to VOCodorous compounds, the concentrations found in
buildings are many times lower than the HCHO threshold cth = 300 μg/m3 according to the WHO [7]
and lower than the threshold concentrations of HCHO from 60 μg/m3 to 70 μg/m3 issued in 2013 by the
American Industrial Hygiene Association [44]. The permissible value of cref = 100 μg/m3 is also higher
than the formaldehyde concentration found in buildings, according to Reference [5] and the standard
EN16798-1:2019 [10]. Therefore, the authors propose that in such a case (to avoid a negative value of
Δcj), the value modelling the reference should be taken as zero. Then, the form of the adjusted WHCHO
weight in the model described by Equation (11) for air with three pollutants, would be as follows.

WHCHO =
Δcj∑

j=2...3
Δc2...3

=
(cHCHO − 0)

(cTVOC − cELV) + (cHCHO − 0)
(23)

The results of the weights assessment for the two variants of the
∑

IAQquality model are presented
in Table 6.

According to the diagram of the model
∑

IAQ from Figure 5 and Equation (8), we proposed
sensory equations for the percentage of persons dissatisfied %PD* in two variants.

The submodel
∑

IAQ’s first variant includes the following:

1. The IAQ submodels used so far in References [22,33] for CO2 and TVOC pollutants, as shown in
Table 5;

2. The IAQ submodel for formaldehyde, using two types of equations depending on the range of
HCHO concentrations measured in the building. Formaldehyde concentrations in the air with
values above the threshold concentration, cth, for its odor, i.e., above 60 or even 300 μg/m3, can be
used to create IAQ submodels for rooms with volatile and aromatic VOC compounds as well as
for the HCHO equation [50].

PDHCHO =
exp (2.14 ·OI− 3.81)

exp (2.14 ·OI− 3.81) + 1
(24)

However, in the case study building, the maximum concentration of HCHO was 18 μg/m3 and,
therefore, its concentration in the air was several times lower than the concentration of the odor
threshold, cth [44]. The intensity of the formaldehyde odor was undetectable under these conditions,
and the sensory equation PD = f(OI), which is appropriate for sensory detection of IEQ, is not applicable
for odors below the threshold. Therefore, for small concentrations, we proposed the use of the equation
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taken from the work of Zhu and Li [47] based on the analysis of “health effects on the human body”,
derived from “indoor air quality comfort evaluation experiments and the literature”.

PMVHCHO = 2log
cHCHO

0.01
(25)

This equation links the value of the new unit “the effect of formaldehyde on human comfort”,
called PMVHCHO, with its cHCHO concentration (μg/m3) in the air. It covers the range from 10 μg/m3 to
320 μg/m3 and, as declared by the authors, this value has the same nature as PMV thermal comfort,
which can be converted into a PD% unit according to the formula in Reference [48], experimentally
confirmed for nearly zero energy buildings (NZEBs) by Reference [58].

PDHCHO = 100 − 95·exp(−0.03353·PMV4 − 0.2179·PMV2) (26)

The submodel
∑

IAQ’s second variant includes the following.

i. The IAQ(CO2) submodel used so far for CO2 pollution, as shown in Table 5.
ii. The IAQ submodels for TVOC and HCHO types of pollution used as indoor air quality index

ratio values borrowed from the IAQI system [30], which are then converted into percentages of
persons dissatisfied (PD* in %) in the following way

(a) The reference curves of IAQI = f (cj) [30] for two dependencies of the IAQI index on TVOC and
HCHO contamination values must be reconstructed. On the y-axis are the IAQI index values
from zero to 200 in the range from “no risk” to “unhealthy” and on the x-axis, the cj values
are presented.

(b) In accordance with the measured values of cTVOC and cHCHO, the values IAQITVOC and IAQIHCHO

are determined from the functions IAQITVOc = f(c) and IAQIHCHO = f(c).
(c) Based on the IAQI system parameters [30] given in Footnote 6 of Table 3, which are presented as

data for the functions for indexes, the IAQITVOC and IAQIHCHO values appropriate for the break
pointsi n perceived pollution concentration values are calculated in a range from zero (good) to
200 (unhealthy) using the ordinal scale IAQI = f(c) [27]. This function was converted to IAQITVOC

and IAQIHCHO scales using the concentration function scales PD*(TVOC) and PD*(HCHO) in the
PD* range from 0 to 100% (Figure 8).

(d) The data used for calculation and conversion of IAQI and PD* scales are presented in Table 7.
(e) Based on data determined for the new converted scales (Table 7) for the percentage of persons

dissatisfied (PD*(TVOC) and PD*(HCHO) concentration functions), the PD*(c) working graphs
were drawn (Figure 7). (To harmonize the concentration scale of pollutants on the y-axis, cHCHO

values multiplied by 10 were applied.)
(f) The interpolation of the percentage of persons dissatisfied (PD*(TVOC) and PD*(HCHO)) in %)

for the measured values of pollution concentrations in the air must be made using the graph from
Figure 7 or using Equation (16) [31].
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Table 7. Recalculation and conversion of IAQI value scales.

PD* Value IAQI Value Evaluation cTVOC-TVOC (1 h) cHCHO-HCHO (1 h)

% - - ppm μg/m3 ppm μg/m3

0 0 No risk 0 0 0 0

25 50 Good 0.3 1 300 0.01 2 12.3

50 100 Moderate 0.9 900 0.04 49.1

75 150 Unhealthy for sensitive 3.0 3000 0.10 122.8

100 200 Unhealthy 4.6 4600 0.75 921.0
1 Conversion factors TVOC: 0.3 ppm corresponds to 300 μg/m3 [44]. 2 Conversion factors HCHO: 1 ppm corresponds
to 1228 μg/m3 [44].

Figure 7. The percentage of persons dissatisfied function of TVOC (blue line) and HCHO (brown line)
versus concentration.

Figure 8. Percentage of persons dissatisfied, %PD*, in relation to IAQI values.

In the context of the results for the overall IEQ model index when treating both the main pollutants
CO2 and TVOC separately, we present in Table 8a the transformed IEQ calculations with the sub-indices∑

IAQ. The results for the individual case study building IAQ subcomponents are taken from Table 5
(for cTVOC = 787 μg/m3 and cHCHO = 18 μg/m3 [22]). The IEQ index with

∑
IAQquality values was

calculated using two variants—the first conventional and the second borrowed from the IAQI scale [30]
(Table 8a).

Standard deviations for each concentration are provided in Table 8b.
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4. Discussion

4.1. Discussion of the
∑

IAQindex Theoretical Model

For years, the authors, as accredited laboratory personnel, have conducted IAQ pollution tests
in indoor environments for various applications. Based on our experience, it was concluded that
the general approach to assessing combined IAQ has not yet been systematized and that there is a
global tendency to assess individual IAQ parameters separately or to group them without a justified
aggregation method. This is not a good situation from the point of view of building users’ needs.
This, in our opinion, may lead to incorrect IAQ interpretations in specific building situations. In the
context of analyzing the problem in this paper, authors presented a summary of the state-of-the-art
methods and also provided a new approach for solving some of these problems. As presented, it is
possible to create a

∑
IAQ index aggregating the results of indoor air analyses, taking into account

various representative pollutants. Three levels of comprehensive air quality assessments (with three,
five or seven subcomponents), depending on the application of the assessment, were proposed, together
with step-by-step procedures. This may be practical, as shown in the evaluation of a case study
on a building. We originally selected the main IAQ subcomponent equations and user satisfaction
dependences, %PD = f(cj), and provided them all in one place (Table 3). We then proposed and justified
the weighting schemes for the IAQ total equation. In most of the studies in the literature, the weighting
schemes used for IEQ or IAQ assessments are not physically justified or explained. There are known
methods of weighting sub-indices, but the problem that was solved in this paper was an effective
system for weight adjustments. For the construction of the combined model IAQindex, with a weighting
scheme useful for aggregating sub-indices, we proposed the model scheme presented in Figure 5.
According to the results, the advantage of the complex model

∑
IAQindex, in which the input quantities

always constitute concentrations of given pollutants, is the ability to use these concentrations to
calculate excess pollution concentrations from Equation (10) and generate weighting schemes W1, . . . n
for all three models by adjusting the weights based on the concentration values of excess air pollutants
to a value ≤1.0 for each IAQindex model. The Δcj values determine the masses of pollutants that must be
removed by ventilation to eliminate the target pollutant effect. They can be determined as differences
between the current concentrations of pollutants and the concentration of pollutants at the reference or
standard level (e.g., cELV or cLCI), and in the case of VOCodorous, the odor threshold cth. The presented
approach may allow planning of air quality for the building.

As discussed, it is important to identify those VOCs with comfort, health, and impacts and
focus on the IAQ sub-model choice aspect, briefly defined as the strategy “VOCs—Total vs. Target:
Comfort, Irritancy, Odor, and Health Impact”. The model from Figure 5 has uniform inputs, i.e.,
concentration levels cj and two outputs: (1) weighed (adjusted) and (2) sensory equations, PD* = f
(cTVOC), constituting the IAQ submodel equations. These second outputs of submodels (PD* values)
are coefficients of satisfaction from the comfort sensation or lack of “health risk”. These are the terms
of the equation describing “combined

∑
IAQ“, which meets the requirements of the abovementioned

strategy of selecting IAQ sub-models related to IAQ components that have the most impact on the
resulting IEQ perception.

Models for subcomponents of IAQ not perceived by humans but influencing health are
recommended to be used from the index set in the AQI system [26–28], which was adapted by
the authors to assess the quality of indoor air based on, and in accordance with, the concepts of the air
quality assessment system used globally by the American EPA. In the context of the subcomponent of
the TVOC concentration in Figure 7, the authors provided the relationships of PD* = f(cTVOC) based on
Jokl research [49] and resulting from the IAQI scale [30] as converted by the authors. The relationship
between PD* and TVOC concentration in both approaches is strongly correlated, as shown in Figure 9.
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Figure 9. PDTVOC based on conversion from IAQI to the PD* scale and study of Weber-Fechner theory.

The curves obtained from the conversion confirm Jokl’s predictions provided in [49] and previously
accepted idea. However, the final confirmation of these curves will be done experimentally as panel
tests, as planned by the authors for the near future.

4.2. Discussion of Results for the Case Study on a Building

The experimental study was performed in a BREEAM certified building, and included the
determination of formaldehyde concentration, CO2, and VOCs in the indoor air. The example
calculation of the combined

∑
IAQ model for three basic pollutants, as components of the IEQindex

model, is presented in two variants but the calculated PD*TVOC values obtained with both calculation
methodswere very similar. The first variant of

∑
IAQ calculation used %PD = f(cj) curves in %

sub-indices of IAQ for three pollutants, and the differences in approach in Tables 5 and 8a meant
combining them into one IEQ submodel: the

∑
IAQ model intended for the IEQ calculation. The second

variant used submodels of IAQ for TVOC and HCHO pollutants based on the IAQI system [30] which
were then converted into percentages of persons dissatisfied (PD* in %).

The first conclusion is that CO2 concentration cannot be used separately for the IAQindex assessment,
especially at the pre-occupancy stage (Table 5). The building was polluted with VOC emissions and
HCHO from the construction products directly after finishing works were completed.

The authors confirmed that all three pollutions should be a simultaneously integrated part of
the IAQ model, because the importance of TVOC is much greater, representing the main source of
pollution—the construction and finishing materials.

According to the results, we recognized two variants of the combined
∑

IAQindex calculation.
For the first variant [22], the combined

∑
IAQ index of satisfied users was 69.1% and, for the second

variant (new approach with converted AQI index), the
∑

IAQ index was 70.0% satisfied. The results
ofthe IEQindex(1) (for Variant 1) were within the interval of combined overall uncertainty,±16.24%,
and the results of the IEQindex(2) (for Variant 2) were that the overall uncertainty was ±16.15%.
Therefore, the result was convergent, which confirms the credibility of the proposed approach.

The results obtained also showed that, in the period immediately after completion of finishing works
in indoor spaces, there may be a temporarily increased concentration of TVOC, which systematically
decreases over time, as we have shown in other papers. In the case of a building, the research showed that
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tests carried out immediately after finishing works gave results that significantly exceeded the BREEAM
limits for TVOC at 300 μg/m3 (twice as high). It should be expected that an acceptable level should be
reached after a minimum of one month from the completion of the work.

For correctness of the obtained calculations, the authors are conducting a model credibility analysis
that will be provided in the next article—Indoor Air Quality Model Part II: The Combined Model∑

IAQindex Reliability Analysis. The model uncertainty estimate may be compromised because the
model reproduces the discomfort level associated with the dominant component.
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Abstract: Accident models provide a conceptual representation of accident causation. They have
been applied to environments that have been exposed to poisonous or dangerous substances that
are hazardous in nature. The home environment refers to the indoor space with respect to the
physical processes the of indoor climate, e.g., temperature change, which are not hazardous in
general. However, it can be hazardous when the physical process is in some states, e.g., a state
of temperature that can cause heat stroke. If directly applying accident models in such a case,
the physical processes are missing. To overcome this problem, this paper proposes an accident
model by extending the state-of-the-art accident model, i.e., Systems-Theoretic Accident Model
and Process (STAMP) with considering physical processes. Then, to identify causes of abnormal
system behaviors that result in physical process anomalies, a hazard analysis technique called
System-Theoretic Process Analysis (STPA) is tailored and applied to a smart home system for indoor
temperature adjustment. The analytical results are documented by a proposed landscape genealogical
layout documentation. A comparison with results by applying the original STPA was made, which
demonstrates the effectiveness of the tailored STPA to apply in identifying causes in our case.

Keywords: STAMP; STPA; physical process; indoor environment safety; smart home systems

1. Introduction

Accident models provide a conceptual representation of accident causation [1]. Their
state-of-the-art development is on the phase of systemic models [1–3], i.e., accident models based
on system theory rather than reliability. They were specifically applied to understand accidents in
industrial areas, e.g., deepwater well control [4], railway [5], and aviation [6]. Some others relate
to places that have been exposed to poisonous or dangerous substances, e.g., oil transportation [7]
and nuclear power plants [8]. These poisonous or dangerous substances are hazards in nature,
which can directly cause harm when leaked or released in workplaces. The workplace is a strictly
managed environment for work. Safety-critical systems are taken as preventative measures for leakage
and release.

The home environment refers to the indoor space with respect to physical processes of indoor
climate, e.g., temperature change, which is different from safety-critical environments in workplaces.
Hereafter, we use physical process to represent the physical process of indoor climate. The home
environment is not a hazardous place in general. However, it can become hazardous when the physical
process transfers from a normal state (e.g., temperature for thermal comfort), then through some
intermediate states (e.g., temperature for thermal discomfort), finally reaching a hazardous state
(e.g., temperature for heat stroke). The home environment is a place for everyday living, and it is not
as strictly managed as that in workplaces. Smart home systems are developed to maintain the home
environment in desired states, not only as preventative measures.
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In systemic accident models [1–3], accidents are the result of the violation of a set of constraints
on the behaviors of the system components, i.e., management, humans, and technology. If directly
applying a systemic accident model to the smart home system, the information of physical processes is
missing. For example, a smart home system violated its constraint on adjusting the indoor temperature
for thermal comfort, and resulted in high temperature for heat stroke. The physical process of
temperature change from one of thermal comfort, to some intermediate states for discomfort, then to
a high-temperature state that can cause, e.g., heat stroke, is missing. This process is important. First,
it assists in understanding how system behaviors could result in accident through intermediate state(s).
Second, we need the anomalies’ information of the physical process and their causes to deploy reactions
and precautionary measures. We can take advantage of hazard analysis techniques to identify the
causes in the system to the anomalies. When an intermediate abnormal state or hazardous state of the
physical process is detected, with considering the corresponding causes in the system, an effective
precautionary or reaction measures can be selected. Generally, if something undesired is not considered
in the very beginning of risk analysis, the causes in the following analysis cannot be identified [2,9].
Therefore, it is necessary to extend the systemic accident model by including the physical process.

A newly developing systemic accident model, i.e., Systems-Theoretic Accident Model and Process
(STAMP) [2], is considered in this paper, as its underlying rationale has been widely acknowledged
by comparing with other systemic accident models [10]. It is based on general system theory for
understanding accident causality of sociotechnical systems. A brief introduction of it is presented
in Section 3.1. We extend it by considering the following facets. First, the home environment is not
inherently hazardous. It can ensure a comfortable life in some physical process states and cause harms
in others. Therefore, we take the physical process into account in understanding accident formation.
Second, the indoor environment is greatly affected by the behaviors of smart home systems. This is
because physical processes are the result of smart home systems and the outdoor climate. However, in a
limited period, e.g., days, the outdoor climate can be considered with no big changes. Third, the role
of people in the home environment. The characteristics of workers in workplaces and occupants in the
home environment are different.

In this paper, we extend the STAMP model with considering physical processes (hereafter denoted
by STAMP-PP) to understand accident formation. Smart home systems interact with the home
environment through its behaviors, e.g., warm up and cool down. Thus, the STAMP-PP connects the
physical world through the behaviors of the systems. Under this consideration, accidents are the result
of the violation of a set of constraints on the behaviors of the systems to cause abnormal changes in
physical processes, and finally result in personal harm. The extended STAMP-PP model demonstrates
accident formation with respect to system behaviors and physical processes. The system behaviors can
be controlled either by the smart home system directly or by occupants indirectly.

The information related to physical processes is important, and the abnormal behaviors of systems
under specific operation scenarios must be known to select the appropriate reactions and precautionary
measures. To this end, hazard analysis techniques [9,11] that can assist in analyzing potential causes
of accidents are required. We adopted a hazard analysis technique to identify causes of abnormal
system behaviors under related operation scenarios, which can result in abnormal changes in physical
processes. A new approach to hazard analysis, called System-Theoretic Process Analysis (STPA) [2,9],
is based on the STAMP model, and it is tailored and applied to the smart home system [12] for adjusting
the indoor temperature, to demonstrate how to identify causes to abnormal system behaviors that
result in physical process anomalies. The STPA can be used to identify unsafe control actions of
a controller and are also the reasons why unsafe control actions can happen under specific scenarios.
As abnormal behaviors of smart home systems that result in intermediate states of physical processes
are also considered, the STPA is then tailored also for identifying causes to these abnormal behaviors.
Landscape Genealogical Layout Documentation (LGLD) is proposed for documenting the analytical
results, and the relations among the results are clearly and straightforwardly represented by comparing
with conventional ways of documentation, i.e., tables and lists. We compared the results with that of

116



Appl. Sci. 2019, 9, 4732

applying the original STPA, which demonstrate the effectiveness of the tailored STPA in identifying
causes of abnormal system behaviors and the LGLD documentation in representing the relations
among the results.

The contributions of this paper are as follows.

• We discussed the characteristics of the smart home in the viewpoint of occupants and the safety
of the home environment.

• The concept of the Performers System, which emphasizes the behaviors performed by various
home appliances, is proposed.

• We propose the STAMP-PP model for understanding accident formation, i.e., abnormal system
behaviors that result in abnormal changes in physical processes and cause hazards.

• We tailored the STPA and applied it to a smart home system to identify inappropriate and unsafe
control actions that cause abnormal system behaviors, which result in abnormal changes in
physical processes, and hazards.

• An LGLD approach is proposed for documenting the STPA analytical results.

This paper extends a conference paper [13] that introduces the STAMP-PP model while
considering physical processes. The application of the tailored STPA and the new way of documenting
the results in this paper are novel.

The rest of this paper is organized as follows. Section 2 discusses some knowledge about smart
home and home environment safety. Section 3 introduces the proposed accident model STAMP-PP.
Then, the hazard analysis technique STPA is tailored and applied to a smart home system for indoor
temperature adjustment in Section 4. In Section 5, a discussion is given. Section 6 introduces the
related work. Finally, Section 7 concludes this paper and points out the future work.

2. Preliminaries

In this section, we discuss the characteristics of the smart home and home environment safety
before introducing the STAMP-PP model and the application of the STPA.

2.1. Smart Home

A home is a place for people like individual or family members, etc. to live. It is the sum of the
place where people live permanently and the social unit—family. Since the 20th century, with the
introduction of electricity, informtion, and communication technologies, great changes have taken
place in the home [14]. One representation of this change is the development of the concept of the
smart home since the 1990s [15]. The primary objective of the smart home is to increase occupants’
comfort and make daily life easier. An example of possible techniques that make a home smart is
machine learning [16]. The smart home has certain characteristics [15,17], e.g., adaptability, connectivity,
controllability, and computability. These are discussed from the viewpoint of technology. This section
discusses the characteristics of the smart home from the viewpoint of occupants.

• Partial Automation: Although home life has been automated a lot more than ever before due to
the development of electricity, electronics, and network technologies, there are still elements of
our lifestyles that have been left unchanged in practice. For example, pots and pans are used for
cooking with gas in everyday meals. Thus, contemporary homes are only partially automated
in practice.

• Application Area: The home is a place where people live. Various off-the-shelf products are
used to improve the quality of life. These are manufactured by different manufacturers for
different purposes. Occupants are not professional in understanding their rationale, particularly
that of high-tech products. Occupants only learn to use them through product instructions or
other occupants.

• Complexity: The complexity of a home is owing to three aspects, i.e., variety of appliances
and products; variety of occupants in terms of age, health condition, knowledge, gender, etc.;
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and outdoor environment. Off-the-shelf appliances and products indoors have various purposes
and are produced by different manufacturers. In smart homes, they are connected together by the
smart home network to enable a variety of services [15,17]. Different from workers in workplaces
which rely on skills, rules, and knowledge for a specific job [18], occupants are usually reliant
on their own life experiences to lead their lives with respect to various indoor items. Outdoor
climate, air quality, etc. can affect the indoor environment, which in turn impacts the working of
indoor appliances or devices. All these add to the complexity of the smart home.

2.2. Home Environment Safety

If we refer to a dictionary, the definition of safety could be the condition of being protected from
or unlikely to cause harm, injury or loss. In system safety [2], safety is taken as an emergent property
of systems. It is defined as freedom from conditions that can cause death, injury, occupational illness,
damage to or loss of equipment or property, or damage to the environment [19]. However, it cannot be
freedom from the conditions in practice. Safety is, thus, the condition of risk that has been reduced
to an acceptable level, e.g., as low as reasonably practicable [20]. Home environment safety could be
understood as that the risk of indoor climate has been reduced to a level of no harm to the health
of occupants.

As is known to all, indoor climate is affected by outdoor climate. Bad weather such as heatwaves
has been occurring frequently in recent years due to global warming and weather anomalies around
the world. For example, many places globally experienced intense heat in the summer of 2018. It was
observed that the highest temperature record in Japan was broken and reached a new level of 41.1 ◦C
(Japan Meteorological Agency [visited 2018.10.03] http://www.jma.go.jp/jma/index.html). Indoor
climate can thus be endangered by outdoor climate anomalies.

The indoor climate is adjusted by dedicated home appliances, e.g., use of air-conditioner to
adjust indoor temperature. Different home appliances are integrated via home networks that yield
value-added integrated services [21,22]. In order to ensure thermal comfort, an indoor temperature
adjustment service is an example of the integrated service, which can potentially adopt a window,
curtain, and air-conditioning unit. Each involved home appliance may have safety instructions.
However, due to the complexity of the smart home, they still could be used in scenarios that cause safety
problems. For example, the heating mode of an air-conditioner was used when it should not be. Since
the smart home is an application area, appliances inside it may be replaced from time to time. Once
an appliance is introduced into the smart home, it also brings about risk. For example, the predefined
integrated service may not be aware of the new item and cause safety problems when using it.
Therefore, home environment safety depends on the proper use of the indoor climate adjustment
service with respect to related home appliances if they were properly designed and manufactured.

To understand home environment safety, we also need to discuss how people relate to the smart
home. This is mostly because home appliances are produced and operated by people. One group of
people are professionals. These relate to the activities of design, manufacture, transport, installation,
and disposal of appliances, home networks, and so on. One distinguishing characteristic is that they
have expertise in a certain field. The other group is occupants who are non-professionals. They are the
customers who use the various home appliances. Both groups of people can affect home environment
safety in different ways. Professionals are responsible for designing, manufacturing, etc. safe systems
and home appliances. Occupants care more about operational safety, since they are more error-prone
in operations. We talk about occupants in this paper.

3. Accident Model

As the smart home is an application area, the STAMP-PP model is discussed with respect to
system operations rather than system development. It aims to understand how accident formation
relates to system behaviors in adjusting the home environment, i.e., how abnormal system behaviors
cause indoor climate anomalies. Concrete information about indoor climate anomalies can be used for
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indoor climate anomaly detection [23], and abnormal system behaviors under operation scenarios can
further be used in selecting reactions and precautionary measures when the corresponding indoor
climate anomaly is detected.

The STAMP-PP model starts with system behaviors to describe accident formation. The behaviors
can result in abnormal changes in physical processes, which can cause discomfort or harm.
The connection between smart home systems and the home environment is the system behaviors.
In this section, we first give a brief introduction of the STAMP model, then discuss in detail the
proposed STAMP-PP model.

3.1. STAMP

In systems theory, systems are viewed as interrelated components kept in a state of dynamic
equilibrium through feedback control loops. Figure 1 presents a standard contrl loop [2]. The STAMP
model is based on system theory rather than the reliability that traditional accident models are
grounded on. Safety, in STAMP, is an emergent property of systems. Accidents are the result of
the lack of or inappropriate constraints imposed on the system design and operations. The STAMP
model consists of three building blocks, i.e., safety constraints, a hierarchical safety control structure,
and process models.

Figure 1. A standard control loop.

Safety constraints are a basic concept in the STAMP model. Losses occur only because safety
constraints were not successfully enforced. Systems, in system theory, are viewed as hierarchical
structures, where each level imposes constraints on the activity of the levels beneath it. Constraints
are enforced by control actions of a higher-level system component (controller) to the lower-level one
(controlled process).

The hierarchical safety control structure presents all stakeholders with their internal structures
within the system under analysis, and the control actions and feedbacks that link the independent
stakeholders and their internal components [6]. Control processes operate between levels of a system
to control the processes at lower levels. The feedbacks provide information about how effectively
the control actions ensure the constraints are enforced. The higher level uses the feedbacks to adapt
future controls to more readily achieve its goals. An accident occurs when control processes provide
inadequate control that violates safety constraints. Inadequate control comes from missing constraints,
inadequate safety control commands, commands that were not executed correctly at a lower level,
and inadequately communicated or processed feedback about constraint enforcement.

Process models are used by the controller to determine appropriate control actions. It is up to
the type of the controller. For an automated controller, the process model is embedded in the control
logic. For a human controller, the process model is the mental model. In both situations, it contains
information of the required relationship among the system variables, the current system state, and the
ways the process can change state. There are four conditions required to control a process, i.e., goal,
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action condition, observability condition, and model condition. Accidents related to component
interaction can usually be explained in terms of an incorrect process model. The process model used
by the controller does not match the controlled process that results in interaction accidents.

In the STAMP model, safety is achieved when the behaviors of components of a system
appropriately ensured safety constraints. Accidents are the results of flawed processes involving
interactions among people, societal and organizational structures, engineering activities, and physical
system components that lead to violating the system safety constraints. The process leading up to
an accident is described in terms of an adaptive feedback function that fails to maintain safety as
system performance changes over time to meet a complex set of goals and values.

3.2. STAMP-PP

Since the STAMP-PP model focuses on the behaviors of systems to affect physical processes, we
first define the concept of systems that emphasize behaviors, i.e., Performers System. The reason for
choosing the word “performer” is to highlight that the behaviors are performed by the systems. Then,
based on the Performers System, we can describe accident formation considering physical processes.

3.2.1. Performers System

The indoor environment is adjusted by indoor environment adjustment services with respect to
various home appliances. To differentiate the home appliances with other indoor items, e.g., router or
furniture, we define the concept of Performer.

Definition 1 (Performer). A performer is a network-enabled home appliance that can adjust the indoor
environment independently.

There are two points to explain this definition. First, a Performer has networking capability so
that it can be used by indoor environment adjustment services. Second, it has functions of adjusting
the indoor environment, e.g., adjusting indoor temperature, or dehumidification.

There are two types of Performers based on the way it adjusts the indoor environment. One is
direct adjustment, e.g., an air-conditioner which heats or cools indoor air directly; another is indirect
adjustment, e.g., an electric window which adjusts, e.g., indoor temperature by introducing an air flow
or solar radiation of the outdoor environment. In the latter case, the outdoor climate is passively used
to adjust the indoor environment. Then, concept of Performer is used to define the Performers System.

Definition 2 (Performers System). It is a system of all installed Performers in a house that are connected to
the same home network.

By connecting to the same home network, we can ensure that the Performers System can be used
by the same indoor environment adjustment service. The Performers System has a goal prescribed
by the indoor environment adjustment service. The goal is achieved by taking advantage of the
functions of the Performers of the Performers System. Each Performer is taken as a subsystem of the
Performers System. However, there is no need to have all related Performers working at the same
time. Figure 2 shows an example of the Performers System. It consists of an air-conditioner, an electric
window, and an electric curtain, which are taken as Performers. They connect to the same network
and have the ability to adjust the indoor temperature. When adjusting the indoor temperature for
thermal comfort (the goal), the indoor temperature adjustment service could use any combination of
the Performers, but not necessarily all of them. The indoor temperature adjustment service is executed
in the smart home system core. The Performers can of course be operated by occupants who are also
the beneficiaries of the adjustment.
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Figure 2. An example of the Performers System.

The Performers System can adjust physical processes with respect to various physical properties,
e.g., temperature and humidity, by utilizing the functions the Performers provide. These physical
processes may have different forms, for example, increasing or decreasing indoor temperature to the
prescribed temperature level for thermal comfort.

3.2.2. Service

In this section, we discuss the behaviors of the Performers System, and when the behaviors can
be taken as Services.

Definition 3 (Behavior of the Performers System). The way the Performers System behaves to adjust the
indoor environment.

The Behaviors of the Performers System are the representation of the functions of related
Performers. For example, the Performers System in Figure 2 has the ability to cool the temperature
down (behavior), which could be achieved by setting a lower temperature level under the cool
mode of the air-conditioner (function). The representation of the Behaviors is the physical process,
e.g., temperature change.

Definition 4 (Service). The Behavior of the Performers System exhibited in order to fulfill occupants’
comfort requirement.

One example of the Service can be the Performers System in Figure 2, which increases the indoor
temperature to 22 ◦C for thermal comfort. Comfort means psychological and physical satisfaction with
the state of the indoor environment, e.g., thermal comfort. It is the way to evaluate the Behaviors of
the Performers System, and thus implicitly constrain the Behaviors. The comfort has different contents
for different goals of the Performers System, e.g., thermal comfort; comfort in terms of humidity levels.

There are two ways to evaluate comfort. Let us take thermal comfort as an example. The first is
based on the perception of occupants. If occupants feel uncomfortable, one can manually set a desired
temperature level to the Performers System. It is easy and accurate but limited in some scenarios.
For example, babies and elderly people may not be sensitive to temperature change due to their
nervous system not being well developed or being degenerated. The second way is for comfort to
be automatically evaluated by the smart home system core. This depends on various indices [24,25]
for evaluating the physical environment for thermal comfort. For example, the PMV–PPD (Predicted
Mean Vote and Predicted Percentage of Dissatisfied) index [25] is used to evaluate thermal comfort
with respect to environmental factors and personal factors. PMV and PPD are short for predicted mean
vote and predicted percentage of dissatisfaction, respectively, and are calculated based on Fomulas (1)
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and (2), where TS denotes the thermal sensation transfer coefficient and is determined by metabolic
rate; MV means internal heat production in the human body and is determined by the metabolic
rate and external work; and HL1, HL2, HL3, HL4, HL5, and HL6 represent heat losses through skin,
sweating, latent respiration, dry respiration, radition and convection, respectively. Then combine with
the ASHRAE (American Society of Heating, Regrigerating and Air-Conditioning Engineers) thermal
sensation scale as shown in Table 1 to determine the comfortableness. The details are referred to in [25].

PMV = TS × (WM − HL1 − HL2 − HL3 − HL4 − HL5 − HL6) (1)

PPD = 100 − 95 × e−0.03353×PMV4−0.2179×PMV2
(2)

Table 1. ASHRAE thermal sensation scale.

Hot Warm Slightly Warm Neutral Slightly Cool Cool Cold

+3 +2 +1 0 −1 −2 −3

Environmental factors like humidity can be acquired through humidity sensors. Personal factors
like metabolic rate can be roughly evaluated based on the occupant’s activities, e.g., sedentary. Another
way is to take advantage of wearable devices to measure personal information and send these data to
the smart home system core to evaluate comfortableness. However, as far as the author is aware, cloth
insulation cannot be evaluated through wearable devices for now. It can only be roughly evaluated
through scenarios like in hot summer, where the value of cloth insulation is small, and an average
value is assigned for the summer season.

Definition 5 (Service Manner). The Service under a specific condition is called a Service Manner.

The condition can be personal or environmental. For a Service, e.g., adjust the indoor temperature
for thermal comfort by an air-conditioner, changes in conditions result in different Service content.
For example, compare a sweating man in summer and a sedentary man in winter. The conditions in
the former are high metabolic rate, high outdoor temperature, etc., and he needs for the temperature
to be cooled down. For the latter, the conditions may be low metabolic rate, low outdoor temperature,
etc., and he needs for the temperature to go up.

Definition 6 (Critical Service Manner). The Service Manner in demand is called Critical Service Manner.

This definition is given from the viewpoint of people who need the Service. In the example from
Definition 5, the adjustment of indoor temperature to achieve a cool environment for thermal comfort
is the Critical Service Manner for the sweating man; the adjustment of indoor temperature to achieve a
warm environment for thermal comfort is the Critical Service Manner for the sedentary man.

3.2.3. Accident Formation

Accidents can be understood as the resilience [26] of the Performers System, i.e., adjusting indoor
environment anomalies to maintain a normal performance has failed and resulted in undesired
consequences. A Service may fail and result in uncomfortableness, then further evolve into hazards
and cause harm to occupants. Accident formation is to describe how Services may fail and further
evolve into a hazard to cause accidents. The causes on the system part, i.e., the Performers System, can
be understood by the STAMP model. The relation between the Behaviors of the Performers System
and the physical processes in accident formation is discussed in this section.

There are some considerations about physical processes from the viewpoint of engineering.
Before a hazard is detected, physical process anomalies should be detected as early as possible so as to
trigger precautionary measures. The information of hazards is also important for triggering reaction
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measures. All in all, accident formation, which is shown in Figure 3 focuses on the physical process
anomalies resulting from abnormal Behaviors.

Figure 3. The accident causality model.

Next, let us discuss the terms and related rationales of the accident causality model in Figure 3.

Definition 7 (Defect). Defects are the direct causes of a Mutation.

A Mutation (Definition 8) relates to abnormal Behaviors of the Performers System. Abnormal
Behaviors are due to unexpected control actions of the Performers System. Thus, Defects are
inappropriate control actions (ICAs) and unsafe control actions (UCAs) of the Performers System to the
abnormal Behaviors in adjusting the home environment. ICAs occur when Mutations result in Service
Failures (Definition 9), and UCAs occur when Service Failures evolve into Hazards (Definition 10).
For example, an ICA can be wrongly setting the heating mode of a Performer in hot summer, which
will cause thermal discomfort. To differentiate from causes introduced in the STAMP model, Defects
refer to more superficial reasons. As the home environment is an application area, the deeper causes for
system development defects are not considered here. When physical process anomalies are detected,
the home environment is expected to react to them immediately with respect to Defects. Therefore,
the Defects are the direct causes and should be controllable, e.g., through reconfiguration.

As discussed at the beginning of Section 3, the STAMP-PP model relates to system operations.
The occurrence of Defects is under the scenarios of system operations. The operations can be
categorized into three types. One is operations by occupants. Another is by some controllers,
e.g., Performers. The other is a mixture of by occupants and the controller. To react to a physical
process anomaly efficiently, it is necessary to know the Defect with its corresponding operation scenario.
To identify Defects with respect to the scenarios, we applied the hazard analysis technique STPA [2,9]
in Section 4.

Definition 8 (Mutation). A Mutation is the violation of constraint on the Behavior of the
Performers System.

Abnormal changes in physical processes are the representation of the abnormal Behavior of
the Performers System. Therefore, the constraint on the Behavior of the Performers System is the
prescription of changes in physical processes that satisfy the comfort purpose. Thus, the Mutation is the
change of physical processes under adjustment unacceptably deviating from the prescribed curve(s),
which results in uncomfortableness. For example, the amplitude of temperature fluctuation should
not exceed a threshold value for thermal comfort [23]. The Mutation in this case is the amplitude of
temperature fluctuation exceeding the threshold value.

The Mutation is a state of physical processes between the state that brings about comfort and the
state that results in a hazard. This concept is important not only for the understanding of accident
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formation, but also because the information can trigger precautionary measures. First, a Mutation
indicates the current indoor environment adjustment is inefficient. Second, by combining the Mutation
with Defects under certain operation scenarios, one can select appropriate precautionary measures to
restore the state of physical processes that bring about comfort.

Definition 9 (Service Failure). The Behavior of the Performers System exhibits failed to fulfill occupants’
comfort requirement.

The concept of Mutation is related to physical processes, while Service Failure refers to both
physical processes and the perception of occupants. The occurrence of Service Failure is when
occupants perceive the uncomfortableness brought about by the Mutation.

There are two ways to determine whether a Service has failed. One is directly determined by
the perception of occupants. Another one resorts to various indices [24,25], by which the smart home
system core can conclude whether the home environment satisfies the comfort requirement with
occupants on the scene.

Definition 10 (Hazard). It is an indoor environment state that will cause harm to occupants.

A Hazard will harm the health condition of occupants who are on the scene. One or more Service
Failures will form or further evolve into a hazardous situation. For example, a Service Failure for
thermal discomfort evolves into a hazard if the indoor temperature reaches a level that can cause
heat stroke if occupants are present.

Taking thermal related hazards as an example, the evaluation of a hazard depends on heat
stress indices [27] and cold stress indices [28]. These indices are sophisticated techniques to represent
thermal sensations to hot and cold conditions. Heat stress [27] is defined as the net heat load to which
an occupant is exposed from the combined contributions of metabolic heat, environmental factors,
and clothing that results in an increase in heat storage in the body. Cold stress [28] is the climatic
condition under which the body heat exchange is just equal to or too large for heat balance at the
expense of significant heat and sometimes heat debt. Similarly to the PMV–PPD index, they also have
a complex relations with environmental and personal factors, which can be measured in practice.

Definition 11 (Accident). It is an unintentional event where a Hazard results in harm of occupants.

It involves both the home environment and occupants. The Hazard has harmed occupants.
The Accident can be detected by evaluating the Hazard and the health condition of the occupants.
The latter can be measured by taking advantage of wearable devices.

Definition 12 (Harm). Death, physical injury or damage to the health of occupants.

It is the consequence of the Accident. It varies with respect to Hazards and the health conditions
of occupants. For example, it may cause heat illnesses or even death to elderly people due to heat
exposure [29]; it may also affect sleep and the circadian rhythm that can cause cardiac autonomic
response during sleep due to cold exposure [30].

4. Application of STPA

To identify Defects under operation scenarios, the hazard analysis technique STPA is adopted.
In this section, we first introduce the STPA steps, then discuss the way to tailor it and a new way of
documenting the analytical results, and finally illustrate the application results and compare them
with the application of the original STPA.
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4.1. STPA

The Systems-Theoretic Process Analysis (STPA) [2,9] is a new hazard analysis technique based on
the STAMP model. The goal is to identify causes that lead to hazards and result in losses so they can be
eliminated or controlled. The STPA has three steps, the latter two of which are taken as the main steps.

The first step is to establish the system engineering foundation. Three things should be done in
this step. The first is to define the interested accident and its related system hazards. They should be
specific and concise. Then, the system level safety requirements and design constraints need to be
specified to prevent system hazards from occurring. The last is to define the safety control structure
that takes the system level safety requirements and design constraints as inputs.

The second step is to identify potentially unsafe control actions (UCAs). Every controller of
systems usually has one or more control actions. System hazards thus result from inadequate control
or enforcement of the safety constraints. Four taxonomies are provided to look for the UCAs:

1. A control action required for safety is not provided or not followed;
2. An unsafe control action is provide;
3. A potentially safe control action is provided too early or too late (at the wrong time or in the

wrong sequence);
4. A control action required for safety is stopped too soon or applied too long.

Then, we translate the identified UCAs into safety requirement and designed constraints on
system component behaviors.

The third step determines how each UCA identified in step two could occur. For each UCA,
examine the parts of the control loop as shown in Figure 4 to see if they can cause the UCA under
some scenarios. Then, design controls and mitigation measures if they do not already exist or evaluate
existing measures.

Figure 4. A classification of controls flaws leading to system hazards.

4.2. Tailor

The understanding of accident formation within the indoor environment has extended the STAMP
model, i.e., the STAMP-PP model, by also considering physical processes. As disscussed in Section 3.2.3,
abnormal Behaviors result in Service Failures, and abnormal Behaviors are due to inappropriate control
actions of the Performers System. Thus, it is important to know what these inappropriate control
actions are. Therefore, the STPA need to be tailored for this main purpose.

In the first step of STPA, in addition to the definition of accident, system hazard, and safety
requirement, information about the Service Failure and requirements of no failure, i.e., the reliability
of the Performers System to deliver Services, should also be provided. Design constraints are not
required as this work is not for implementing a safe system.

When a Service Failure occurs, which means the corresponding control action is inappropriate,
then precautionary measure(s) should be provided. Thus, in the second step of STPA, ICAs should
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be identified with regard to the taxonomies provided in step two of STPA. Namely, given a state of
physical processes, under a specific operation scenario, we need to consider whether a control action
with respect to the taxonomies will cause a Service Failure. Precautionary measures are determined
by considering the context information which consists of the ICAs, operation scenarios, and the
Service Failure. The process of the determination heavily depends on the expertise of concerned
areas, which is directed by the reliability requirements. The precautionary measures are also control
actions. Ineffective precautionary measures will result in the occurrence of a Hazard (then, reaction
measures are required). For each precautionary measure, UCAs are identified by considering the
taxonomies provided in step two of STPA under the conditions of operation scenarios and of a state of
physical processes. Safety requirements to the UCAs also need to be identified to guide the selection of
reaction measures.

The third step of STPA is not necessary. This is because the analysis in our case is to identify
Defects under operation scenarios, which can be utilized in selecting appropriate precautionary and
reaction measures, but not in designing and manufacturing a system.

STPA adopted tables and lists for documenting analytical results [2,9]. After applying the tailored
STPA, the results, i.e., control actions, ICAs, and their related reliability requirements and operation
scenarios; and precautionary measures, UCAs, and their related safety requirements and operation
scenarios, could be documented by that used by the STPA. However, the relations among them are
not clearly represented. In this paper, we propose a Landscape Genealogical Layout Documentation
(denoted as LGLD) for documenting the results, which is illustrated in Figure 5. The ancestor is a
control action. The first generation illustrates ICAs and their related reliability requirements and
operation scenarios. The second generation represents precautionary measures. The third generation
represents UCAs and their related safety requirements and operation scenarios. These results can be
numbered for better reference, e.g., ICA-m for an ICA, which means the inappropriate control action
m. This way of documentation also implies the analysis direction, i.e., from control actions to ICAs,
then to precautionary measures, and finally to UCAs.

Figure 5. Documenting the analytical results by the Landscape Genealogical Layout Documentation
(LGLD) approach.

For each control action, the taxomomies provided in step two of STPA to list the ICAs must be
considered. Every ICA is attached with the reliability requirements and operation scenarios. Then,
each ICA is connected with a precautionary measure. The precautionary measure is to prevent its
connected ICA from changing the home environment from a Service Failure to a Hazard. For each
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precautionary measure, it is important to list the UCAs attached with safety requirements and
operation scenarios.

4.3. Results

As discussed in Section 2.2, weather anomalies affect indoor environment, e.g., the heatwave of
summer 2018. Thus, we consider the example of the high-temperature results in heat stroke [31,32].
Heat stroke is clinically diagnosed as a severe elevation in body temperature (a core body temperature
of 40◦C or higher) that occurs in the presence of central nervous system dysfunction and a history
of environmental heat exposure or vigorous physical exertion. It can be classified into nonexertional
(classic) heat stroke and exertional heat stroke. The former occurs in very young or older people,
or those with chronic illness when the environmental temperature is high. The latter happens to
young fit people and involves prolonged excessive activities like sports. This paper focuses on the
former case.

Heat stroke can be assessed by heat stress indices, among which the most widely accepted and
used one is the wet bulb globe temperature (WBGT) [33]. The Ministry of the Environment of Japan
(Ministry of the Environment, Japan: http://www.wbgt.env.go.jp/en/) has recommended a criterion
for thermal conditions based on the WBGT as shown in Table 2.

Table 2. Recommended criteria for thermal conditions.

WBGT (◦C) Threat Level

∼21 Almost Safe
21∼25 Caution
25∼28 Warning
28∼31 Severe Warning
31∼ Danger

We applied the tailored STPA to a Performers System that is for indoor temperature adjustment
for thermal comfort. The structure of the system consists of four parts, i.e., home, home gateway,
service intermediary, and service provider [12], as shown in Figure 6. The home is the place that
occupants live in, which is equipped with different kinds of items, e.g., home appliances, to meet
everyday living requirements. The home gateway is the gateway of the networked Performers to
the outside world of the home. The indoor temperature adjustment service is executed here to issue
commands for the control of Performers. The service intermediary aggregates various services from
different service providers and maintains them locally. It can also respond to service subscriptions from
home gateways. The service provider designs, publishes, and updates concrete services to the service
intermediary for future use. We applied STPA to investigate the Behaviors of the Performers System
to elicit possible Defects under related operation scenarios. Thus, we focus on executing the indoor
temperature adjustment service in the home gateway to adjust the indoor temperature. The home
gateway, service intermediary, and service provider can be taken as the smart home system core.

Figure 6. The structure of the Performers System.
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In order to apply STPA, an assisting tool, i.e., STAMP Workbench (the STAMP Workbench is an
open-source, free, easy-to-use tool for people who are interested in system safety analysis by using the
STAMP/STPA. It was developed by the IT Knowledge Center of Information-Technology Promotion
Agency, Japan. https://www.ipa.go.jp/english/sec/complex_systems/stamp.html) is adopted for the
analysis. The STAMP Workbench is claimed to include features such as concentration on thinking and
help analysis and is not just an editing tool, or guide analysis procedure, but an unlimited and intuitive
operation. Analytical results can be exported into Excel files and images.

In the first step of STPA, we prepared some concepts for further analysis as shown in Table 3.
For demonstration, Service Failure is defined as when the indoor WBGT temperature is adjusted within
(25,28] ◦C, and the Hazard is when the indoor WBGT temperature is adjusted over 28 ◦C. The reliability
requirement corresponds to the Service Failure, which represents the requirement to ensure a Service
will not fail.

Table 3. Preparation for the tailored System-Theoretic Process Analysis (STPA).

Accident Physical harm of occupants due to heat stroke
Service Failure Indoor WBGT temperature is within (25,28] ◦C
Reliability Requirement Indoor WBGT temperature should be adjusted bellow 25 ◦C
Hazard Indoor WBGT temperature is over 28 ◦C
Safety Requirement Indoor WBGT temperature should be adjusted bellow 28 ◦C

Figure 7 illustrates the safety control structure for indoor temperature adjustment. The Home
Gateway is the controller, which is responsible for executing the indoor temperature adjustment service.
The controlled process is the Home Environment. Performers are taken as actuators. We consider an
air-conditioner and a window here as Performers. Empirically, for energy saving, these two cannot
work at the same time. The control actions are listed on the arrow from the Home Gateway to the
Performers. The control action "set to X ◦C" means to set Performers to adjust the indoor temperature
to X ◦C. The feedback to the Home Gateway is the indoor temperature. Indoor temperature can be
adjusted by the indoor temperature adjustment service that is executed in the Home Gateway, or by
occupants to issue commands, i.e., control inputs to the Home Gateway.

Figure 7. The safety control structure for indoor temperature adjustment.

Next, based on the results of the first step, we identifies ICAs and UCAs and elicited their related
requirements and operation scenarios. Part of the results are shown in Figures 8 and 9, which adopted
the LGLD approach introduced in Section 4.2 for the documentation. They illustrate the results
of analyzing the control actions “set OFF” and “set to X ◦C”. “N/A” denotes the taxonomy is not
applicable to the corresponding control action. In Figure 8, the second “set OFF” can be considered
as a reconfiguration compared with the first one. The precautionary measure “set Cool mode” can
be deployed for the two ICAs that relate to the “set OFF”. One reason could be that a different
configuration has a higher possibility to restore the physical process to a comfortable state, as the “set

128



Appl. Sci. 2019, 9, 4732

OFF” has caused the ICA. For the second operation scenario, not-providing ICA, it is because people
are not sensitive to temperature change and thus did not issue the “set OFF” command manually.

For the results as shown in Figure 9, X satisfies X < 25 ◦C. There are two reasons for the
not-providing ICA and UCA to say that the Performers System is working in the Fan mode. The first
is if it works in the Warm mode, which in this case is inappropriate or hazardous, and we cannot make
a solemn vow to conclude that not providing “set to X ◦C” is inappropriate or hazardous. Second,
the other working modes, i.e., Dry and Cool, have a cooling effect based on our experience, which
may not be an ICA or UCA even when “set to X ◦C” is not provided. One more thing that needs to be
explained is that providing “set to X ◦C” at the “wrong time” is neither inappropriate nor hazardous.
If it is not provided in time, the home environment would experience Service Failure or Hazard for
some time. However, providing “set to X ◦C” at a different time should not be inappropriate or
hazardous. Conversely, since “set to X ◦C” is provided, the home environment could be restored to a
safe level, even though later than expected. In this case, providing “set to X ◦C” can be thought of as a
precautionary or reaction measure, rather than an inappropriate or hazardous control action.

Figure 8. The analysis results for the control action “set OFF”.
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Figure 9. The analysis results for the control action “set to X ◦C”.

4.4. Comparsion of Results

Originally, the STPA is the only hazard analysis technique was based on the STAMP model [2].
Thus, in this section, let us compare the results presented in Section 4.3 with those by adopting the
original STPA. Since the third step of STPA was not taken into account, the comparison only considers
the results that derived from the first two steps of STPA. For comparability, the temperature issue
discussed in Section 4.3 is still part of our focus when adopting the original STPA.

As discussed, the goal of STPA is to identify causes that lead to hazards and result in losses, so
they can be eliminated or controlled. The causes to be identified are UCAs, and flaws in the control
loop (as shown in Figure 4) under some scenarios which are different from our case. The elimination
or control usually resorts to designing and implementing a safe system, while in our case, the aim is to
select appropriate precautionary and reaction measures which can restore a safe Service delivery.

The system engineering foundation is given first. The prepared definitions are illustrated in
Table 4. The design constraint is system level constraint and is expected to further decompose into
constraints that can be assigned to system components as the analysis evolves. Compared with what is
shown in Table 3, Service Failures and reliability requirements to the system are gone, which indicates
ICAs will not be identified afterward. This is because ICAs are supposed to result in Service Failure,
and reliability requirements of ICAs can be taken as the decomposition of the system level reliability
requirement. The safety control structure as shown in Figure 7 can also be used here.

Table 4. Preparation for the STPA analysis.

Accident Physical harm of occupants due to heat stroke
Hazard Indoor WBGT temperature is over 28 ◦C
Safety Requirement Indoor WBGT temperature should be adjusted bellow 28 ◦C

Design constraint
The Performers System is capable of adjusting the indoor
WBGT temperature bellow 28 ◦C

Next, the UCAs identified in step two of STPA are shown in Tables 5 and 6 for control actions “set
OFF” and “set to X ◦C”, respectively. Then, for each UCA, safety requirements and design constraints
can be derived. For example, the safety requirement for UCA-1 in Figure 5 could be:

• “set OFF” should be provided when the indoor temperature belongs to (25,28] ◦C and the
Performers System is working in the Warm mode.

The design constraints for UCA-1 could be:

• The Performers System should be accurately aware of the indoor temperature change;
• “set OFF” should be provided when needed.

130



Appl. Sci. 2019, 9, 4732

Table 5. UCAs for the control action “set OFF”.

Hazard: Indoor WBGT temperature is over 28 ◦C

Control Action Not Providing Providing Wrong Timing or Order
Stopped Too Soon
or Applied Too Long

set OFF

UCA-1: “set OFF” not provided when
the indoor temperature belongs to
(25,28] ◦C and the Performers System
is working in the Warm mode

UCA-2: “set OFF” provided when the
Performers System is working
in the Cool mode and the indoor
temperature belongs to (25,28] ◦C

UCA-3: “set OFF” provided after the
Performers System has been
working in the Warm mode for some
time when the indoor temperature
belongs to (25,28] ◦C

N/A

Table 6. UCAs for the control action “set to X◦C”.

Hazard: Indoor WBGT Temperature Is over 28 ◦C

Control Action Not Providing Providing
Wrong Timing
or Order

Stopped Too Soon
or Applied Too Long

set to X ◦C
UCA-4: “set to X ◦C” not provided when the
indoor temperature belongs to (25,28] ◦C and
the Performers System is working in the Fan mode

Not hazardous Not hazardous N/A

There are some differences in the comparison with the results derived in step two of
STPA. The ICAs, operation scenarios for ICAs, reliability requirements, precautionary measures,
and operation scenarios for UCAs cannot be obtained by adopting the original STPA. However,
the design constraints can be derived. The UCAs identified by adopting the original and tailored
STPA are equivalent. The results documented by tables and lists are separated. It is a trivial problem
when checking the relations between the results that were documented by the conventional approach.
The LGLD approach integrated the results and overcame this problem. We discuss the advantages of
the tailored STPA at the end of Section 5.

5. Discussion

As one of our everyday living experiences, physical processes could be in hazardous states that
cause harm to occupants [29,30]. The occurrence of hazardous states can be transferred from a normal
state of a physical process that brings about comfortableness, through some intermediate states for
uncomfortableness. The normal state is maintained by the smart home system, which takes advantage
of home appliances or the outdoor climate. When the behaviors of the smart home system deviate
from expectations, the above transformation will occur. Thus, this living experience validates the
proposed STAMP-PP model.

To validate the terms defined in the STAMP-PP model, let us consider the eight abnormal indoor
temperature situations that were discussed in our previous work [23]. Mutations can be undesired
fluctuation, constantly cooler/warmer than expectation, undesired duration of the temperature that
results in discomfort, and Service Failures when combining the Mutations with the feeling of occupants
on the scene. Hazards can be unbearable hot/cold and undesired duration in hot/cold situations.

Mutations and Hazards provide detectable evidence of physical process anomalies.
The information of Service Failure combines with ICAs under related operation scenarios—e.g.,
as depicted in Figures 8 and 9, one can predict whether Hazards would happen before providing
precautionary measures, because Service Failures and the ICAs under related operation scenarios can
be the context, in which a Hazard could occur if time goes on. This context information can be acquired
from various sensors (e.g., temperature sensor), system states, etc. For example, in Figure 9, we can
know whether the temperature is increasing to approach 25 ◦C through temperature sensors. Then,
precautionary measures can be selected under the direction of reliability requirements. If a Hazard is
unfortunately detected, reaction measures have to be selected based on the UCAs under operation
scenarios and the Hazard, which are guided by safety requirements.

The purpose of precautionary measures is to restore Service delivery. This is achieved by
reconfiguration of the Performers System. The reconfiguration has two forms. One is to reset the
current working Performer(s), e.g., the precautionary measure “set OFF” (the second one) as shown
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in Figure 8, which is achieved by resetting the OFF command to the same Performer. Another is to
reconfigure ready-to-use Performers to achieve the goal, e.g., the “set Cool mode” in Figure 8, which
could be reconfigured to a standby Performer to the Cool mode. The purpose of reactions is to restore
a safe home environment state, which could be a Service Failure (that needs further interference) or the
process of normal Service delivery. It is also achieved by reconfiguring the Performers System, which
has the same contents as those introduced for precautionary measures. The reactions should have
another content that precautionary measures do not have, i.e., a warning mechanism. The warning
mechanism is triggered when a Hazard is detected that implies precautionary measures have failed.
In the very beginning, the warning signals will be sent to occupants who could leave the scene or do
something else to ensure safety. If the reconfiguration in the reaction stage cannot restore the system
to a safe situation, the warning mechanism will inform an emergency department, e.g., a hospital,
through networks.

Accident models can be roughly classified into three categories [1,2], i.e., sequential models,
epidemiological models, and systemic models. Sequential models describe accidents as the result of
time-ordered sequences of discrete events. Epidemiological models view accidents as a combination of
latent and active failures within a system, which is analogous to the spreading of a disease. Latent
conditions, e.g., management practices or organizational culture, can lie dormant within a system for a
long time, which can finally create conditions at a local level to result in active failures. The STAMP
model is based on system theory and so is the STAMP-PP model. It describes physical process
anomalies that cause uncomfortableness and health problems as a result of abnormal Behaviors of
the Performers System. Furthermore, to better understand the causal relation between the Performers
System and physical processes and better represent the time order of physical process evolvement,
the terms in the STAMP-PP model can be taken as events.

Hazard analysis techniques are devised based on accident models. The STPA was invented based
on the STAMP model to identify causes that conventional approaches overlooked [2,9]. We found it
is an efficient tool for assisting in the identification of Defects, i.e., ICAs and UCAs (e.g., the results
shown in Figures 8 and 9). However, hazard analysis heavily depends on expertise in a specific area.
Accident models and hazard analysis techniques are to assist in understanding accidents and guiding
for causal analysis. The STAMP-PP model offers a way to understand physical process anomalies with
respect to the behaviors of smart home systems. To apply the tailored STPA to that in our case (some
results of which are shown in Figures 8 and 9), one may need to possess knowledge in at least the
fields of computer science, software engineering, computer networks, and even physics. This makes
the authors feel that safety research in different areas is like different research fields.

In the first step of STPA, the accidents and system hazards provided mostly depend on the interest
of an organization or the government [2]. For example, in this paper, Accident is defined as physical
harm of occupants due to heat stroke, as illustrated in Table 3. It can also, however, encompass other
symptoms aside from heat stroke, e.g., severe cold. Concrete accidents are different due to the variety
of environments, e.g., workplaces and the home environment. It is also determined by budget, severity
of occurrence, and frequency of occurrence [2].

In step two of STPA, originally, the taxonamies were provided to identify UCAs with respect to
control actions. Physical process anomalies (not Hazards) are the result of abnormal Behaviors of the
Performers System. The behaviors are the representations of the functions which are achieved by the
control actions issued by the Performers Sytem. For example, stopping the Performers System from
working is achieved by the control action “set OFF” as shown in Figure 8. Thus, the taxonomies are
applicable for identifying ICAs. This ensures that all possible ICAs can be effectively identified.

The states of physical process change from a state of comfort to one of discomfort, then to one
of hazard. When a state of discomfort is detected, precautionary measures are adopted to prevent
the physical process from transferring into a state of hazard. Precautionary measures refer to control
actions achieved by reconfigurations. Thus, the taxonomies are also applicable to the precautionary
measures. For example, the control action “set OFF” in Figure 8 can both be the original control action
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and the precautionary measure. The same applies to the control action “set to X ◦C” as shown in
Figure 9.

The purpose of adopting the hazard analysis technique is to identify Defects, so as to select
appropriate precautionary and reaction measures for adjusting home environment anomalies to
maintain a normal performance. By checking the comparison presented in Section 4.4, we found
the tailored STPA can satisfy this purpose, while the original STPA cannot. First, ICAs under
operation scenarios and the reliability requirements of the ICAs can be identified by the tailored
STPA. This is due to Service Failure, and the system level reliability requirement is provided in the first
step of STPA. Naturally, precautionary measures are not necessarily identified in the original STPA,
because precautionary measures are selected for ICAs. Second, even though UCAs can be identified by
both the original and tailored STPA, the operation scenarios have different contents. For the tailored
STPA, the operation scenarios refer to occupants or controllers or both as discussed when introducing
the concept of Defect. For the original STPA, the operation scenarios refer to the control flaws as shown
in Figure 4, which are identified in step three of STPA.

As discussed in Section 4.2, the STPA takes advantage of tables and lists to document the analytical
results (see the results shown in Tables 5 and 6). We proposed the LGLD approach to document the
analytical results. The advantage of comparing tables and lists is that it can clearly represent the
relations among the results in a straightforward way. For example, in Figures 8 and 9, the relations
among control actions, ICAs, precautionary measures, and UCAs are clear. Further, it is clear to see the
(reliability or safety) requirements attached to each ICA and UCA, and the related operation scenarios
under which the ICA and UCA can occur. This kind of relations is not explicitly represented using
tables and lists such as the ones presented in Section 4.4. To build such documentation, one can build
along the way of analysis, because the analysis starts from control actions to identify ICAs under
related operation scenarios, and reliability requirements, then to determine precautionary measures,
and finally to identify UCAs under related operation scenarios, and safety requirements.

When applying the STAMP-PP model to understand accident formation, the Performers System
has to fully control the home environment, or its behaviors may not be the “only” reason to cause
Service Failure, then Hazard. This can be the limitation of the proposed STAMP-PP model.

6. Related Work

This section includes two parts. The first is about accident models based on system theory.
The second discusses safety-related research in the smart home environment.

6.1. Accident Models

The systems approach is considered as the dominant paradigm in safety research [34]. It views
accidents as the unexpected interactions among system components, i.e., technical, social, and human
elements. Among various systemic models, there are three most cited models [10], that is, STAMP [2],
Functional Resonance Analysis Method (FRAM) [3], and Accimap [35,36].

The concept of STAMP has been briefly introduced in Section 3.1. According to [10], over half
of the reviewed papers were STAMP-related, which indicates a pervasive acknowledgement of its
underlying rationale. Its application has attracted researchers from a broad field. The authors of [6]
adopted it to investigate aircraft rapid decompression events. The authors of [4] applied it in the
analysis of deepwater well control safety. In the field of railway, the authors of [5] investigated railway
accidents and accident spreading by taking the China Jiaoji railway accident as the example. It has also
been applied to the field related to poisonous or dangerous substances. The authors of [7] adopted
it in analyzing the China Donghuang oil transportation pipeline leakage and explosion accident.
The authors of [8] applied it to the Fukushima Daiichi nuclear disaster and to promote safety of
nuclear power plants. Smart home systems are generally not considered as safety-critical systems.
However, as weather anomalies, e.g., heatwaves, occur regularly due to global warming, smart home
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systems for indoor environment adjustment, in this context, can be taken as safety-critical. Thus,
the STAMP model can be adopted for understanding accident formation in the home environment.

FRAM was developed to act as both an accident analysis and risk assessment tool [10]. The FRAM
model graphically describes systems as interrelated subsystems and functions that will exhibit varying
degrees of performance varation. Accidents result from the fact that the emergent variation produced
from the performance variability of any system component to “resonate” with that of the rest of the
elements is too high to control. It has been discussed that the FRAM and STAMP approaches focus
better on qualitative modeling and description of systemic behavior and accidents [37]. FRAM also
has applications in different fields, e.g., the authors of [38] applied it to railway traffic supervision
to investigate interdisciplinary safety analysis of complex sociotechnological systems. The authors
of [39] extended FRAM by including a framework with steps to support hazard analysis. Some efforts
have been tried to quantify it, e.g., the authors of [40] developed a semiquantitative FRAM based on a
Monte Carlo simulation.

The Accimap method is a graphical representation of a particular accident scenario that relates
to systemwide failures, decisions, and actions [3,36]. Accimap is a generic approach and does not
use taxonomies (that is different than that of the STPA [2,9]) of failures across the different levels of
considered [41]. The Accimap produces less reliable accident analysis results compared to STAMP [42].

The selection of accident analysis techniques depends on the system characteristics,
i.e., manageability and coupling [1]. The systemic approaches are usually adopted by systems with low
manageability and tight coupling. Systemic approaches related to complex sociotechnical systems have
their own strengths. For one such system, it is better to adopt multiple approaches which supplement
each other, even though STAMP is considered much more effective and reliable in understanding
accidents and hazard analysis [10,41,42].

6.2. Smart Home Safety

In the past, safety research inside the home environment used to be based on events or
chains-of-events. With the emergence of the so-called smart homes, safety research inside the
home environment also has new forms. Some of it refers to monitoring the home environment.
With the purpose of detecting safety problems of indoor climate abnormal variations, the authors
of [12] proposed a CPS (cyberphysical system) home safety architecture to support an event-based
detection. The authors of [43] presented a method that maps the real home connection to a virtual
home environment, together with related policies to ensure remote monitoring, to ensure home safety.
Elderly safety in the smart home environment was achieved by analyzing and inferring locations, time
slots, and periods of stay of elderly people [44]. Robot techniques were also employed, e.g., the authors
of [45] developed a robot which can, for example, sense gas leakage and shut off the gas valve. Others
focus on a specific part of the home. The authors of [46] proposed risk analysis and assessment when
cooking to prevent potential risks. This is because the kitchen is also prone to safety problems like
gas leakage and fire accidents. Electricity is also an important risk factor. The authors of [47] adopted
an alert circuit with a voltage level indicator to prevent the smart solar home system from being
overloaded and damaged. With cloud computing techniques becoming pervasive in implementing
smart home systems, risks like cloud service unavailability have also been introduced. To overcome
this, the authors of [48] discussed home resilience in the presence of possible unavailability and
proposed RES-Hub, i.e., a standalone hub to ensure the continuity of required functionalities.

Most of the studies like those discussed above focus on implementing systems to deal with home
safety problems. If not properly designed and implemented, the system itself can be a risk factor.
Thus, requirement elicitation becomes critical. Conventional safety-related techniques are applied to
safety-critical areas, e.g., aviation [6]. Our work employed these techniques to the smart home systems.
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7. Conclusions and Future Work

We extended the accident model STAMP by considering physical processes in the home
environment. As the home environment is adjusted by behaviors of the smart home system, we
first proposed the concept of Performers System that emphasizes the behaviors performed by various
home appliances. Then, based on the Behavior of the Performers System, we proposed accident
formation with respect to physical processes going from normal state to some intermediate states that
result in uncomfortableness, and finally to states that cause harm. In order to identify the Defects,
i.e., ICAs and UCAs that result in abnormal system behaviors, the hazard analysis technique STPA was
tailored and applied to the smart home system for indoor temperature adjustment. After comparison
with the results derived by adopting the original STPA, we found that the tailored STPA is an efficient
tool to assist in identifying the Defects. The analytical results of applying STPA were used to adopt
tables and lists for documentation, but the relations among the results were not straight-forward
and unclear. We then proposed the LGLD approach, whose advantages are demonstrated by the
comparison of results.

For future work, we aim to map the context information in which physical process anomalies
occurred in the cyber world, such that precautionary measures and reactions can be effectively
selected in real time. This brings about the problem of how to parameterize the STPA analytical
results, i.e., ICAs, operation scenarios, and reliability requirements; and UCAs, operation scenarios,
and safety requirements.
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Featured Application: The NISDL method proposed in this paper can be used for real time

contactless measuring of human skin temperature, which reflects human body thermal comfort

status and can be used for control HVAC devices.

Abstract: In human-centered intelligent building, real-time measurements of human thermal comfort
play critical roles and supply feedback control signals for building heating, ventilation, and air
conditioning (HVAC) systems. Due to the challenges of intra- and inter-individual differences and skin
subtleness variations, there has not been any satisfactory solution for thermal comfort measurements
until now. In this paper, a contactless measuring method based on a skin sensitivity index and deep
learning (NISDL) was proposed to measure real-time skin temperature. A new evaluating index,
named the skin sensitivity index (SSI), was defined to overcome individual differences and skin
subtleness variations. To illustrate the effectiveness of SSI proposed, a two multi-layers deep learning
framework (NISDL method I and II) was designed and the DenseNet201 was used for extracting
features from skin images. The partly personal saturation temperature (NIPST) algorithm was use for
algorithm comparisons. Another deep learning algorithm without SSI (DL) was also generated for
algorithm comparisons. Finally, a total of 1.44 million image data was used for algorithm validation.
The results show that 55.62% and 52.25% error values (NISDL method I, II) are scattered at (0 ◦C,
0.25 ◦C), and the same error intervals distribution of NIPST is 35.39%.

Keywords: contactless measurements; skin sensitivity index; thermal comfort; subtleness
magnification; deep learning; piecewise stationary time series

1. Introduction

Higher economic growth drives increasing energy consumption, and 50% of housing consumption
is generated by heating, ventilation and air conditioning (HVAC) systems [1,2]. Furthermore, one of
the most important reasons for energy waste is that the actual thermal requirements of indoor
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occupants are ignored, with the result that overheating and overcooling occur often. Fortunately,
real-time thermal comfort perception can provide useful signals to HVAC systems for achieving energy
saving and human-centered intelligent control. Therefore, many researchers have been studying
thermal comfort measurements for indoor environments in recent decades. Many methods were
generated, including the questionnaire survey method [3–5], environmental measurement method [6,7]
and contact measuring method of human body physiological parameters [8–18]. In recent years,
the semi-contact measuring method [19,20] and contactless measuring method [21–23] for human
body physiological parameters were also generated. For example, in references [19,20], an infrared
sensor was fixed on the frame of eyeglasses in order to measure skin temperature. In reference [21],
a normal vision sensor was also used for measuring skin temperature and two non-linear models were
trained. In references [22,23], Kinect was used for recognizing human poses or indoor locations, and
then human thermal comfort and dynamic metabolism were estimated, respectively. All these methods
are meaningful attempts. However, due to the challenges of measuring thermal comfort which are (1)
skin subtleness variation [24], (2) inter-individual differences [14,25] and (3) temporal intra-individual
differences [14,26], there is still no satisfactory method for perceiving human thermal comfort.

To overcome the aforementioned challenges, the skin sensitivity index (SSI) was defined in
this paper. The SSI is strongly related to skin temperature. A contactless measuring method of
skin temperature based on SSI and Deep Learning was proposed, hereinafter referred to as NISDL.
Two different deep learning methods of NISDL have been designed and trained, respectively, which
are NISDL methods I and II. The main difference between them is that the location of SSI participation
in the neural network training is not the same. A total of 1.44 million images were collected for 16
Asian female subjects, and this ‘big data’ was used for algorithm validation.

The main contributions of this paper are:

(1) The skin sensitivity index (SSI) was proposed for describing individual sensitivity of thermal
comfort, and the index was combined with skin images for deep learning network training.

(2) A novel contactless measuring algorithm (NISDL) based on SSI was proposed, with two different
frameworks of NISDL having been designed for real-time thermal comfort measurement.

(3) A deep learning algorithm without SSI was also generated and trained. Two comparisons were
made: (1) comparison between data-driven methods (deep learning) and model-driven methods
(linear models); (2) comparison of measuring effects in the case of SSI participation in training
and non-participation in training.

The rest of this paper is organized as follows. Section 2 introduces the related work about thermal
comfort. In Section 3, the research methods, including SSI computation, subjective experiments and
NISDL methods, are introduced. The results and discussion are shown in Sections 4 and 5. Finally,
Section 6 gives the conclusion.

2. Related Work

Since the 1970s, Fanger has explored human thermal comfort and conducted many kinds of
subjective experiments. Based on this, he eventually established what is known as Fanger’s theory [27].
From then on, many studies about thermal comfort were carried out.

Questionnaire surveys are good as a method to understand the inner feeling of an occupant.
With the development of the internet, online questionnaire surveys can also be generated [3,4].
However, it is inconvenient and also difficult to guarantee that occupants will continue to give feedback
based on their personal thermal feelings [5]. Therefore, the environment measurement method was
also adopted in the building industry [6]. With this kind of method, some objective parameters,
such as indoor temperature, airflow and humidity, are often measured. Unfortunately, the goal of
the environment measurement method is to meet the thermal comfort needs of a majority of indoor
occupants. Therefore, the thermal feelings of a minority were ignored. To overcome this drawback,
a kind of nonlinear autoregressive network, still belonging to the environment measurement method,
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was generated to predict indoor temperature [7]. In fact, human thermal comfort is complicated, and
with constant indoor parameters it is difficult to meet each individual’s requirements for thermal
comfort. As such, some researchers study physiological measurement methods, including the contact
measuring method, semi-contact measuring method and contactless measuring method.

For the contact measuring method, skin temperature and heart rate are usually the measured
parameters. Wang and Nakayama [8,9] made early attempts at measuring the skin temperature
around the human body. Liu [10] conducted subjective experiments and a total of 22 subjects were
invited. The data, being local skin temperatures and electrocardiograms, were collected. Based on
these collected data, 26 measuring methods of mean skin temperature were assessed. Takada [11]
presented a multiple regression equation to predict skin temperature in non-steady state. The multiple
regression equation was considered as a function of mean skin temperature. Wrist skin temperatures
and upper extremity skin temperatures were also adopted to estimate human thermal sensation,
respectively [12,13]. Chaudhuri [14] presented a predicted thermal state (PTS) model, and the capture
of peripheral skin temperature. Furthermore, body surface area and clothing insulation were used
for analyzing inter- and intra-individual differences. As for the thermal comfort study using heart
rate, based on physiological experimentation, Yao [15] investigated the relationship between heart rate
variation (HRV) and electroencephalograph (EGG). The results show that HRV and EEG are useful
for thermal comfort studies, but further data validation is needed. Moreover, Dai, Chaudhuri and
Kim [16–18] combined machine learning with contact measurement, and they are all meaningful
attempts. However, as the linear kernel of SVM was used for predicting human thermal sensation in
different experiments, sometimes overfitting can happen.

For the semi-contact measuring method, Ghahramani [19] used an infrared sensor to estimate
skin temperature of different face points. The infrared sensor was mounted on the frame of eyeglasses.
Based on this, a hidden Markov model was constructed to capture personal thermal sensation [20].

In practical application, contact and semi-contact measurement are both difficult to apply widely.
The reason is that an occupant needs to wear a sensor, which is uncomfortable and is also not in line
with the goal of human-oriented intelligent buildings. For this reason, a kind of contactless measuring
method was studied in reference [21]. Based on vision sensors, Cheng [21] extracted the saturation
(S) channel from skin images and constructed two saturation-temperature models to estimate skin
temperature. The two models are the contactless measuring method of thermal comfort based on
saturation-temperature (NIST) and the contactless measuring method of thermal comfort based on
partly saturation-temperature (NIPST). Alan [22] proposed a contactless measuring method based on
human poses. A total of 12 poses of thermal comfort were defined and Kinect was adopted to estimate
human skeleton and poses. Further, Dziedzic [23] also used Kinect to predict human thermal sensation
and dynamic metabolic rates.

With the development of machine learning (ML) and computer vision (CV), some thermal comfort
perception methods based on ML and CV were proposed. Support Vector Machine (SVM) are often
used for analyzing existing databases (RP-884) and captured environmental parameters [24,28,29].
Further, Peng [26] use unsupervised and supervised learning to predict occupants’ behavior, applied
to three types of offices which are single person offices, multi-person offices, and meeting rooms.
The results show that the average energy savings for the entire space is 21% in experimental condition.
Li [30] proposed a fuzzy model to predict thermal sensation, skin temperature and heart rate considered
as objective parameters. For avoiding overheating, Cosma [31] extracted data from multiple local
body parts and analyzed them with four kinds of machine learning algorithms, including SVM,
Gaussian process classifier (GPC), k-neighbors classifier (KNC) and random forest classifier (RFC).
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The kinds of machine learning adopted in references [24,26,28–31] are traditional algorithms.
In recent years, the use of deep neural networks is on the rise [32,33]. In addition, a kind of subtleness
magnification technology was presented [34,35]. These provide new directions and opportunities for
the measurement of human thermal comfort. Based on this technology, a novel contactless measuring
method was generated which will be introduced as follows.

3. Research Methods

3.1. Subjective Physiological Experiments

3.1.1. Subjects Data and Chamber Environments

16 human subjects were invited for experiments and the resulting data volume is 1.44 million
images. The experiments were conducted in a chamber with controllable indoor air temperature
and relative humidity. The corresponding dry-bulb air temperature is 22.2 ± 0.2 ◦C and the relative
humidity is 36.9 ± 2.5%. The resolution of vision sensor used for capturing video is 1280 × 720.
The iButton, model DS192H with uncertainty ±0.125 ◦C, was used for measuring skin temperature
from the back of subject’s hand. All the subjects are Asian females with an average age of
23.9 ± 3.9 years, average weight of 52.2 ± 6.5 kg, and body mass index (BMI) 19.9 ± 2.2 kg/m2.

3.1.2. Experimental Procedures

The experiment was conducted during winter in Sweden. There are generally three steps in
subjective physiological experiments. (1) Preparation stage: The indoor environment parameters were
measured and controlled to a suitable level. When the subjects came into the chamber, they should
rest for 10 min for adaptation. At the same time, warm water with constant temperature (45 ◦C) was
prepared. (2) Thermal stimulus: After 10 min adaptation, subjects were asked to immerse hands into
the water with 45 ◦C. The whole thermal stimulus process lasted for 10 min. (3) Big data collection:
After 10 min of stimulus, subjects were asked to sit next to the data collection desk and put her
pairs of hands under the vision sensor. The back of the hand is faced up and the data is collected
for 50 min. At the same time, skin temperature sensor (iButton) was attached to the back of one
hand. The corresponding sampling interval is 1 min. It should be noted that, based on piecewise
stationary time series analysis [36], linear interpolation was adopted in this paper, and 11 points were
interpolated into 1 min for real skin temperature captured by iButton.

3.2. Skin Sensitivity Index

3.2.1. SSI Definition

When human body encounters thermal stimuli, blood circulation will change which will also be
reflected in skin’s color and texture. In reference [21], based on the HSV (hue, saturation, value) color
space, the S channel was extracted and a linear ST (saturation-temperature) model was established.

T = ki × S + bi (1)

where i denotes subject number, the k reacts to the change rate of skin temperature, and b denotes the
intercept. S and T are skin saturation and temperature respectively. In this paper, k is defined as the
skin sensitivity index (SSI). SSI is a high weight coefficient in skin temperature changes and SSI reflects
the skin sensitivity level to external thermal stimuli.
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3.2.2. SSI Computing

Based on subjective physiological experiments, real skin temperature can be obtained by iButton.
The images were also collected from subjects’ hands. Therefore, the SSI can be calculated. The steps
are as follows: (1) Extracting each frame from captured video; (2) Segment region of interest (ROI);
(3) Extracting S channel from ROI images and computing mean values of S for each ROI image; (4)
Search SSI value based on real skin temperature and S for each subject.

3.3. NISDL Algorithm

In this paper, considering that SSI is a high weight coefficient for contactless thermal comfort
measurement, it will improve the prediction accuracy of skin temperature. Based on SSI, the NISDL
algorithm was introduced in this paper. Furthermore, to validate the effectiveness of SSI, two kinds of
deep learning frameworks (NISDL method I, II) have been constructed. The main difference between
NISDL methods I and II is that the location where the network invokes SSI to participate in the model
training is different. The NISDL algorithm constructed is introduced as follows.

3.3.1. Video Pre-Processing

In fact, skin texture variation is subtle and is difficult to perceive. In this paper, for magnifying
this kind of subtleness variation, an image subtleness magnification technology known as Euler Video
Magnification (EVM) is adopted [34,35]. Based on EVM, let c (x, t) denote skin images which are subtly
varied with time t. Suppose that the variation function is formula (2) [34,35].

C (x, t) = F (x + h (t)) (2)

where, h (t) is variation degree, F is a function which constructs the relationship between C (x, t) and h
(t). If the skin image C (x, t) is magnified, and the first-order Taylor series expansion can be handed to
F (x + h (t)).

C (x, t) = F(x + (1 + ξ) * h(t)) (3)

where ξ is the magnification coefficient which can be set based on practical application. According to
Formula (3), only the variation part was magnified to a magnitude of 1 + ξ, while the other part of skin
texture is not magnified. Therefore, the invisible texture variation is made to be visible.

It should be noted that de-noise processing should be handled before EMV processing. Further,
after the video is magnified, ROI is selected and cropped from each frame. The ROI images are
imported into NISDL method I and II for model training.

3.3.2. NISDL Method I

As shown in Figure 1, SSI values are used as input data and imported into the deep learning
network at the very beginning. The ROI images were also combined with SSI values in the first step.
According to the size of ROI images, the SSI value of each ROI image was expanded into a matrix.
The matrix is considered as a channel and combined with the 3 channels of ROI images.
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Figure 1. NISDL method I. (SSI values were combined with skin images firstly.).

The merged data between ROI images and SSI values above is inputted into four convolution
layers, which are used for dimensionality reduction. In NISDL method I, the DenseNet201 [33]
is adopted for features extraction. The last two layers of DenseNet201 are not suitable for skin
temperature measurement, hence the two layers are removed. The reason for this is that the activation
function of the last layers is softmax. Instead of these two layers, an average pooling layer and a fully
connected layer are added behind denseNet201. Based on the deep learning networks designed above,
n ROI images and n SSI values were inputted into NISDL method I. Therefore, n skin temperatures
can be obtained.

3.3.3. NISDL Method II

Figure 2 is the deep learning framework of NISDL method II. In this method, the ROI images
and SSI values were processed for features extraction. Subsequently, the two kinds of features were
combined in the second half of the whole framework. An average pooling layer and the DenseNet201
(excluding the last two layers) were also used for features extraction of ROI images. For SSI
values, a convolution layer and an average pooling layer were adopted for feature extraction and
dimensionality reduction. After features combination, three fully connected layers were constructed in
NISDL method II. Therefore, the skin temperature can be obtained. The algorithm in detail, including
NISDL method I and II, is shown in Table 1.

Figure 2. NISDL method II. (SSI values and skin images were processed by deep learning networks.
Two kinds of features were extracted and the features were combined.).
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Table 1. Contactless measuring method of skin temperature based on skin sensitivity index.

Algorithm: the NISDL algorithm

Output: NISDL model (*.h5), skin temperature (°C)
Step:

1. Video pre-processing

(1) De-noise and handle subtleness magnification for captured video.
(2) Magnification coefficient ξ is 10 (formula (3)).
(3) Extracting region of interest (ROI) from each frame of video, the size is 150×150.

2. Making label

(1) Making numerical interpolation for skin temperatures captured by iButton.
(2) Uniform interpolation is adopted, plus 11 points/min.
(3) Establish a correspondence table between ROI images and skin temperatures (after interpolation).

3. Algorithm training

(1) Commonality between NISDL method I and II

1) Training set and test set ratio: 12: 4.
2) Validation set: 500 images.
3) During network training, 32 images/batch, epoch is 8.
4) Training ~30000 images, validate once.
5) Activation function: ReLU

(2) NISDL method I

1) SSI values were concatenated with ROI images in the first steps.
2) Convolutional kernel: 1 × 1.

(3) NISDL method II

1) Features are extracted from SSI values and ROI images, respectively.
2) Concatenating the two kind of features in the second half of network.
3) Convolutional kernel: 3 × 1.

4. Optimizing model parameters

3.3.4. Evaluation Metric

For assessing NISDL algorithm constructed in this paper, the absolute error is adopted.

Error = |Tp(i) - Tr(i)| i = 1, 2, 3, . . . (4)

where Tp (i) is the prediction values of skin temperature and obtained from the proposed NISDL
algorithm. Tr (i) is the real value of skin temperature and captured by iButton. The parameter i denotes
the particular ROI image.

3.3.5. Algorithms for Comparison

Two algorithms are used for comparison in this paper: (1) DL algorithm. The commonality
between NISDL method I and II is that they all use SSI for model training. For validating the
effectiveness of NISDL algorithm (with SSI), we remove the SSI and corresponding hidden layers for
SSI features extraction from NISDL method II, so that it will be another deep learning network (without
SSI) and is named the DL algorithm hereinafter. (2) NIPST algorithm. DL algorithm, NISDL method I
and II are all nonlinear methods and data driven methods with deep learning networks. For further
validating NISDL method I and II, the NIPST algorithm is also used for algorithm comparison, which is
a linear and model driven method.
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4. Results

16 subjects were invited for subjective physiological experiments and a total of 1.44 million images
were captured. Based on this, the NISDL algorithm was validated and compared with the NIPST
algorithm and the DL algorithm.

4.1. Hardware Parameters

For this paper, a computer with a GPU was used for images processing and algorithm validation.
The GPU is GeForce GTX TITAN X, the CPU is Intel core i5-4460 CPU@3.2Ghz X 4, the RAM is 16G
and the word size is 64bit.

4.2. Training of NISDL method I

The size of ROI images are n × 150 × 150 × 3, and the size of expanded SSI vlues are n × 150
× 150 × 1. The SSI matrix was considered as a channel and concatenated with ROI images, so that
the result is n × 150 × 150 × 4. The activation function of four convolution layers, shown in Figure 1,
are Rectified Linear Units (ReLU) and the size of convolution kernel is 1 × 1. DenseNet201 was used
for feature extraction and its output is a matrix with size of n × 4 × 4 × 1920. Based on this, two
hidden layers are constructed and the size of the last layer, being a fully connected layer, is 1920 × n.

4.3. Training of NISDL Method II

The size of the expanded SSI matrix is n × 1920 × 1, which differs from that of NISDL method
I. The corresponding convolution kernel is 3 × 1. The features of SSI were extracted by two hidden
layers, and the features of ROI images were extracted by DenseNet201. As shown in Figure 2, in the
second half of framework, the two kinds of features are concatenated. In order to ensure that the SSI
features have a suitable influence on network training (moderate, not too big or too small), the size of
ROI image features is set as n × 1920, and size of SSI features is set as n × 640 (triple relationship).
Finally, the size of last three hidden layers is 2560 × 1024, 1024 × 512 and 512 × 1, respectively.

4.4. Commonality between NISDL Method I and II

During network training, the same parameters of NISDL method I and II are shown as follows.
Based on data of 1.44 million images, the ratio of training set and test set is 12:4, the number of
validation set is 500. The epoch is 8, which means that the training set was trained 8 times. The input
data batch is 32. When the error of validation set is less than 0.46 ◦C, the corresponding model (*.h5)
will be saved. Further, when 30,0000 images of training set were trained, the corresponding model
(*.h5) will also be saved. After the generation of the model, the test set images were inputted into
generated model, so that the prediction values of skin temperatures could be obtained.

4.5. Quantitative Comparison

The prediction values of skin temperature are shown in Figure 3. The set of values obtained from
iButton is ground truth. The corresponding error statistics, including mean, median, are shown in
Figure 4, which is a box-whisker plot. The mean values of NISPT, DL, NISDL method I and II in ◦C are
0.579, 0.359, 0.335 and 0.265, respectively. In addition, the median values of them in ◦C are 0.343, 0.309,
0.238 and 0.228, respectively. It was shown that deep learning methods (DL, NISDL method I and II)
are all better than the nonlinear model (NIPST) and further that the method with SSI (NISDL method I
and II) is better than the method without SSI (DL).

In this paper, the error distributions are given in Figure 5 and Table 2. The errors of DL, NISDL
method I and II are mainly concentrated in the range of 0 ◦C and 0.75 ◦C. NISDL is better than DL,
because two error percentages of NISDL corresponding to [0, 0.25) are 52.25% and 55.62%. In addition,
the error percentages of NISDL corresponding to [0.25, 0.5) and [0.5, 0.75) are less than that of DL.
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The error percentage of NIPST is increased from the interval of [0.75, 1), meaning that the performance
of NIPST is worse than DL and NISDL methods I and II.

° °

° °

Figure 3. Skin temperatures comparison between ground truth, baseline and NISDL (Images of
12 subjects (0.96 million images) were training set; images of 4 subjects (0.32 million images) were test
set. Sub-figures (a), (b), (c) and (d) are the comparison results of 4 test set (data of 4 subjects)).

°

Figure 4. Error statistics (box-whisker plot) comparison between baseline and NISDL (a). NIPST was
published in references [21]. (b). Skin images were trained directly by DenseNet201 to obtain a model
and predict skin temperature, and SSI was not involved. (c). NISDL method I and NISDL method II all
belong to NISDL. The main difference is that SSI values and skin images are combined at different times.
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Table 2. Absolute error distribution.

Absolute Error (°C)
NIPST

(Baseline, %)
DL

(Baseline, %)
NISDL Method I

(Figure 1, %)
NISDL Method II

(Figure 2, %)

[0, 0.25) 35.39 37.64 52.25 55.62
[0.25, 0.5) 24.16 35.96 28.09 30.34
[0.5, 0.75) 5.06 19.10 10.11 11.80
[0.75, 1.0) 11.24 5.62 3.37 2.250

[>1.0) 24.16 1.69 6.18 0

5. Discussion

5.1. Situation of Overcoming Challenges

NISDL has overcome the three challenges mentioned in Section 1 to some extent. A kind
of subtleness magnification technology, which is Euler Video Magnification (EVM), was used for
magnifying the skin texture variation, so that the challenges ‘(1)’ given in Section 1 can be overcome.
For overcoming challenges ‘(2)’ which is inter-individual difference, the skin sensitivity index (SSI)
was proposed and SSI is related with skin saturation. Figures 4 and 5 shows that the performance of
NISDL algorithm with SSI is better than that of DL without SSI. In practical application, skin images
will be captured in real-time (30 frames/s), the skin temperature variation can always be obtained.
Therefore, challenges ‘(3)’ proposed in Section 1 can be overcome. Furthermore, piecewise stationary
time series analysis was adopted in this paper for overcoming challenges ‘(3)’. Considering operability,
the breakpoint interval of piecewise stationary signal is set to 5 s, supposing, e.g., that the skin
temperature has a constant value during 5 s.

5.2. The Deep Learning Framework

In this paper, NISDL method I and II all belong to the deep learning method. In addition,
DL generated for algorithm comparison is also a deep learning method. The error distribution
comparison is shown in Figures 4 and 5 and the performance of NISDL II is encouraged. From the
perspective of deep learning, the main reason for this is that big data is adopted.

°

Figure 5. Error distribution comparison between baseline and NISDL (a). NIPST was published in [21].
(b). Skin images were used in training directly by DenseNet201 to obtain a model and predict skin
temperature, and SSI was not involved. (c). NISDL method I and NISDL method II all belong to NISDL.
The main difference is that SSI values and skin images are combined at different times.).
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5.3. The Proposed SSI

Although NISDL and DL are all better than NIPST, there are still a big gap between NISDL and
DL. Figures 4 and 5 and Table 2 also show that NISDL is better than DL. The main reason is that SSI
is used in NISDL. The NISDL method II is also shown to be better than NISDL method I. Further,
when SSI features are extracted and concatenated with ROI images features in the second half of
network, the performance will be better.

5.4. Reasons of Designing Two Frameworks for NISDL

Some researchers may ask, why do we design NISDL methods I and II together? The main reason
is that we want to extensively confirm the effectiveness of SSI. In this paper, SSI participates in network
training from different locations, and the results are all good. When the SSI values are removed from
network (DL), the corresponding performance decreased significantly. Based on this, we can know
that SSI is helpful for predicting skin temperature through deep learning networks.

5.5. Practical Application

Some researchers may argue that the method proposed in this paper still cannot be applied in
practice right now. In fact, a method is always being gradually improved. For example, the NISDL
proposed in this paper is better than NIPST which was proposed in 2017. In addition, when more
diverse data is captured and used for model training, the performance of NISDL will be better.

Some researchers may argue that the infrared sensor can also be used for measuring skin
temperature, so why do we use a vision-based method? In fact, the study [19,20] focused on thermal
comfort measurement with an infrared sensor. However, the measurement accuracy is limited.
Beyond this, there are other drawbacks in the infrared based measuring method: (1) Distance.
The infrared sensor should be placed close to occupant. (2) Cost. The infrared sensor with high
accuracy is expensive and the accuracy of an infrared sensor with low cost is also low. (3) Information
is limited. From the perspective of the human sensory system, the infrared sensor is ‘touch’ and
vision-based method is ‘sight’. The data captured by vision-based methods is much more than that
collected by infrared sensor. e.g., human poses can be captured by vision sensor rather than infrared
sensor for analyzing human thermal comfort. Based on these three drawbacks, the infrared-based
method is difficult to widely apply in practice.

Furthermore, some other researchers may say that vison-based contactless measuring method
may have concerns related to personal privacy. In fact, there are at least two options to protect personal
privacy issues: (1) Switch button. Based on this switch button, any customer can choose to accept or
reject the implementation of real-time personal service of thermal comfort. 92) Information selection.
In future practical applications, only the information about human thermal comfort be processed and
saved, while other information will be discarded in real-time. (3) Data protection. In order to avoid
data protection issues, processed data related to thermal comfort can be directly transferred to the
HVAC system instead of being saved. Therefore, from the perspective of human-centeredness, the
NISDL algorithm proposed in this paper is helpful.

In future practical applications, the processing capacity of HVAC system should be considered.
The HVAC system is usually equipped with computer server. The framework proposed in this paper
can be embedded on the computer server directly and GPU is required in computer server. Based on
occupant number in the building, it is necessary to prepare one or more GPUs. Further, the best ratio
between GPU number and occupant number should be validated and tuned in practical application
and will not be considered in this paper.

5.6. Exceptions

While human physiology and human thermal comfort remains a complex issue, the possibility to
measure temperature distributions on the body’s surface can provide valuable indicators. Therefore,
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in this paper, we just focus on the prediction of skin temperature. However, some exceptions still
should be mentioned. (1) There are some exceptions to the close relationship between skin temperature
and thermal comfort. e.g., while sweating occurs, as the reason of sweat evaporates and heat absorption,
the skin surface temperature will drop. However, the human perception could be hot. (2) There are
some special cases between thermal sensation and thermal comfort. e.g., Occupant sometimes has a
warm sensation, but he or she is very comfortable.

5.7. Others

Some potential limitations should be noted. (1) In this paper, all subjects are Asian females.
Therefore, maybe we only can say that the NISDL is applicable to Asian women at the present
time. Further, more data validation is required. (2) The subject acclimatization time is 10 min
in this paper. The result of a longer time, e.g., more than 30 min, will be better than that of
10 min. When the acclimatization time is 30 min, the subjects are more likely to reach a stable starting
state. (3) Relative constant parameters were set in an experiment chamber. This means that only one
thermal condition was tested. If we handle the physiological experiment in different indoor parameters
(e.g., indoor temperature), more valuable data and conclusions can be obtained.

6. Conclusions

In this paper, a kind of contactless measuring method based on skin sensitivity index for thermal
comfort (NISDL) is proposed. For validating the effectiveness of SSI, two different deep learning
frameworks with SSI were designed. A total of 1.44 million images were used for algorithm validation.
The conclusions can be summarized as follows.

(1) SSI is a good and high weight parameter in contactless measurement of skin temperature based
on a deep learning network.

(2) The location of SSI participation in NISDL network training has little impact on measuring the
performance of skin temperature. Of course, if the SSI features are extracted firstly, and then
merged with the features of ROI images, the corresponding effect is slightly better.

(3) The NISDL method proposed in this paper can be used for measuring thermal comfort and more
diverse data can help it to improve the measuring accuracy.

In practical application, the inter-difference is very large. How to define and calculate suitable SSI
will affect the measuring results. Further, more diverse data comparison is required to improve the
algorithm robustness. These areas will be our research directions in the near future.
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Featured Application: Presented results are only a case study and the authors are not able to relate

them to the population of children and teenagers in Poland; however, it is worth underlining the

positive effects of opening doors during sleep, since the CO2 concentration decreases 55−64%

without a reduction in thermal comfort. This simple action applied by parents can decrease the

contribution of low indoor environment quality (IEQIV) in children’s and teenager’s bedrooms

to approximately 1% during the night.

Abstract: (1) Background: Healthy teenagers are often sleepy. This can be explained by their
physiology and behavioral changes; however, the influence of CO2 concentration above 1000 ppm
should not be neglected with respect to sleep dissatisfaction. (2) Methods: CO2 concentrations
were measured in two similar bedrooms occupied by girls aged 9 and 13 years old. The scheme of
measurements included random opening and closing of the bedroom doors for the night. Additionally,
the girls evaluated their sleep satisfaction in a post-sleep questionnaire. (3) Results: During the
night, the CO2 concentration varied from 402 to 3320 ppm in the teenager’s bedroom and from
458 to 2176 ppm in the child’s bedroom. When the bedroom doors were open, inadequate indoor
air quality (IEQIII and IEQIV categories) was observed in both the teenager’s and child’s bedroom
during 11% and 25% of the night, respectively; however, closing the doors increased the contribution
of moderate (IEQIII) and low (IEQIV) categories of air to 79% and 86%, respectively. The girls were
dissatisfied only when the bedroom door was closed. The satisfied category of sleep was selected
only by the younger girl. (4) Conclusions: Opening the bedroom door during the night can decrease
the CO2 concentration 55–64% without reducing thermal comfort.

Keywords: teenagers; children; bedroom; IEQ; CO2

1. Introduction

There is a generally accepted opinion in society that teenagers are sleepy. This notion indicates
that sleepiness is a negative issue; however, this particular group of young people has several reasons
for being tired. From a physiological perspective, teenagers undergo the processes of puberty and rapid
increases in height [1], and, from a psychological aspect, they have problems with low self-esteem,
seeking their role in society, and getting easily involved in personal conflicts at school or within the
family [1,2]. The duration of sleep varies among individuals, with an average teenager attending
school requiring at least 8 h of sleep per night; however, the maturational changes combined with a
cell phone or computer use within the hour prior to trying to fall asleep lead to shorter sleeping hours
or sleep deprivation [3]. Sleep issues have drawn worldwide attention in recent years. Sleep problems
threaten health and quality of life for up to 45% of the world’s population, and 35% of individuals feel
that they do not get enough sleep, which has negative effects on both physical and mental health [4].
Rafihi-Ferreira et al. [5] referenced several studies, in which the association between sleep quality
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and behavioral problems was investigated, demonstrated a relationship between externalizing and
internalizing problems and sleep problems in children. This association becomes even more serious
when considering that childhood sleep problems may persist and that they constitute a greater risk for
other behavioral problems. In comparison with psychological state, body condition, and circadian
rhythm, indoor environment quality (IEQ) including thermal conditions and indoor air quality (IAQ)
can improve sleep through environmental control. Matricciani et al. [6] in the meta-review underlined
that sleep duration is associated with adiposity in children, while sleep quality, timing and variability
appear important for children’s health, but further research is needed. Children and teenagers are
more adversely affected by indoor air pollution than adults since they breathe a greater volume of air
relative to their body weight, which may lead to a greater burden of pollutants on their bodies [7,8].
The quality of the indoor environment not only affects health and comfort, but it may also impair
learning ability. Poor IEQ, as a result of inadequate thermal conditions, and IAQ can cause symptoms
such as being too hot or too cold as well as feeling restless or sleepy [7].

A powerful remedial to improve IAQ is to increase the outdoor air supply rate; however, in
recent years, effort has been focussed on decreasing energy consumption. Within houses, the building
airtightness is maximized and the ventilation rates are minimized, leading to a general deterioration in
indoor air quality. Consequently, by focussing on optimal indoor thermal comfort, air infiltration and
dilution of indoor air pollutants are lowered.

Generally, in passive stack ventilation systems, to create optimal air quality conditions for the
maintenance of health and comfort of the occupants, windows should be open slightly. In moderate
climate zones such as Poland, this is the best solution from spring to fall seasons; however, during
winter, unsealed windows decrease thermal comfort. The Upper Silesia region, in comparison with
other Polish regions and European Union countries, is characterized by relatively high particulate
matter concentrations. Although the last three decades of economic changes have forced the greatest
drop in Polish industrial air pollution by closure of the old steelworks, cookeries, coal mines, and
coking plants, emissions from small-scale combustion utilities, such as domestic boilers, together with
re-suspension processes from urban surfaces and road traffic, have become particularly dangerous.
Investigations performed during the winter season confirm that the hazard of domestic sources
originates from the low quality of fuels (coal, biomass, culm, or even refuse) used for heating [9,10].
According to the dominant role of coal combustion in the region, residents are even advised not to
open windows during winter, particularly at low wind speed, since it decreases IAQ.

IAQ is a multi-disciplinary phenomenon and is determined by many pathways in which chemical,
biological, and physical contaminants eventually become a portion of the total indoor environmental
composition. There is spatial and temporal heterogeneity of these contaminants, and the determination
of exposure is difficult due to the diversity of time that occupants spend within the space [11,12].
Among indoor air pollutants, carbon dioxide (CO2) is considered a useful and easily measurable
indicator of the ventilation and air quality in indoor environments. Although this pollutant itself does
not cause serious health issues at lower concentrations and, for short durations, higher concentrations
can indicate a lower ventilation level and possible air contamination with other pollutants [13].

In residential non-smoking areas, with the exception of kitchens, occupants are a major source of
CO2 through exhalation. Mean concentrations of CO2 during cooking times are significantly higher
(p < 0.01) than those during non-cooking times, with no significant differences among fuel types [14].
While the CO2 generation rate per person varies as a function of age, activity, and diet, on average,
children aged 6–11 years old produce 448 mg/min/p and adults generate 763 mg/min/p [15]. Persily
and de Jonge in [16] presented CO2 generation rates according to age and gender. During sleep, the
level of physical activity (MET) is 1.0; thus, the calculated metabolic rate in children aged 6–11 years
old is 295 mg/min/p and 271 mg/min/p for boys and girls, respectively, while, for 11–16-year-old
males and females, it is 401 mg/min/p and 342 mg/min/p, respectively. Teenagers generate more CO2

according to their higher body weight, and they demand more privacy, therefore keeping their door
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closed all day and night. The metabolic activity itself influences air quality in bedrooms by reducing
the concentration of oxygen and increasing the level of CO2.

For CO2, the exposure limits have been derived exclusively on the basis of health considerations.
The Exposure Guidelines for Residential Indoor Air Quality [17] suggest that CO2 concentrations above
1800 mg/m3 (1000 ppm) are indicative of an inadequate supply of fresh air, although complaints have
been documented at concentrations as low as 1100 mg/m3 (600 ppm) [17]. Assumptions regarding these
levels are in accordance with ASHRAE standards, which previously (62-1989) considered 1000 ppm as
the highest acceptable concentration for a minimum sanitary requirement and 8 l/p/s as the minimum
ventilation rate. More recent standards (ASHRAE 62-1999, 62-2001, and 62-2004) recommend that
the indoor-outdoor differential concentration should not exceed 700 ppm [15]. Generally, a sufficient
margin to protect against undesirable changes in the acid-base balance and subsequent adaptive
changes such as the release of calcium from bones is a level of 6300 mg/m3 (3500 ppm) [17]. However, a
higher maximum exposure concentration is recommended for direct physiological effects of exposure
to CO2 as opposed to subjective symptoms. Subjective symptoms such as fatigue, headaches, and
an increased perception of warmth and unpleasant odors have been associated with CO2 levels of
900–5800 mg/m3 (500–3200 ppm) [17].

Polish legal acts do not specify permissible concentrations of CO2 in ambient air or in rooms
intended for the permanent residence of individuals, i.e., apartments and houses. The regulations
of the Ministry of Family, Work, and Social Policy define the highest permissible concentrations and
intensities of agents harmful to health in the work environment [18]. The highest permissible CO2

concentration is 9000 mg/m3. Thus far, the Polish Committee for Standardisation followed general
guidelines concerning the quality of air inside non-residential buildings (PN-EN 13779 standard [19]),
but, in May 2019, the Polish Committee for Standardisation accepted EN-16798-1 (in English) [20] as
a national standard and in CEN/TR 16798-2 Technical Report [21] including recommended criteria
for the CO2 calculation for demand-controlled ventilation in occupied living rooms and bedrooms.
Design ΔCO2 concentration for bedrooms (ppm above outdoors) are within the limits of ≤380 ppm
(IEQI), 380–550 ppm (IEQII), 550–950 ppm (IEQIII), and ≥950 ppm (IEQIV) corresponding to high (I),
medium (II), moderate (III), and low (IV) indoor environment quality, respectively.

IEQ evaluation based on CO2 concentration and possible effects on occupants comfort has been
examined [11,22–27]. Polish research on CO2 levels and possible occupant fatigue includes a few
publications [9,28–31]; however, no research regarding IEQ in the bedrooms of Polish children and
teenagers have been performed. Such studies can help to better define how behavioral patterns
influence the possible exposure levels of air pollutants and occupant fatigue. The present paper
presents the results of the measurement of CO2 levels and the corresponding IAQ linked to the possible
tiredness and lethargy of a teenager as compared with a child.

2. Materials and Methods

The concentration of CO2 was continuously measured in two bedrooms: one occupied by a
teenage girl aged 13 and a second by a younger girl aged 9. The choice of girls instead of boys was
intentional since, among children and teenagers, more males than females exhibit excessive nightly
use of computer games and consequent sleep disturbances [1]. Moreover, Karjalainen [32] suggested
that female occupants should primarily be used as subjects when examining indoor thermal comfort
requirements, since, if women are satisfied, then it is highly probable that men are also satisfied.
Participation in the present study was voluntary. Prior to starting the measurements, the participants’
parents gave informed consent.

The home of the girls was located in the suburbs of the western part of the Upper Silesia region.
The distance from the urban area was approximately 10 km (Figure 1). The house was built in 2008
and was located in the third row of buildings, 100 m from the local street. It was a detached house
(Figure 1) with an attic and no basement. The house area was 98 m2 with a glass terrace of 12 m2. The
measurements were performed in the South and North bedrooms, which each had an area of approx.
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12 m2 and were occupied by the older and younger girl, respectively; detailed information has been
added in Supplementary Materials Table S1.

 

Figure 1. Location, south view and ground floor plan of the house.

The sampling strategy for CO2 included indoor CO2 concentration, measurement, and
questionnaires. Precautions necessary to avoid measurements in air directly exhaled by building
occupants were performed as described in [33]. One automatic portable monitor (model 77535, Az
Instruments International Ltd., Hong Kong, China) connected to a PC with RS232 software installed
was used in the present study. According to Mahyuddin et al. [34], one CO2 sensor in a room with
<100 m2 floor area had significant p-value relationships, and the breathing zone within the occupied
space was considered to be between 1.0 and 1.2 m in the middle of a zone as a representative location.
The monitor was equipped with a non-dispersive infrared sensor. The precision of measurements
ranged between +0 and +10,000 ppm CO2: ±100 ppm CO2 or ±3% at a concentration below 100 ppm.
The monitor also displayed and recorded in real-time the measurements of air temperature and relative
humidity in the bedroom, allowing for logged data to be downloaded for analysis. The selected
sampling interval was 60 s.

To estimate the parameters influencing CO2 concentrations in the bedrooms during the
measurements, parents were asked to note whether each daughter left the room for a longer period
during the night. They provided a diary in which it was specified whether the windows and doors were
closed, ajar, or fully open during the monitored days and nights. Additionally, the girls were asked to
evaluate their sleep satisfaction as categorized into five levels [4]: very dissatisfied (1), dissatisfied (2),
moderate (3), satisfied (4), and very satisfied (5). However, for the analysis, three levels were used:
very dissatisfied and dissatisfied, defined as dissatisfied; moderately satisfied, defined as moderate;
and satisfied and very satisfied, defined as satisfied. The evaluations of sleep quality were included in
the post-sleep questionnaire. In total, 137 questionnaires were acquired, with 121 being valid.

During the study, the family was asked to maintain their regular routine regarding the opening of
doors and windows. It should be underlined that, during daylight hours, the bedroom windows were
fully open only twice for cleaning and ajar for a maximum of 1 h less than 10 times. The measurements
were performed between 16 September 2018 and 2 March 2019. For the final analysis, 102 nights from
9:00 p.m. to 7:00 a.m. (51 nights per room) were included.
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3. Results

As mentioned above, proper ventilation controls IAQ. Among the techniques adopted to evaluate
ventilation rates, the one based on the measurement and analysis of the indoor CO2 concentration
and trends is the most common approach; however, it could be improved by the integration of an
electronic nose for odor detection [35]. Acceptable ventilation conditions can be easily achieved in
mechanically ventilated rooms, but it is not equally simple to maintain CO2 and odor levels under
control in indoor environments that are naturally ventilated [35]. Natural ventilation is typical for
detached buildings in Poland, where the ventilation and the IAQ are controlled only by means of
air infiltration through cracks and openings. The IAQ gets worse during the winter season when
the desire for thermal comfort and acceptable IAQ are in conflict. For the characterization of IAQ by
measuring CO2 concentration, several indicators and criteria can be used [25]. We selected the average
CO2 concentration and a time fraction over a limit of ΔCO2 values spent during the night according to
the PN-EN 16798 standards [20,21].

Figure 2 shows the field measurements in the teenager’s and child’s bedrooms, including the CO2

concentration range, when the doors were open and closed.

 
Figure 2. CO2 concentration inside the teenager’s and child’s bedrooms during the night.

During the night, the short-term (60 s average) concentrations varied from 402 to 3320 ppm in the
teenager’s bedroom and from 458 to 2176 ppm in the child’s bedroom. Thus, the highest concentrations
exceeded the limits characteristic of subjective symptoms such as fatigue, headaches, and an increased
perception of warmth and unpleasant odors [14]. If we compare the data separately by day of the week
(Table 1), it is clear that, despite similar average concentrations, the maximum concentrations were
significantly higher in the teenager’s bedroom.

Table 1. Average, minimum, and maximum CO2 concentrations according to the day of the week.

Parameters

CO2 Concentrations, ppm

Teenager’s Bedroom Child’s Bedroom

Average Minimum Maximum Average Minimum Maximum

Monday 1127 402 3102 1828 1828 1828
Tuesday 998 597 2336 1114 554 1855

Wednesday 1088 452 2897 1144 458 1855
Thursday 1199 411 2695 1118 688 1778

Friday 1195 479 3320 1076 563 1757
Saturday 3061 3061 3061 1262 599 2176
Sunday 1191 405 3188 1993 1993 1993
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Distinguishing between open and closed doors in the teenager’s and child’s bedrooms, the average
nightly concentrations were not significantly different (p = 0.76; 1077 and 1103 ppm, respectively);
however, there was a statistically significant difference in CO2 concentration between bedrooms with
open and closed doors (Figure 3). In the teenager’s bedroom, opening the doors during the night
decreased the average CO2 concentration by 55%, and in the child’s bedroom, the observed decrease
was 64%.

Figure 3. Mean temperature, relative air humidity, and CO2 concentration inside the teenager’s and
child’s bedrooms during the night.

Moreover, room temperature and humidity are important factors that may influence perceived
environment quality. They both affect the thermal balance of the human body through effects on the
skin and respiratory organs. Changes in air temperature trigger a sympathetic reflex via the skin
that strengthens with lower air temperature. High temperatures and humidity require the human
body to respond by increasing heat loss through the skin surface via blood circulation. The relation
between indoor temperature and humidity depends on the season and indoor conditions [36]. In
our study in the younger girl bedroom, the temperature and humidity correlation coefficient were
−0.10 and −0.08 (p < 0.05) with opened or closed doors, respectively. In the older girl bedroom, the
temperature and humidity were weakly positively correlated in the case of opened doors 0.26 and
negatively correlated −0.33 in the case of closed doors. The mean room temperature differed between
the teenager’s and child’s bedrooms significantly (p < 0.01). The mean temperature in the teenager’s
bedroom (21.1 ± 1.11 ◦C) was lower than that in the child’s bedroom (22.05 ± 0.59 ◦C); however, the
influence of opening and closing the doors to each bedroom during the night was not statistically
significant (p > 0.05). The mean nightly temperature in the teenager’s bedroom was 21.07 ± 1.39 ◦C
and 21.01 ± 0.76 ◦C with open and closed doors, respectively, while, in the child’s bedroom, the mean
nightly temperature was 22.06 ± 0.62 ◦C and 22.03 ± 0.57 ◦C, respectively. In the case of humidity,
a significant difference (p < 0.01) between the teenager’s and child’s bedrooms was also observed
(46.46 ± 5.79% and 33.39 ± 3.41%, respectively). In the teenager’s bedroom, the humidity did not differ
between nights with respect to open and closed doors (46.04 ± 5.97% and 46.89 ± 5.68%, respectively),
while, in child’s bedroom, this difference was statistically significant (p < 0.01; 31.83 ± 3.20% and
34.88 ± 2.95%, respectively).

Based on WHO regulations [37] and the PN-EN 16798-1 and CEN/TR 16798-2 standards [20,21],
the increase in CO2 concentration in relation to that of outdoor air (ΔCO2) was measured in both
bedrooms. During the night, the general IEQ in the bedrooms included 32% in the high category (I),
28% in the medium category (II), 19% in the moderate category (III), and 21% in the low category (IV)
in the older girl’s bedroom and 14%, 29%, 32%, and 24%, respectively, in the younger girl’s bedroom.
This indicates that, for 10 h of rest at night, the teenager spent approximately 3 h in proper air quality,
while the child spent only approximately 1.5 h. The indoor concentrations of CO2 showed a higher
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contribution of inadequate air quality in the III and IV categories, corresponding to moderate and
low IEQ, in the younger girl’s bedroom. When the bedroom doors were open, inadequate IEQ was
observed in the teenager’s and child’s bedrooms for 11% and 25% of the night, respectively (Figure 4);
however, closing the doors increased the contribution of the moderate (III) and low (IV) categories to
79% and 86%, respectively.

Figure 4. Categories of the indoor environment inside the teenager’s and child’s bedrooms during
the night.

Despite the fact that the teenage girl spent an extra 1.5 h in the high and medium quality
environment (IEQI and IEQII), this did not correspond to sleep satisfaction. In the older girl’s opinion,
her sleep during study was never satisfying. During 51 nights of measurement, the teenage girl
evaluated her sleep as moderate (3) for 36 nights, 13 nights as dissatisfied (2), and only two nights
as very dissatisfied (1). The younger girl made a more positive assessment, evaluating seven nights
as satisfied (4) and one night as very satisfied (5), eight nights categorized as dissatisfied (2), while
one night as very dissatisfied (1), and 34 nights as moderate (3). Following the small contribution of
very dissatisfied (1) and very satisfied (5) categories, we gathered categories (1) and (2) into one group
defined as low sleep satisfaction, in addition to categories (4) and (5) in one group defined as high
sleep satisfaction, as presented in Figure 5.

Figure 5. Low, moderate, and high sleep satisfaction of the teenager and child corresponding to
categories: Very dissatisfied and dissatisfied (1) + (2); moderate (3), as well as satisfied and very satisfied
(4) + (5).

159



Appl. Sci. 2019, 9, 3533

Deeper analysis reveals that the girls were dissatisfied only when the bedroom door was closed.
It is interesting that the average CO2 concentration during the nights evaluated as dissatisfied had a
similar average value of 1691 ppm and 1623 ppm in the older and younger girl’s bedroom, respectively.
Moreover, the average concentration ranges were not statistically different (1070 ppm and 1079 ppm to
2308 ppm and 1878 ppm) in the teenager’s and child’s bedroom, respectively. The moderate category
was selected during the nights with open as well as closed doors. The average concentration of CO2

during nights defined as moderate with open doors was 766 ppm and 903 ppm in the teenager’s and
the child’s bedroom, respectively, while, during nights with closed doors, the CO2 concentration was
968 ppm and 1185 ppm, respectively. The satisfied category of sleep was selected only by the younger
girl during nights with open doors, corresponding to an average CO2 concentration of 769 ppm.

4. Discussion

To ensure that the CO2 concentration is at a lower level, it is necessary to supply an adequate
amount of fresh air instead of used air. Bekö et al. [38] summarised that the most influential variables
on the air change rate (ACR) are room volume, number of individuals sleeping in the bedroom, average
window and door opening habits, location of the measured room (ground or higher floor), and year of
building construction. The authors underlined that more door opening results in a higher air change
rate. Our study was performed in two similar bedrooms occupied by girls aged 13 and 9 years old.
Due to a low IAQ outside the building, the window opening was very limited; thus, we focussed
on door opening and compared it with subjective evaluation of sleep satisfaction. Research by Bekö
et al. [38] revealed that, when the bedroom doors are ajar or fully open instead of closed, the ACR
increases from 0.48 to 0.55 (14%) and 0.71 (48%). Although we did not calculate the ACH, the observed
decrease in CO2 concentration while keeping the bedroom doors open during the night was 55% and
64% in the teenager’s and the child’s bedroom, respectively.

Generally, adults appear to be additional immune to the consequences of sleep deprivation,
whereas children, teenagers and particularly young children tend to be a vulnerable subpopulation
as they spend the majority of their time indoors at home while their respiratory and other systems
are under development [8]. When an individual does not get enough sleep to feel awake and alert,
they begin to experience symptoms of sleep deprivation such as yawning, irritability, fatigue, inability
to concentrate, moodiness, forgetfulness, lack of motivation, depression, and poor perspective on
life [3]. In our study, the average concentration during the night was similar in both bedrooms, at
1077 ppm (teenager) and 1103 ppm (child), which is comparable with the average CO2 concentration
in unoccupied bedrooms (999 ppm and 1236 ppm in South and North bedrooms, respectively) as
reported by Bouvier et al. [25]. In occupied bedrooms, the authors in [25] reported higher (1585 ppm
and 1760 ppm in South and North bedrooms, respectively) than our average concentration of CO2,
which was 766 ppm and 860 ppm with open doors and 1402 ppm and 1337 ppm with closed doors, in
the teenager’s and the child’s bedroom, respectively (Figure 3). However, it is similar to the average
CO2 concentration of 716 ppm measured in 13 bedrooms located in Athens’ residences [39].

During the night with the doors closed, in the teenager’s and the child’s bedroom, 48% and 43%
of CO2 concentration measurements were higher than 950 ppm above outdoor CO2 concentration
(398 ppm), which corresponds to category IV–low indoor environment quality (IEQIV), and, when
open, it was < 1% in both bedrooms. The PN-EN 16798-1 standard [20] underlines that a lower level
will not provide any health risk but may decrease comfort. At the same time, the categories are related
to the levels of expectations. A normal level would be medium, but, for occupants with special needs
(children, elderly, persons with disabilities, etc.), a higher level might be selected. During the research
with opened doors, a high IEQ prevailed during 51% of the night in the teenager’s bedroom, and
during 26% of the night in the younger girl’s bedroom. In comparison, the authors in [25] reported
that time spent by an occupant in a CO2 concentration over 1500 ppm in a mechanically ventilated
detached house was approximately 30% of an entire day; thus, the IEQ in researched bedrooms could
be satisfying with the door open; however, only the younger girl evaluated sleep satisfaction as high
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(16%). The subjective assessment of sleep satisfaction points to a lower IEQ in the case of the older girl’s
bedroom, which can be supported by a greater CO2 concentration range (Figure 2) in the teenager’s
bedroom. Nevertheless, the sharing of categories of environment calculated based on the PN-EN
16798-1 standard [20] does not explain the lower sleep satisfaction in the older girl’s assessment. The
reason can be seen in Table 1, which presents average CO2 concentrations and ranges depending on
the day of the week. In the teenager’s bedroom, the maximum CO2 concentrations were >3000 ppm
on four days of the week (Mondays, Fridays, Saturdays, and Sundays), while, in the younger girl’s
bedroom, the maximum CO2 concentration exceeded 2000 ppm only on Saturday nights. These results
indicate the important role of short-term high concentrations in sleep satisfaction assessment.

Increasing the effectiveness of the building ventilation system is to decrease the number of
exceedances of CO2 concentration in naturally ventilated buildings. A cheap and simple solution is
the application of ventilation grills to the window frames [40]. We would recommend simple passive
grilles, where the airflow is due to the pressure drop between the indoor and the outdoor environment
in addition to the typical pressure drop of the grille itself. Humidity-sensitive grills might not be very
effective in this case because of lower humidity values (29.7–50.4%) in the bedrooms during the heating
season (Supplementary Materials Table S1).

5. Conclusions

We investigated the variability of CO2 concentration in naturally ventilated bedrooms occupied
by a teenage girl and a female child according to their sleep satisfaction. Despite the fact that the
average CO2 concentration was 1077 ppm in the teenager’s bedroom and 1103 ppm in the child’s
bedroom, the concentration ranges were much wider, from 402 to 3320 ppm and 458 to 2176 ppm,
respectively. The average concentration during the night with the doors closed was 1402 ppm and
1336 ppm, respectively; however, the simple action of door opening decreased the CO2 concentration
by 55% and 64% in the older and younger girl’s bedroom, respectively.

In the studied period of heating season (from 16 September 2018 to 2 March 2019) during the
night (9:00 p.m. to 7:00 a.m.), the time spent by the teenage and younger girls at a concentration over
1348 ppm (IV—low IEQ category) was generally 21% and 24%, respectively. With the doors open, the
low IEQ contributed to <1% of the time in both bedrooms; however, keeping the doors closed increased
the contribution of low IEQ to 48% and 46% in the teenager’s and the girl’s bedroom, respectively.
This highlights the strong influence of simple door opening during children’s sleep.

The evaluation of sleep satisfaction highlights that the teenage girl was more dissatisfied in the
mornings than was the younger girl, indicating the important role of short-term CO2 concentrations
>3000 ppm in sleep satisfaction assessment.

There are several limitations to this work. This study was limited by small sample size and was
confined to one house. The suburban site where the house was located may be different from the
general population of children and teenagers in Poland with respect to socioeconomic status, education,
and other risk factors for adverse health outcomes, all of which may affect the level of IEQ of the home.
The relationships presented here cannot be directly linked to other groups of children, and may not be
applicable to other regions due to community differences and the air quality in the area. In Poland,
during winter, suburban and rural areas according to individual coal heating systems tend to be more
polluted than urban areas connected to collective heating systems, which influences the air quality
in the area. Finally, these results apply to residential indoor exposure and may not apply to indoor
exposure experienced in settings such as multi-family buildings. Of two bedroom IEQ measures
during nights, we found that the parent’s approval of children’s and teenager’s privacy by keeping the
doors closed increased airtightness in the bedrooms, favoring low ventilation rates and poor indoor
environment quality (IEQ). Caution should be taken regarding the fact that the measurement results
may not be able to be interpreted as a human exposure level under regularly ventilated conditions
since the data were obtained after the windows were closed. However, it could be useful for predicting
exposure of CO2 in children and teenagers during the night, since it is not only in Poland where
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occupants tend to close the windows and doors while sleeping. Examination of these relationships in
other buildings, over a longer period of time, as well as involving wilder groups of participants, could
help to explain what parameters affect indoor environment and sleep quality, which has effects on both
physical and mental health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/17/3533/s1,
Table S1: General characteristic of studied bedrooms as well as the distribution of nightly average indoor
temperature and humidity in each studied bedroom depending on door opening.
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Abstract: High concentrations of air pollutants and increased morbidity and mortality rates are
found in industrial areas, especially for the susceptible group, children; however, most studies use
atmospheric dispersion modeling to estimate household air pollutants. Therefore, the aim of this
study was to assess the indoor air quality, e.g., CO, CO2, NO2, SO2, O3, particulate matter with
aerodynamic diameter less than 2.5 μm (PM2.5), and their influence factors in children’s homes in
an industrial city. Children in the “general school”, “traffic school”, and “industrial school” were
randomly and proportionally selected. Air pollutants were sampled for 24 h in the living rooms and
on the balcony of their houses and questionnaires of time–microenvironment–activity-diary were
recorded. The indoor CO concentration of the traffic area was significantly higher than that of the
industrial area and the general area. In regard to the effects of window opening, household NO2 and
PM2.5 concentrations during window opening periods were significantly higher than of the reference
periods. For the influence of cooking, indoor CO2, NO2, and PM2.5 levels during the cooking periods
were significantly higher than that of the reference periods. The indoor air quality of children in
industrial cities were affected by residential areas and household activities.

Keywords: indoor air quality; children’s house; industrial city; window opening; cooking

1. Introduction

According to the Environmental White Paper of Taiwan Environmental Protection Agency (Taiwan
EPA), the annual average concentrations of ambient CO, NO2, SO2, and O3 in 2008 were 0.47 ppm,
16.90 ppb, 4.35 ppb, and 29.09 ppb, respectively. The Kaohsiung–Pingtung area was the worse
polluted area in Taiwan and accounted for 5.93% of station-days of the Pollutant Standards Index
(PSI) > 100. Especially, Kaohsiung is a heavy industrial city. In industrial areas, high concentrations
of air pollutants and increased morbidity and mortality rates are found, depending on the types
of industrial activities and exposure concentrations in residential areas [1,2]. Children are more
susceptible to the health effects of air pollution than adults due to not having full development of their
pulmonary metabolic capacity [3]. Long-term exposure of air pollution may affect children’s lung
development [4]. Previously, most of the studies revealed that ambient pollution such as particulate
matter with aerodynamic diameter less than 10 and 2.5 μm (PM10 and PM2.5), sulfur dioxide (SO2),
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nitrogen dioxide (NO2), volatile organic compounds (VOCs), etc. in industrial areas may increase
the risk of respiratory symptoms, and attacks of asthma in children [1,5,6]. Therefore, indoor air
quality of children’s homes may be very important to children’s health, especially in industrial cities,
since children spend most of their time at home [7].

Indoor air quality may be affected by indoor human activities such as cooking, smoking, cleaning,
etc. and the infiltration of outdoor pollutants produced from the traffic or industrial sources [8–11].
For example, SO2, NOx, PM2.5, and carbon monoxide (CO), the major conventional air pollutant in steel
plants, oil refineries, and vehicular exhaust emissions [12–14], may enter a house through cracks and
windows [15,16]. In addition, if the indoor air is not well ventilated, the air pollutants may accumulate
in the indoor environment, and then seriously affects the health of the inhabitants [17].

Previously, atmospheric dispersion modeling was used to estimate the household concentrations
of indoor air pollutants in industrial areas [1,18,19]. Only a few studies actually measured individual
exposure [20] and household concentrations [21–23], and these studies only focused on PM mass
concentrations, elemental composition, and VOCs concentrations. However, other air pollutants e.g.,
CO, carbon dioxide (CO2), NO2, SO2, and ozone (O3) in households in industrial cities also need to be
considered. Therefore, the main aim of this study was to assess the indoor air quality including CO, CO2,
NO2, SO2, O3, and PM2.5, temperature and relative humidity, and their influence factors (e.g., window
opening and cooking) in children’s homes in an industrial city—Kaohsiung City. To our knowledge,
this is the first study to assess the indoor air quality including CO, CO2, NO2, SO2, and O3 in children’s
homes in an industrial city. In addition, the second aim was to evaluate potential determinants of
indoor air pollutants levels of occupants’ activities, including cooking and window opening, etc. It is
also the first study to reveal the differences of air pollutants between cooking periods/window opening
periods and reference periods through a time–microenvironment–activity-diary via a questionnaire in
one-hour time segments.

2. Materials and Methods

2.1. Study Area

Kaohsiung City (22◦38′ N, 120◦17′ E), located in southern Taiwan and with the population density
of 9962.6/km2 in 2010, is the largest industrialized harbor city in Taiwan with intense traffic and heavy
industries including the largest steel plant (the China Steel Corporation, which also ranked the 19th
steel mill in the world in 2005), the largest oil refinery (the CPC Corporation), the largest international
shipbuilding (it ranked 6th in the world in 2005) in Taiwan, and many petrochemical industries.

2.2. Study Design

In April 2010, we selected three elementary schools in Kaohsiung City. One elementary school
had a general air quality monitoring station of Taiwan EPA on the roof of the 4th floor, so we called
this school a “general school”. Another elementary school was 0.33 km from Taiwan EPA’s traffic
air quality monitoring station and was regarded as a "traffic school". The “industrial school” was an
elementary school located near the Xiaogang Industrial Zone in Kaohsiung City and about 0.30 km
from Taiwan EPA’s air monitoring station. The study population was limited to children who attended
these schools. The number of students in the “general school”, “traffic school”, and “industrial school”
were 1669, 987, and 960, respectively. After obtaining the assented of the child and the permission of
the parents, we recorded the subjects who agreed to home visits for environmental sampling. Children
were randomly and proportionally selected from each school to participate in this study. Finally,
the home visits of 32, 16, and 12 participants in the “general school”, “traffic school”, and “industrial
school”, respectively, were completed between April 2010 and October 2010.
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2.3. Air Sampling

Indoor air pollutants including CO, CO2, NO2, SO2, O3, PM2.5, temperature, and relative humidity
were measured by real-time monitoring equipment for 24 h in the living rooms. We also measured
the atmospheric CO, CO2, NO2, SO2, O3, and PM2.5 on the balcony as outdoor concentrations.
All instruments were placed on the bench at a height of approximately 1 m above the ground. The PM
was measured by a real-time optical scattering instrument (DUSTTRAK™ DRX Aerosol Monitor
Models 8533, TSI Incorporated, Shoreview, MN, USA) and the measurements were taken every 1 s by
the flow rate of 3.0 L/min with detectable concentration from 0.001 to 150 mg/m3. The CO, CO2, NO2,
SO2, indoor temperature, and relative humidity were also recorded (KD-airboxx, KD Engineering,
Blaine, WA, USA) every 15 s with the measuring range of 0 to 500 ppm, 0 to 10,000 ppm, 0 to 20 ppm,
0 to 20 ppm, 0 to 50 ◦C, and 5% to 95%, respectively. The accuracy of CO, CO2, NO2, and SO2 were
±3% of reading or 2 ppm (whichever was greater), ±5% of reading or 60 ppm (whichever was greater),
0.25 ppm, and 0.25 ppm, respectively. The resolution of CO, CO2, NO2, and SO2 were 0.1 ppm, 1 ppm,
0.01 ppm, and 0.01 ppm, respectively. In terms of O3, it was detected by a real-time monitoring (Model
202 Ozone monitorTM, 2B Technologies Inc, Boulder, CO, USA) every 5 min with the measuring range
of 0 to 250 ppm.

All real-time monitors were manufacturer-calibrated for the study in the beginning of this study
and every six months. Before every field sampling, the DUSTTRAK™ DRX Aerosol Monitor Models
8533 was calibrated using emery oil aerosol and nominally adjusted to the respirable mass of standard
ISO 12103-1, A1 test dust, (Arizona Dust); and the KD-airboxx, the Model 202 Ozone monitorTM were
calibrated using zero gas and span gas. In addition, the zero calibrators of instruments were carried
out, and the flow rate of sampling pump also was adjusted by Gilian Gilibrator-2NIOSH Primary
Standard Air Flow Calibrator (Sensidyne, St. Petersburg, FL, USA) before every household sampling.

2.4. Household Characteristics

In addition, household characteristics including the number of occupants, air-conditioning
use, smoking, incense burning, etc. were also recorded in the questionnaires. In addition
to household characteristics, data on potential determinants of indoor air pollutants levels of
occupants’ activities, including cooking and window opening, etc. were obtained through a
time–microenvironment–activity-diary via a questionnaire in one-hour time segments. We also
actually evaluated the effects of window opening and cooking on indoor air pollutants. The window
opening periods were defined from a time–microenvironment–activity-diary and two one-hour
periods before and after window opening periods were defined as the reference periods. In terms
of cooking, the cooking periods were the periods recorded by participants as cooking from a
time–microenvironment–activity-diary and the reference periods were defined as the one-hour periods
before the cooking periods.

2.5. Ethics

This study was approved by the Institutional Review Board of the Kaohsiung Medical University
Chung-Ho Memorial Hospital (the protocol number was KMU-IRB-990045). Informed written consent
was obtained from each child (the phonetic version of the consent form that the children read and
signed) and their legal guardians.

2.6. Statistical Analyses

Statistical analyses in this study were performed using SAS version 9.3 (SAS Institute of Taiwan
Ltd, Taipei, Taiwan). Descriptive statistics were used to describe the 24-hour of average of exposure data
(indoor/outdoor air pollutant concentrations, temperature, and relative humidity). The concentrations
of air pollutants were not normally distributed (data not shown), therefore we analyzed our data by
nonparametric statistics, also known as distribution-free statistics. A paired Student’s t-test was used to
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assess the difference in the average concentration of air pollutants between indoor and outdoor, between
window opening periods and reference periods, and between cooking periods and reference periods.
With the objective of evaluating significant differences among the areas (general, traffic, and industry)
for all air pollutants variables, data were analyzed using one-way analysis of variance (ANOVA) with
Scheffe multiple comparison test. The generalized estimating equations (GEE) is a general statistical
method in a longitudinal study with small samples for adjusting time interference, in which each time
point is an independent event. Finally, the relationships between the 24-hour average concentrations of
indoor air pollutants (dependent variable) and household characteristics (independent variable) were
analyzed using GEE, adjusting for other household characteristics, and time interference. A p-value of
less than 0.05 was considered significant.

3. Results

Table 1 shows the descriptive statistics of 24-h average indoor and outdoor air pollutants,
temperature, and relative humidity in 60 houses. When indoor air pollutants were paired with
outdoors within the same home, we found that the 24-hour average concentrations of indoor CO, CO2,
and NO2 were significantly higher than the 24-hour average of outdoors concentrations, whereas,
outdoor O3 and PM2.5 concentrations were significantly higher than indoor concentrations (all p < 0.01).
The average distance between homes of subjects and their school were 0.86 km, 0.94 km, and 1.46 km
in general, traffic, and industrial areas, respectively, as well as, the average distance between homes of
subjects and the nearest air monitoring station were 1.07 km, 0.97 km, and 1.46 km in general, traffic,
and industrial areas, respectively.

Table 1. Descriptive statistics of 24-h average indoor and outdoor air pollutants, temperature,
and relative humidity in 60 houses.

Mean Median
Standard
Deviation

Minimum Maximum p-Value #

CO (ppm) indoor 3.47 0.83 4.29 0.00 12.27
0.004 ‡outdoor 0.60 0.38 0.55 0.00 1.98

CO2 (ppm) indoor 655.43 479.55 321.60 413.82 1320.00
<0.001 ‡outdoor 322.22 319.92 17.23 285.83 353.90

NO2 (ppb) indoor 185.30 177.97 41.52 127.28 251.41
0.008 ‡outdoor 107.54 118.22 36.83 39.90 149.80

SO2 (ppm) indoor 0.00 0.00 0.00 0.00 0.00
0.193outdoor 0.01 0.00 0.02 0.00 0.06

O3 (ppb) indoor 11.04 8.50 8.93 1.06 32.29
0.006 ‡outdoor 13.46 9.20 12.34 0.24 45.50

PM2.5 (μg/m3)
indoor 60.00 40.00 50.00 10.00 210.00

0.001 ‡outdoor 110.00 90.00 90.00 30.00 410.00
Temperature (◦C) indoor 31.00 31.00 1.76 26.00 34.00 -

Relative humidity (%) indoor 72.00 72.00 4.98 62.00 84.00 -
# Paired Student’s t-test, ‡ p < 0.01.

In comparison with household air pollutants of three areas, Table S1 shows descriptive statistics
of 24-h average concentration of indoor air pollutants in the houses of traffic, industry, and general
areas. Figure 1 shows the 24-h average concentration of indoor air pollutants (A) CO, (B) CO2, (C) NO2,
and (D) O3 in the houses of traffic, industry, and general areas. We found the 24-hour average
concentration of indoor CO concentration of the traffic area was significantly higher than that of the
industrial area, and the general area with all p < 0.01 (Figure 1, Table S1). In addition, the 24-hour
average concentration of indoor CO2 level of the general area was significantly lower than that of the
traffic area, and industrial area (all p < 0.01) (Figure 1, Table S1). Finally, both the 24-hour average
concentration of household NO2 and O3 concentrations of the industrial area were significantly lower
than that of the traffic area, and general area (all p < 0.01) (Figure 1, Table S1). Moreover, there was no
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statistical significant difference of the 24-hour average concentration of indoor SO2 and PM2.5 between
the three areas (Table S1).

Figure 1. The 24-h average concentration of indoor air pollutants (A) CO, (B) CO2, (C) NO2, and (D) O3

in the houses of traffic, industry, and general areas. * Scheffe test p < 0.01.

Table 2 shows the percentage of household characteristics including window opening, residents
>4 people, cooking, etc. in traffic, industry, and general areas. We found compared with traffic area
and industrial area, the general area had a higher percentage of window opening, cooking, and air-
conditioning use; moreover, a lower percentage of residents > 4 people, smoker, incense burning,
mosquito coil burning, and essential oil using.

Table 2. The percentage (%) of household characteristics in traffic, industry, and general areas.

Area

Traffic Industry General

Window opening 68.75 66.67 87.50
Occupants (>4 people) 40.40 57.01 34.41

Cooking 87.50 83.33 95.83
Air-conditioning use 62.50 83.33 95.83

Making tea 31.25 30.00 0
Smoker 63.64 40.00 26.09

Incense burning 72.73 50.00 29.17
Mosquito coil burning 37.50 22.22 12.50

Essential oil using 31.25 33.33 25.00

The following Table 3 shows the ratios of air pollutants during window opening periods to the
reference periods and the differences in air pollutants between window opening periods and reference
periods. The median ratios of pollutants during window opening periods to the reference periods
for NO2 and PM2.5 were 1.56 and 1.13, respectively with the maximum values up to 5.23 and 1.85
respectively (Table 3). The NO2 and PM2.5 levels during window opening periods were significantly
higher than that of the reference periods, and the maximum increased values were 53.25 ppb and
44 μg/m3, respectively. Table 4 shows the ratios of air pollutants during cooking periods to reference
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periods and the differences in air pollutants between window opening periods and reference periods.
The median ratios of pollutants during cooking periods to the reference periods for CO, CO2, NO2,
and PM2.5 were 0.93, 1.06, 1.11, and 1.09, respectively. The concentrations of CO2, NO2, and PM2.5

during the cooking periods were significantly higher than those of reference periods with increased
concentrations of 26.17 ppm, 5.40 ppb, and 5 μg/m3, respectively. However, the CO level during cooking
periods was significantly lower than that of the reference periods with the decreased concentration of
0.25 ppm.

Table 3. The ratios of air pollutants during window opening periods to reference periods and the
differences in air pollutants between window opening periods and reference periods.

Ratios (Window Opening
Periods/Reference Periods §)

Differences (Window Opening Periods
− Reference Periods §) p-Value #

Median S.D. Min. Max. Median S.D. Min. Max.

CO (ppm) 0.98 1.34 0.57 4.44 0.00 1.31 −2.42 3.67 0.53
CO2 (ppm) 1.05 0.18 0.73 1.43 29 128 −141 296 0.21
NO2 (ppb) 1.56 1.30 0.94 5.23 18.71 16.05 −9.40 53.25 <0.01 ‡
SO2 (ppm) 0.00 0.92 0.00 3.27 0.00 0.02 0.00 0.08 0.21
O3 (ppb) 1.18 0.59 0.56 2.19 0.81 4.44 −11.91 10.05 0.52

PM2.5 (μg/m3) 1.13 0.31 0.69 1.85 7 16.20 −6 44 0.04 †
# Paired Student’s t-test, † p < 0.05, ‡ p < 0.01. § Reference periods were two one-hour periods before and after
window opening periods.

Table 4. The ratios of air pollutants during cooking periods to reference periods and the differences in
air pollutants between during cooking periods and reference periods.

Ratios (Cooking Periods/Reference
Periods §)

Differences (Cooking Periods −
Reference Periods §) p-Value #

Median S.D. Min. Max. Median S.D. Min. Max.

CO (ppm) 0.93 0.22 0.46 1.51 −0.25 0.84 −3.53 0.61 <0.01 ‡
CO2 (ppm) 1.06 0.14 0.85 1.58 26.17 90.21 −111.67 342.5 <0.01 ‡
NO2 (ppb) 1.11 0.98 0.51 5.43 5.40 29.71 −71.17 101.75 <0.01 ‡
O3 (ppb) 1.08 0.69 0.46 4.36 0.27 8.89 −35.14 17.08 0.94

PM2.5 (μg/m3) 1.09 0.30 0.60 2.56 5 14 −45 56 0.04 †
# Paired Student’s t-test, † p < 0.05, ‡ p < 0.01. § Reference periods were the one-hour period before cooking periods.

Table 5 shows the association between air pollutants concentrations (24-h average concentration
of air pollutants in each house as dependent variable), and household characteristics by using the
generalized estimating equations model. This study revealed that CO concentrations were positively
associated with the number of occupants, cleaning, smoking, incense burning, mosquito coil burning,
and negatively correlated to cooking with a statistical significance. Indoor CO2 concentrations
were positively associated with the number of occupants, air-conditioning use, smoking, incense
burning, and negatively correlated to mosquito coil burning with a statistical significance. In addition,
significantly higher NO2 levels were found in the homes with smokers than homes without smokers.
There were significantly positive associations between indoor SO2 concentrations and smoking and
incense burning. In terms of O3, indoor O3 concentrations were positively associated with the window
opening and negatively correlated to the number of occupants, incense burning, and essential oil use
with a statistical significance. For PM2.5, it was positively associated with cleaning and incense burning
with a statistical significance.
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Table 5. Association between air pollutants concentrations (24-h average concentration of air pollutants
in each house as dependent variable), and household characteristics: generalized estimating equations.

CO (ppm) CO2 (ppm) NO2 (ppb) SO2 (ppm) O3 (ppb) PM2.5 (μg/m3)

Window opening
(Yes vs. No) 0.32 84.84 −0.61 0.44 24.34 ‡ −0.021

Occupants 0.52 ‡ 51.62 ‡ 3.02 −0.008 −3.49 ‡ 0.004
Cleaning

(Yes vs. No) 4.73 † −317.49 1.39 0.43 −6.24 0.047 †

Cooking
(Yes vs. No) −3.89 † 228.02 −28.01 −0.21 1.79 0.065

Fan using
(Yes vs. No) 1.42 −32.97 10.58 −0.0003 −2.07 0.002

Air- conditioning use
(Yes vs. No) −1.22 246.99 ‡ 87.87 0.25 21.59 0.008

Making tea
(Yes vs. No) 37.04 - −0.45 −0.13 14.21 −0.050

Smoking
(Yes vs. No) 17.21 † 1988.44 ‡ 547.36 ‡ 2.98 ‡ 1.69 0.173

Incense burning
(Yes vs. No) 18.21 † 2927.87 † 193.11 3.66 ‡ −108.9 ‡ 0.416 ‡

Mosquito coil burning
(Yes vs. No) 41.55 ‡ −892.64 † 673.52 2.67 2.29 -

Essential oil use
(Yes vs. No) 12.76 269.25 74.89 −0.66 −89.29 ‡ −0.022

Generalized estimating equations (GEE) † p < 0.05, ‡ p < 0.01.

4. Discussion

Our results showed that the outdoor concentrations of O3 and PM2.5 were significantly higher
than indoor concentrations. The Kaohsiung City is a city with intense traffic and heavy industries,
and previous studies believed SO2, NOx, PM2.5, and CO were the major conventional air pollutant in
steel plants, oil refineries, and vehicular exhaust emissions [12–14,24]. In addition, outdoor O3 might
be formed by the photochemical reaction of nitrogen oxides absorbing sunlight, and VOCs [25,26].
According to the PSI database from 2010 to 2012 of Taiwan EPA, only O3 and total suspended particulate
(TSP) would exceed the standard [27]. This may be the reason why outdoor PM2.5 and O3 concentrations
were higher than indoor concentrations. In our study, outdoor median PM2.5 levels (90 μg/m3) were
higher than both the National Ambient Air Quality Standards of UAS and Taiwan EPA with the
24-hour standard for PM2.5 of 35 μg/m3. In addition, the median value of indoor PM2.5 concentrations
(40 μg/m3) was also higher than the criteria of indoor air quality (IAQ) standards of Taiwan EPA
(35 μg/m3/24 h). In our study, indoor CO, CO2, and NO2 levels were significantly higher than outdoor
levels. The number of occupants and human activities such as cooking, smoking, etc. might be the
factors affecting indoor pollutants whereas liquefied petroleum gas (LPG), not electric stoves, was the
main cooking way in Kaohsiung City [28,29]. In addition, most of the houses were just by the roads
and very close to the mobile sources in Kaohsiung City, which was thought of as a traffic-intensive
city with the number of cars and motorcycles of approximately 430,000 and 1,230,000, respectively,
in 2010 [30]. Thus, the main combustion products of vehicular engines such as CO, NOX, etc. entering
the houses through cracks and windows might be the reason why the indoor concentrations of CO,
CO2, and NO2 were higher than outdoor concentrations [15,16].

In comparison with traffic, industrial, and general areas, the highest household CO concentration
was found in the traffic area among the three areas. According to the previous study, the greatest
source of CO (more than 90%) in cities was motor vehicles [24]. The high traffic flow in the traffic
area might be the reason for the observation. For CO2, our study indicated that the lowest household
CO2 level was in the general area among the three areas. The main source of CO2 was from human
respiration [24,31]. The number of residents might be one possible reason since the number of residents
> 4 people in the traffic area, the industrial area, and general area were 40.40%, 57.01%, and 34.41%,
respectively. We also found both household NO2 and O3 concentrations of the industrial area were
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lowest among the three areas, which was not consistent with the observations of previous studies
that ambient NO2 was related to industrial activities [24], and outdoor O3 might be formed by the
photochemical reaction of nitrogen oxides absorbing sunlight, and VOCs [25,26]. We believed these
may be related to Taiwan EPA’ s policies and efforts to control air pollution from stationary sources
after that the “Stationary Pollution Source Air Pollutant Emissions Standards” was passed in 1992,
and the “Air Pollution Control Act Enforcement Rules” was also implemented in 2003.

In regard to the effects on the window opening, our study displayed that household NO2 and
PM2.5 concentrations during window opening periods were significantly higher than that during
reference periods. NOX and PM were related to traffic emissions [24,32], and most of the houses in
Taiwan were adjacent to roads, so window opening might increase indoor NO2 and PM2.5. For the
influence of cooking, there were many simulated experiments exploring the air pollutant emissions of
cooking-related fuel combustion [29,33–36], and they demonstrated that CO, CO2, NOX, and PM2.5

would be emitted by the process of the experiments. Although CO also was produced by cooking,
it was revealed that combustion of high-grade fuels (such as natural gas, and LPG which contained
propane, butane, etc.), the main fuel-burning stoves use in Taiwan households usually produce much
less CO than combustion of low-grade fuels [29,33]. In the previous study, Delp et al. revealed the
residential cooking exhaust hoods could not completely capture the pollutants and their efficiency
was highly variable [37]. Our results showed that indoor CO2, NO2, and PM2.5 levels during cooking
periods were significantly higher than during reference periods, but the indoor CO level during cooking
periods was lower than during reference periods, possibly indicating that the emission rate of CO2,
NO2, and PM2.5 might be higher than the capture rate of the exhaust hood and the emission rate of CO
might be lower than the pollutants capture rate of the exhaust hood.

In terms of influence factors, we found there were significantly positive correlations between the
number of occupants and CO and CO2 concentrations. Our study was consistent with the observations of
the previous study that CO2 was produced by human respiration [24,31]. In addition to the combustion,
the indoor CO also was related to the status of residents; the previous studies revealed either a smoking
person or person with inflammatory diseases exhaled higher CO levels than control group [38,39].
We also found smoking was significantly positively associated with household CO in our study.
According to previous studies, smoking, incense burning, and mosquito coil burning were significantly
positively associated with CO, CO2, SO2, NOX, and PM [40–42], and these results were consistent with
our observation. The cleaning behavior would increase indoor PM2.5 and CO levels; it was consistent
with the previous study that indoor PM2.5 and PM5 levels could be elevated by the cleaning behavior of
dry dust, and vacuuming [43]. In addition, commercial cleansers and disinfectants contain VOCs [44],
and El Fadel et al. found VOCs concentration was positively correlated with CO concentration [45].
We also revealed that air-conditioning use was positively associated with indoor CO2 concentrations
with a statistical significance, which was consistent with a previous observation that CO2 levels were
higher in mechanically ventilated buildings than in naturally ventilated buildings [46]. There was a
significantly negative association between essential oil use and O3 concentration. The commercially
available essential oils contain many VOCs (e.g., D-limonene, α- pinene, etc.) [47], in addition, a study
displayed that indoor VOCs level had increased significantly after burning essential oils [48]. O3 was
one of the indoor oxidants [49,50], and Waring et al. demonstrated that 68% of all O3 reactions were
with D-limonene, and 26% of all O3 reactions are with α-pinene [50]. This might be the reason why
the essential oil use could decrease the O3 level. Finally, by questionnaire, it was found that window
opening was significantly correlated with increased O3 concentration, which was not consistent with
the results from the time–microenvironment–activity-diary that only NO2 and PM2.5 levels during the
window opening periods were significantly higher than that of reference periods. We believed O3 was
a major component of photochemical pollution, so it is more relevant to outdoor sources than indoor
sources. Thus, compared with the households which closed the windows, the households which
opened the windows had a significantly higher 24-hour average concentration of O3. When comparing
the window opening periods with the reference periods (two one-hour periods before and after window
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opening periods), there was no significant variation in atmospheric O3 concentration in a short time
(within three hours). For PM2.5 and NOX levels, there was no significant difference between households
which closed and opened the windows, the possible reason might be that PM2.5 and NOX could come
from both indoor (cooking) and outdoor (traffic) sources.

5. Conclusions

This study explored the concentration of indoor air pollutants in different areas including traffic,
industrial, and general areas within an industrial city. Moreover, this study also revealed household
NO2 and PM2.5 concentrations during window opening periods were significantly higher than that of
the reference periods with increased concentrations of 18.71 ppb, and 7 μg/m3, respectively. For the
influence of cooking, indoor CO2, NO2, and PM2.5 levels during the cooking periods were significantly
higher than that of the reference periods with increased concentrations of 26.17 ppm, 5.40 ppb,
and 5 μg/m3, respectively.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/20/4306/s1,
Table S1: Descriptive statistics of 24-h average concentration of indoor air pollutants in the houses of traffic,
industry, and general areas.
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Featured Application: In consideration of relatively stable outcomes with the application of a

correction factor for relative humidity, recently introduced inexpensive real-time monitors (IRMs),

ESCORTAIR (ESCORT, Seoul, Korea) or PurpleAir (PA) (PurpleAir U.S.A.), our study supports

their usage in PM2.5 monitoring for various urban hotspots.

Abstract: Inexpensive (<$300) real-time particulate matter monitors (IRMs), using laser as a light
source, have been introduced for use with a Wi-Fi function enabling networking with a smartphone.
However, the information of measurement error of these inexpensive but convenient IRMs are still
limited. Using ESCORTAIR (ESCORT, Seoul, Korea) and PurpleAir (PA) (PurpleAir U.S.A.), we
evaluated the performance of these two devices compared with the U.S. Environmental Protection
Agency (EPA) Federal Equivalent Monitoring (FEM) devices, that is, GRIMM180 (GRIMM Aerosol,
Germany) for the indoor measurement of pork panfrying or secondhand tobacco smoking (SHS)
and Beta-ray attenuation monitor (BAM) (MetOne, Grants Pass, OR) for outdoor measurement at
the national particulate matter (PM2.5) monitoring site near an urban traffic hotspot in Daejeon,
South Korea, respectively. The PM2.5 concentrations measured by ESCORTAIR and PA were strongly
correlated to FEM (r = 0.97 and 0.97 from indoor pan frying; 0.92 and 0.86 from indoor SHS; 0.85
and 0.88 from outdoor urban traffic hotspot). The two IRMs showed that PM2.5 mass concentrations
were increased with increased outdoor relative humidity (RH) levels. However, after applying
correction factors for RH, the Median (Interquartile range) of difference compared to FEM was (14.5
(6.1~23.5) %) for PA and 16.3 (8.5–28.0) % for ESCORTAIR, supporting their usage in the home or
near urban hotspots.

Keywords: PM2.5; sensor; correction; pan frying; secondhand smoke; urban traffic

1. Introduction

A large volume of previous epidemiological studies relied on the use of ground-based fixed
national monitoring stations [1,2]. However, recently, inexpensive (<$300) particulate matter (PM)
monitors (PM) have been introduced for home usage in South Korea. These devices can provide PM
distribution patterns at high temporal and spatial resolution [3–5] which is a substantial improvement
on establishing a pollution monitoring networking system as well as environmental epidemiologic
study [6], as compared to traditional approaches that relied on relatively small number of ground-based
fixed national air monitoring stations or mobile sampling techniques.

Most of these low-cost devices are classified into two groups, that is, optical particle counters (OPCs)
or photometers. OPCs use the light scattered from individual particle to estimate the concentration
of particles in different size ranges [7,8]. These data, along with assumptions of the particle shape
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and density, can be converted to estimate mass concentrations that compare favorably with reference
instruments [7,8]. However, it has been reported that there may be bias when aerosol type or size is
unknown [7,8].

Photometers use a light source to illuminate sensing zones that contain many particles at one
time [9,10] and obtained that the mass concentration of aerosol scales linearly with the amount of light
scattered by an assembly of particles captured at a discrete angle from the incident light [11]. The
light scattered by the assembly of particles is measured by a photodetector at an angle specific to the
photometer model, often 90◦ from the incident light [12]. The intensity of scattered light is directly
proportional to gravimetrically measured mass concentration, although the relationship is dependent
on the light scattering characteristics, density and size distribution of the particle [12].

The cost of research grade light scattering instruments (approximately, $10,000 or higher) limits
their use to conduct studies at high temporal and/or spatial resolution. In Korea, a laser-based
inexpensive OPC based IRM, for example, ESCORTAIR, was recently introduced. However, the
reliability of ESCORTAIR have been unknown. Therefore, it may be necessary to test this new device
before it is applied in a high spatial-temporal resolution exposure assessment study. As a proper
calibration protocol providing a correction factor can have a dramatic impact on precision, accuracy
and bias of a real-time monitor, researchers evaluated the OPC or photometers for use in the laboratory,
outdoors or in the home in other countries [3,9,13–16]. A recent article reported that “one size fits all”
approach to obtain PM2.5 mass concentrations by OPC result in relatively high uncertainty in complex
exposure situations. Although OPC Therefore, corresponding conversion curve approach may be most
valuable when a relatively high contrast is expected in exposure levels for example, daytime home
with indoor combustion sources, BBQ or secondhand smoke versus night time or day time outside
with heavy traffic volume versus night time [16]. To our knowledge, no one has rigorously evaluated
the performance of IRMs, operated with OPC or photometer, in Korea with comparison of the U.S.
Federal Equivalent Method (US FEM) [17].

In this study, we evaluated the performance of inexpensive (less than $300) real-time PM monitors
(IRMs), with high cost (about $2000–$10,000) and cross-comparisons between them and research grade
PM monitors (RGMs). We used US FEMs as reference instruments (approximately $20,000 or higher)
and provided a final error of mass concentration (PM2.5) measurement after applying correction factors
in this study.

2. Materials and Methods

2.1. PM2.5 Real-Time Monitors

A laser-based light-scattering PM2.5 sensor monitor (ESCORTAIR, ESCORT, Seoul, Korea) (weight
<300 g, volume <510 cm3) consisted of an optical particle counting (OPC) PM sensor (INNOSIPLE1),
CO2 sensor, temperature relative humidity sensor, data transfer networking module and light-emitting
diode (LED) display screen (Figure 1). In the ESCORTAIR, the sensing volume is illuminated with
a laser and airborne particles are counted and processed one at a time. There were various IRMs
commercially available in South Korea. In this study, however, we chose ESCORTAIR as they allowed
us to directly transfer data to our data server using its Wi-Fi function.

For comparison purposes, another inexpensive photometer type of PM monitor (PA, PurpleAir,
Draper, UT, USA) (https://www.purpleair.com/), mounting two Plantower sensors in a monitor, was
used. PA is recommended its usage by AQ-SPEC (Air quality sensor performance evaluation center,
South Coast Air Quality Management District, CA, USA) or US EPA (Environmental Protection Agency,
NC, USA) as an IRM. The inlet system of these IRMs did not have an impactor or a cyclone unlike that
of the RGM.

The performance of the two IRMs (one OPC, that is, ESCORTAIR and one photometer, that is, PA)
costed less than $300 were simultaneously compared with those of high-cost devices ($10,000 or so),
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that is, research-grade laser photometers including PDR-1500 (Thermo Scientific, Waltham, MA, USA)
and SIDEPAK AM510 (TSI, Inc., Shoreview, MN, USA).

These research-grade monitors have a cyclone inlet or an impact inlet for the measurement of the
respirable fraction of airborne particulate matters in different environments and can provide real-time
data. The SIDEPAK is a portable battery-operated personal aerosol monitor with an impact inlet and
light-scattering laser photometer that provides real-time aerosol mass concentration. The PDR-1500
(Personal DataRAM 1500) is a nephelometric monitor with a cyclone inlet for the measurement of
the respirable fraction of the airborne particulate matters. The PDR-1500 can simultaneously collect
particles on a 37 mm filter for the gravimetric analysis by passing through the sensing zone.

 
(a) 

 

(b) 
Figure 1. Layout of ESCORTAIR installed INNOSOPLE-1 PM sensor for measuring particulate matter
(PM) concentrations.
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2.2. Federal Equivalent Method

As mentioned above, to conduct a comparative measurement of IRMs, we used the U.S.
Environmental Protection Agency (EPA) Federal Equivalent Method (FEM), that is, GRIMM 180
(GRIMM Aerosol, Technik Ainring GmbH & Co. KG, Ainring, Germany) for indoor testing and
BAM-1022 (MetOne, Grants Pass, OR, USA) for outdoor field tests [17].

The Grimm Technologies, Inc. Model EDM 180 PM2.5 Monitor is a light scattering OPC monitor
operated for 24 h at a volumetric flow rate of 1.2 L/min, configured with a Nafion®- type air sample
dryer. BAM-1022, a beta-ray attenuation mass monitor has a PM2.5 particle size separator. Using BAM,
we obtained 24 1-h average measurements at the national PM2.5 monitoring supersite operated by
National Institute of Environmental Research, Daejeon, Korea.

2.3. Flow Rate Inspection

Before each indoor and outdoor experiment, RGMs, that is, the PDR-1500 and SIDEPAK were
zeroed with an in-line high efficiency particulate air (HEPA) filter and the flow of each device (1.52 L/min,
1.7 L/min and 0.5 L/min) was checked by a mass flowmeter (TSI, Inc., Shoreview, MN, USA). The
temperature and relative humidity data were also downloaded from the devices if the device is
equipped with sensors for these data. Flow rate of GRIMM, one of FEMs, was also checked with a
similar way. The values from BAM, the other FEM, were used as reference, since it is located at the
KOREA national PM2.5 monitoring site (Daejeon) and operated with high QAQC programs [18,19] to
report hourly outdoor PM2.5 data.

2.4. Experimental Setting

We collected PM2.5 concentrations by performing both an indoor exposure test on March 2018
and outdoor PM2.5 monitoring at the national supersite located in Daejeon, Korea from June to July
2018 including rainy days. We used the 2 sets of each IRM or RGM for indoor and outdoor testing
(serial numbers of devices: Table 1).

2.4.1. Indoor Test

The indoor test included scenarios of frying pork in a pan and exposure to secondhand smoke
(SHS). Indoor pan-frying tests were conducted at inside of an empty laboratory (4 m × 10 m × 3.5 m,
W D H), according to the protocol described in detail in our previous article [20]. In brief, this
experiment was carried out over a 2 h measurement period per trial including first 9 min simulating
the barbequing of pork belly (100 g). Standard operating protocol: a portion of pork belly (100 g) was
pan-fried for 9 min: 3 min on Side A, 3 min on Side B; then 1.5 min on Side A again and finally 1.5 min
on Side B again. When we fried pork belly, after the first 9 min, we opened a window (0.5 m × 0.8 m)
to allow the ventilating air to naturally reduce the PM2.5 concentration.

Measurement of the PM2.5 levels from the exposure to secondhand smoke was conducted with a
lighted cigarette burned. We opened the same window after 30 min during our secondhand smoke
exposure level test. Then, we collected concentration data over next two hours.

During our indoor test, we maintained a minimum distance of 20 cm among these devices, at
least 50 cm from the emission sources and 1 m above the floor. To minimize the effect of additional
source contribution to our PM2.5 measurement results, we reported our PM2.5 results after subtracting
the field background PM2.5 concentrations measured at the baseline. We collected with the frying pan
test and the secondhand exposure test three times with GRIMM 180 on separate days. The indoor test
data from each device (80-s interval for PA, 60 s for the remaining devices) were calculated to the 5 min
average level to be compared with the outcomes from GRIMM. The final number of data for the 2 h
panfrying test was approximately 50 (2 sets of each device × 12 data point/h × 2.0 h) and that for the
2.5 h secondhand smoke exposure test was about 60 (2 sets of each device × 12 data point/h × 2.5 h) for
PM2.5, as well as temperature and relative humidity.
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2.4.2. Outdoor Test

Using the same configuration of monitoring devices, we also measured the ambient PM2.5

concentration at the outdoor Roof-top of one of the national PM2.5 Supersites located in Daejeon, South
Korea, operating BAM (MetOne, Grants Pass, OR, USA). Main body of BAM was installed at inside of
an experiment laboratory of the Supersite while the inlet of BAM was located at the Roof-top. The
outdoor temperature and RH during were measured by the sensors in ESCORTAIR, PA and PDR-1500
and the values were crosschecked. Measurements from IRMs were collected every minute, except
for PA, which provided a response every 80 s. To compare the hourly concentration values provided
by the Supersite, we calculated the hourly mean values using measured values acquired at hourly
intervals from each IRM device. Final sample size for the outdoor data was 240 (2 sets of each device ×
24 data points/day × 5 days) for PM2.5, as well as temperature and relative humidity.

2.5. Statistical Analyses

The Spearman correlation tests were used to evaluate the associations among the outcomes
of devices measured at indoor or outdoor environments, considering that variables were not
normally distributed.

Using outdoor measurement data, we evaluate the association of device response with various
relative humidity level. We also evaluated the associations of the daily mean concentrations from
IRMs with those obtained with FEM methods using multivariate linear regression models. We used
the values obtained with the FEM as dependent variables and those obtained with real-time devices
as independent variables to obtain a correction factor. The hourly mean temperature and relative
humidity data for each sampling date, which was previously compared with the nearest national
meteorological monitoring sites, were used to adjust the effects of relative humidity on the association
between IRMs and FEM outcomes. The corresponding slopes and coefficients of determinant (R2) for
each RT monitor were also provided. The final measurement error (%) was calculated based on the
U.S. EPA performance evaluation program for PM instruments;

Di f f erencei =
Measurementi − FEMi

FEMi
(1)

EPA specifies that the percent bias goal for acceptable measurement uncertainty should be within
±20% [17]. Here, we reported median (IQR) value of the differences per device because the distribution
of differences was not normal. We also provided mean of the differences just to compare with value in
the guideline [21]. All analyses were conducted with SAS (Version 9.4) and R software (Version 2.15.3,
R Development Core Team).

3. Results

3.1. PM2.5 Concentration

In our indoor test, the median (IQR) PM2.5. concentration over the pan-frying test was 86.8 μg/m3

(17.8–254.4 μg/m3) by the real-time ESCORTAIR, 104.9 μg/m3 (43.9–228.2 μg/m3) and 236.2 μg/m3

(49.3–648.7 μg/m3) by the real-time PA or PDR-1500 devices and 153.2 μg/m3 (46.2–409.7 μg/m3) by
using GRIMM (Table 2). The median (IQR) concentrations for secondhand smoke (SHS) test were 20.9
(17.4– 156.6) μg/m3, 31.2 (14.4–194.3) μg/m3 and 28.4 (12.8–314.0) μg/m3 for ESCORTAIR, PA and PDR,
respectively, whereas GRIMM provided 23.5 (15.9–107.1) μg/m3.

Simultaneous outdoor PM2.5 monitoring results are also provided in Table 2. The median (IQR) of
the hourly average values of ESCORTAIR and PA were 13.7 (7.3~21.2) and 19.7 (9.3~35.8) μg/m3, which
were an overestimation of the values obtained by BAM, one of U.S. EPA FEMs. During indoor testing,
the median temperature and RH were approximately 20~22 ◦C and 37%. During outdoor testing, the
median values (IQR) were 30.7 (25.6~40.7) ◦C and 56.4 (34.8~71.4) %, respectively (Table 2).
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Table 2. PM2.5 mass concentration (μg/m3) (median, IQR) measured by real-time sensor devices
and the federal equivalent method as well as the temperature and relative humidity throughout the
sampling period.

Indoor—Pan-Frying
(n = 50)

Indoor—SHS
(n = 60)

Outdoor—Urban Traffic Hotspot
(n = 240)

GRIMM 153.2 (46.2–409.7) 23.5 (15.9–107.1) NA
BAM NA NA 9.0 (4.0–22.0)

ESCORTAIR 86.8 (17.8–254.4) 20.9 (17.4–156.6) 13.7 (7.3–21.2)
PA 104.9 (43.9–228.2) 31.2 (14.4–194.3) 19.7 (9.3–35.8)

PDR-1500 236.2 (49.3–648.7) 28.4 (12.8–314.0) 13.8 (6.8–34.8)
SIDEPAK 261.3 (71.5–800.0 50.0 (21.0–652.0) 29.1 (15.6–59.9)

Temp. (◦C) 21.7 (21.1–21.7) 20.1 (19.7–20.5) 30.7 (25.6–40.7)
RH (%) 37.0 (35.0–39.0) 37.0 (35.0–38.0) 56.4 (34.8–71.4)

3.2. Correlations among Devices and the Fem

High-level correlations were obtained between the IRMs (ESCORT, PA) and FEM. The Spearman
correlation coefficients were 0.97 (P = 0.0001) or 0.92 (P = 0.0001) between ESCORTAIR and GRIMM for
indoor pan-frying or the SHS test, respectively. The correlation coefficients between PA and GRIMM
were similar (0.97 (P = 0.0001) or 0.86 (P = 0.0001)) for the indoor test (Table 3). Our outdoor test also
showed high correlation between ESCORTAIR and BAM (0.84 (P = 0.0001)). The correlation coefficient
for PA was 0.88 (P = 0.0001).

Similarly, the measurements by RGMs (PDR-1500, SIDEPAK) and FEM were highly correlated:
0.97–0.98 for the Pan-frying test, 0.88~0.96 for the SHS test and 0.84–0.91 for the outdoor test. Between
IRMs, that is, ESCORTAIR and PA, the association of measurements were strong to each other (r = 0.93:
Indoor pan frying; 0.85: Indoor-SHS; 0.93: Outdoor-urban traffic). In addition, they showed similar
correlation patterns to PDR-1500 or SIDEPAK (Table 3).

Table 3. Scatter plots and Spearman correlation coefficients between real-time PM2.5 monitoring devices
and FEM.

Indoor-Pan-Frying Indoor-SHS Outdoor Urban Traffic Hotspot

FEM E PA P S FEM E PA P S FEM E PA P S

FEM 1 1 1
E 0.97 1 0.92 1 0.85 1

PA 0.97 0.93 1 0.86 0.85 1 0.88 0.93 1
PDR 0.98 0.95 0.99 1 0.96 0.93 0.94 1 0.84 0.93 0.99 1

S 0.98 0.99 0.96 0.98 1 0.88 0.86 0.88 0.93 1 0.91 0.91 0.99 0.99 1

FEM: Federal Equivalent Method: In this study Indoor: GRIMM Optical particle courting, OPC), Outdoor: BAM
(Beta ray attenuation monitor). E: ESCORTAIR, PA: PurpleAir, PDR: PDR-1500, S: SIDEPAK.

3.3. Effects of Ambient Humidity for Outdoor Measurement

In this study, as seen in Supplementary Figure S1, we observed that the PM2.5 concentration of
IRMs were significantly increased with the increase in relative humidity level. The slope obtained from
a simple regression line of FEM on IMRs, that is, (BAM = Slope * ESCORTAIR + intercept) at a relative
humidity above 80%, was smaller than the slope at < 20.0%, 20.1~40.0%, 40.1~60.0%, 60.1~80.0%. The
degree of decreasing trend was larger with IRMs, compared to two RGMs (Figure 2).
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Figure 2. Change of the slope with 95% confidence interval obtained from the regression line of BAM
(Beta ray attenuation monitor) on IRMs (Inexpensive real-time particulate matter monitors) or RGMs
(research grade monitors) by the degree of relative humidity.

3.4. Correction Factor

Since we found the effect of RH on the measurements of ESCORTAIR or PA, we developed our
own correction models for those IRM devices by performing stepwise linear regression. The correction
factors were obtained from the regression models (1.11 for ESCORTAIR and 1.92 for PA, p < 0.01), (1.00
for ESCORTAIR and 0.87 for PA, p < 0.01) and (1.15 for ESCORTAIR and 0.70 for PA, p < 0.01) for the
measurement of PM2.5 resulting from indoor pan-frying, SHS or the urban traffic hotspot of South
Korea, respectively.

After adjusting for temperature and relative humidity, the results were unchanged for the indoor
tests (1.10 for ESCORTAIR and 1.90 for PA, p < 0.01), (0.97 for ESCORTAIR and 0.81 for PA, p < 0.01)
(Table 3). For the outdoor measurement, the change of slopes (0.72 for ESCORTAIR and 0.77 for PA,
p < 0.01) was relatively small but the R2 values were changed (Table 4).
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Table 4. Slopes obtained from stepwise linear calibration models with adjusted R2 (Dependent variable:
US EPA FEM, Independent variable: IRM).

Indoor—Pan-Frying Indoor—SHS Outdoor—Urban Traffic Hotspot

Single Multivariate * Single Multivariate * Single Multivariate *

β R2 β R2 β R2 β R2 β R2 β R2

ESCORTAIR 1.11 0.98 1.10 0.98 1.00 0.92 0.97 0.92 1.15 0.70 1.14 0.81
PA 1.92 0.94 1.90 0.94 0.87 0.89 0.81 0.90 0.70 0.83 0.71 0.87

PDR-1500 0.33 0.98 0.33 0.98 0.54 0.91 0.49 0.92 0.33 0.72 0.36 0.80
SIDEPAK 1 0.34 0.98 0.32 0.99 0.28 0.90 0.31 0.92 0.35 0.84 0.36 0.89

* results obtained after adjusting for temperature and relative humidity.

3.5. Bias after Application of Correction Factors

We then determined the extent to which the original PM2.5 data measured by ESCORTAIR were
improved after applying the correction factor obtained from the model by performing comparative
analyses using the outcomes of multivariate regression models (Table 4). Using the corrected data, the
final coefficient of determination (R2) between FEM (y) and ESCORTAIR (x) was 0.81. The coefficient
for PA was 0.87. We found the difference (median (IQR)) with the calibrated data, compared to FEM, to
be 16.3. (8.5~28.0)% for ESCORTAIR and 14.5 (6.1 to 23.5)% for PA for outdoor environments (Figure 3).
The bias (mean of the difference) was 13.1% for ESCORTAIR and 7.8% for PA for outdoor. The bias for
indoor data was at least similar or lower than the bias level obtained from the outdoor test.

Figure 3. Distribution of difference of outdoor measurements against the FEM; BAM for outdoors.
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4. Discussion

In this study, we compared PM2.5 concentrations measured with IRMs and RGMs to those
measured with U.S. EPA FEMs. A relationship between the real-time PM2.5 concentration and
FEM were acceptable (R = 0.97 to 0.98: Indoor pan frying; 0.86 to 0.96: Indoor-SHS; 0.84 to 0.91:
Outdoor-urban traffic, respectively).

This study conducted indoor testing with common PM2.5 sources of Korea, that is, frying pork in a
pan or smoking. The indoor test was conducted in an indoor laboratory in which the room temperature
was maintained at 20~22 ◦C and the relative humidity at 37% because we assumed that most low-cost
PM sensing devices would be established inside susceptible populations’ homes where the indoor
temperature and humidity level would be relatively stable, compared to the outdoor environment.

In addition, in this study, we extended our comparison test by performing them outside with
a federal equivalent method. We discovered that, on days with a high level of outdoor RH (80% or
higher), our IRMs overestimated the PM2.5 level. Thus, finally, we got the correction model providing
a correction factor for ESCORTAIR to adjust for the effect of temperature and relative humidity as such
a process has been conducted in a regulatory monitoring site (South Coast Air Quality Monitoring
District, SCAQMD) for the field use of these kinds of inexpensive sensing devices including PA [22,23].

Several previous studies provided a correction factor for SIDEPAK monitors: 0.77 in Northern
California, U.S.A. (ambient air), 0.43 or 0.52 in Italy (ambient air in urban or rural areas) and 0.42
in Italy (indoor-outdoor mixed environment) [24–26], which were comparable to our results (0.36).
Our correction factor (0.36) for PDR-1500 was smaller than results reported by Wang et al. (2016) [27]
(0.71 compared to PDR-1500 using its own filtering method) but very similar to the values obtained
by Ramachandran et al. (2000) (0.33) and Wallace et al. (2011) (0.38), who conducted their studies on
atmospheric environments [28,29].

A lack of quantitative information on the speciation of particles, traffic volume, type of vehicle or
the particular sampling time or season limits further exploration of the basis for the differences in the
correction factors between these studies and ours. Nevertheless, our correction model for ESCORTAIR,
with consideration of the RH level, was derived in a similar way to that with which we obtained the
factor for SIDEPAK or PDR-1500. Thus, we consider no significant systematic errors to have been
involved in the calculation process. A good linear relationship has been obtained between the PM2.5

mass concentration of FEM and the responses of low-cost PM sensors as reported previously in other
country [8,9,25,30]. We demonstrated the urban hotspot specific correction factor for a light-scattering
sensor in Korean urban environment of interest to enable our findings and methodology to be extended
and replicated by researchers who are interested in the utility of low-cost sensing device, such as
ESCORTAIR, in South Korea.

OPCs are reportedly good at estimating mass if they have numerous bins, such as GRIMM [31].
However, estimating the mass concentration from a limited number of bins may be subject to a
measurement error during the conversion process with the factory-provided internal conversion
algorithm. Therefore, we used an additional correction factor for ESCORTAIR after comparison to
GRIMM for proper usage under Korean circumstances.

It is well established that the response of monitors based on light scattering varies with aerosol size
distribution, composition and optical properties and need a proper calibration process [13,32,33]. No
single calibration model (or correction model) can enable accurate performance for all particle sources
in microenvironments. This challenge applies to both research and consumer monitors. Although
gravimetric measurements may be used to determine a source- or environment-specific calibration
for a research study, the approach is not practical for routine monitoring in homes. A key objective
of continuous monitoring—to activate controls—can be achieved if the monitor reliably and clearly
responds to sources that account for the majority of particles in the home even if responses are
not quantitative.

We conducted this study by assuming that indoor PM2.5 emission sources exist, that is, from
frying pork in a pan and smoking, with consideration of Korean life style [20] and relatively high
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smoking prevalence [34]. We determined that our linear model obtained from the indoor test for each
single-aerosol type showed excellent performance (R2 = 0.98 or 0.92 for ESCORTAIR; 0.94 or 0.90 for
PA), compared to FEM responses. However, the responses of ESCORTAIR as well as PA were relatively
less precise but good (R2 = 0.81, 0.87) for monitoring in urban traffic hotspots suggesting that IRMs
need a site-specific calibration with a reference method before they are used [13,32,33].

The shape of the response curve can be related to the type of OEM sensors integrated with the
monitor and relative humidity. Because we did not have information about the internal conversion
factors (count to mass concentration for OPC type or light intensity to mass concentration for
photometer), using GRIMM or BAM, known as US FEM, we tried to obtain our own correction factors
for usage of ESCORTAIR or PA in urban indoor or outdoor settings.

The limitations of our study should be noted. First, the sample size in this study was relatively
small. However, in our tests, we determined a PM2.5 range of 10 to 3000 μg/m3 including both indoor
and outdoor measurement. This range ensures that the concentration distributions would not be
systematically biased. Our PM2.5 concentrations might not be representative of each sampling season
or area as a result of spatial-temporal variations. Additional experiments are needed to understand
the stability of our correction factor in different seasons and/or in other locations, that is, in industrial
or rural areas of Korea. Extending the sampling periods for each season and location would ensure
that our results are more representative. Furthermore, in future studies, measurements of the wind
direction and speed are expected to provide improved correction factors between the IRM and FEM
methods. As we mentioned in the method section, we checked flow rate for our RGMs or FEMs prior to
our experiment. For IRMs, we have considered measuring flow rate but due to its open wide inlet and
very low flow rate, we could not connect it to our mass flowmeter properly. Instead, especially, before
our outdoor test, we operated 5 ESCORTAIRs and 5 PAs simultaneously and checked measurement
errors between devices. Then, we selected 2 of them which provide best outcomes, compared to FEM.
A preparation of QC/QA test program for massive products of IRMs are recommended. And for
ESCORTAIR, like PA, application of weather proof design is suggested. In addition, future studies
may be necessarily conducted to obtain site-specific correction factors including at coal power plants
or in rural areas.

In this study, the performances of the IRM with RGM and that of the FEM operated with a high
QCQA program were compared with one-hour monitoring intervals at national PM2.5 monitoring
site. This makes this study unique compared to previous studies, which were mostly conducted with
one-day interval gravimetric methods at ordinary sampling sites.

Despite the growing public interest in reducing personal exposure levels to PM2.5 in Korea, IRM
monitoring still faces challenges in terms of providing real-time concentration information. Although
the number of national PM2.5 monitoring sites in Korea is increasing, additional IRMs in hotspots
or communities are required because they can detect continuous spatial—temporal variations and
identify nearby exposure sources on a real-time basis in a micro-environment of hotspots.

This study found that the measurement of PM2.5 concentrations with recently developed
laser-based IRM under- or over-estimates PM2.5 concentrations obtained from FEM while its bias could
be approximately 11 to 16% even at urban outdoor hotspots with traffic sources with high relative
humidity levels. Therefore, the application of a correction factor is strongly suggested for inexpensive
laser-based monitoring devices.

5. Conclusions

Our study determined that on days with a high level of outdoor RH (80% or higher), our IRMs
overestimated the outdoor PM2.5 level and showed the necessity of a correction factor for IRMs to
adjust for the effect of temperature and relative humidity. PM2.5 concentrations measured with IRMs
need to be subjected to quality control and quality assurance evaluation before these monitors are used
for the quantification of PM2.5 levels in urban indoor or outdoor atmospheric environments in Korea.
In consideration of relatively stable outcomes with the application of correction factors for recently
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developed new IRMs—ESCORTAIR or PA—our study supports their usage in networking monitoring
for various urban hotspots.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/9/1947/s1.
Figure S1. Scatter plots of PM2.5 concentrations of IRMs with those of FEM, i.e., BAM, by the level of relative
humidity. The data points refer to each paired hourly mean value (n = 240, except ESCORT which had 120 points
due to malfunction of a device with records of high internal temperature values during our outdoor test).
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Abstract: Today, air pollution is the biggest environmental health problem in the world. Air pollution
leads to adverse effects on human health, climate and ecosystems. Air is contaminated by toxic
gases released by industry, vehicle emissions and the increased concentration of harmful gases and
particulate matter in the atmosphere. Air pollution can cause many serious health problems such as
respiratory, cardiovascular and skin diseases in humans. Nowadays, where air pollution has become
the largest environmental health risk, the interest in monitoring air quality is increasing. Recently,
mobile technologies, especially the Internet of Things, data and machine learning technologies have a
positive impact on the way we manage our health. With the production of IoT-based portable air
quality measuring devices and their widespread use, people can monitor the air quality in their living
areas instantly. In this study, e-nose, a real-time mobile air quality monitoring system with various
air parameters such as CO2, CO, PM10, NO2 temperature and humidity, is proposed. The proposed
e-nose is produced with an open source, low cost, easy installation and do-it-yourself approach.
The air quality data measured by the GP2Y1010AU, MH-Z14, MICS-4514 and DHT22 sensor array
can be monitored via the 32-bit ESP32 Wi-Fi controller and the mobile interface developed by the
Blynk IoT platform, and the received data are recorded in a cloud server. Following evaluation of
results obtained from the indoor measurements, it was shown that a decrease of indoor air quality
was influenced by the number of people in the house and natural emissions due to activities such as
sleeping, cleaning and cooking. However, it is observed that even daily manual natural ventilation
has a significant improving effect on air quality.

Keywords: internet of things; e-nose; indoor air quality; smart home; ESP32

1. Introduction

In recent years, air pollution has been a major environmental problem and a global concern that
has exceeded recommended national limits. Air pollution has negative effects on human health and
ecosystems, as well as affecting the world’s climate [1]. Air pollution can be classified as internal or
external air pollution, depending on where the activities take place [2]. Outdoor air pollution occurs
in an open environment, covering the entire atmosphere. Fossil fuels used to meet the energy needs
of factories, industries and vehicles are the main activities contributing to agricultural and mining
outdoor air pollution. The external air pollutants are mainly composed of nitrogen oxides (NOx),
nitrogen dioxide (NO2), sulfur dioxide (SO2), ozone (O3), carbon monoxide (CO), hydrocarbons and
particulate matter (PM) of different particle sizes. Indoor air pollution, found in offices, hospitals,
schools, libraries, entertainment areas, gymnasiums, public transport vehicles, etc., is classified as the
pollution of the air of indoor areas [3]. Major indoor air pollutants include NOx, SO2, O3, CO, carbon
dioxide (CO2), volatile and semi-volatile organic compounds VOCs, PM, radon and microorganisms.
The air quality index includes an internationally adopted parameter for assessing air quality.

Ground-level ozone reflects five pollution standards including PM, carbonic oxide, SO2 and
NO2 [4]. Indoor air quality (IAQ) is very important for many people who spend most of their lives
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in closed spaces, such as the elderly, disabled, infants and patients [5]. Indoor air pollution occurs
due to household activities and products used in these activities. Home cleaning products and paint
materials emit toxic chemicals into the air and cause air pollution. Exposure to air pollution, especially
indoor air pollution, is one of the largest environmental health risk factors and is directly related to
millions of premature deaths worldwide each year [6]. Air pollution comes second on the list of deaths
caused by non-contagious health reasons [7].

In the United States, indoor and outdoor air quality is regulated by the Environmental Protection
Agency (EPA). The EPA has shown that indoor pollutant levels may be up to 100 times higher than
the level of external pollutants and poor air quality is one of the five most important environmental
risks threatening public health [8]. PM, a complex mixture of solid and liquid particles of organic and
inorganic substances suspended in the air, is considered the most common pollutant. Air pollution from
PM (PM2.5 and PM10) poses a significant health threat to people living in cities. The health-damaging
PM, which can penetrate deep into the lungs, contributes to the risk of developing cardiovascular
diseases as well as lung cancer [9]. In addition to health problems affecting the low IAQ nervous
system, its effects are associated with other long-term diseases [10]. Simple interventions, such as
natural ventilation provided by homeowners, have significant positive effects on IAQ. However,
consideration of the household’s thermal comfort and climate conditions in natural ventilation is
crucial [11]. Furthermore, power losses due to manually regulated natural ventilation should be
considered [12]. Therefore, indoor real-time monitoring of IAQ is very important to detect unhealthy
conditions [13].

Today, cities face interesting challenges and problems to meet socio-economic development
and quality of life goals, and the concept of “smart cities” responds to these challenges. The smart
city is directly related to a strategy to reduce the problems caused by rapid urbanization [14].
The IoT is a network where physical objects are linked to each other or to larger systems. This
network collects large amounts of data from different devices we use in our daily life and converts
it into utilizable information [15]. The rapidly emerging IoT concept supports many different areas
and applications including health, education, agriculture, industry and environmental monitoring.
Real-time environmental monitoring and analysis is an important area of research for IoT [16].
IoT provides remarkable features to smart cities which improve environmental quality control,
innovative real-life solutions and services. The smart home is an indispensable element of smart cities.
In the future, smart homes will be fully managed through smartphone applications and will include
IoT wearable devices [17] that are supported by microsensors. To date, several have been conducted in
the literature with the aim of establishing real-time monitoring solutions for air quality analysis.

Numerous IoT-based air quality monitoring systems using micro-sensors for data collection
have been proposed, including open source technologies for data processing and transmission [18].
According to an IAQ analysis [19], it has been reported that indoor PM2.5 pollution mainly comes
from outdoor sources. In another study, three typical activities such as a having fireplace in the house,
cooking with kitchen appliances and toasting were investigated, and indoor pollutant levels such as
PM2.5, PM10 and VOC were found to be above the limit values [20]. Monitoring of the PM concentration
for 63 participants between the ages of 18–65 years in the Perth metropolitan area indicates that the PM
concentration increases the number of heartbeats by 4–6 beats per minute (bpm) and has a significant
effect on systolic blood pressure (SBP) [21]. An IoT-based IAQ measurement system was created using
the WEMOS D1 mini microcontroller and the PMS5003 PM sensor. This system allows the household
individual to intervene for ambient assisted living (AAL) [22].

In this study, a low-cost, portable, IoT-based and real-time monitoring system that can measure
ambient air quality with a range of sensors is proposed. For the proposed system, an Android
interface has been designed primarily by the Blynk platform. Then, with the embedded architecture
ESP32 module, the controller unit of the system is created. Using this IoT controller with an internal
Wi-Fi module, all measured air quality data are displayed in the mobile app and these data are
stored on a cloud server. The mobile interface provides users with numerical and graphical data on
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contaminating gas concentrations, temperature and humidity. The proposed e-nose measurement
system sends a notification to the users via the mobile application if any gas concentration levels reach
health-threatening values. In this way, households can take measures to reduce gas concentrations
when necessary. The data can be viewed graphically through the mobile interface which allows users to
observe the effects of activities such as sleep, cleaning and cooking on the gas concentration. In addition,
the IoT-based e-nose air quality measurement system has a low-cost (about $100), easy-to-install and
open-source feature produced by a DIY approach.

2. Related Work

Due to the fast advancement in IoT and sensor techniques, interest in air quality measurements
continues to grow. In [23] an environmental monitoring system was propose that included the sensors
Raspberry Pi and MICS-4514, which enabled the assessment both indoors and outdoors at a university
campus of multiple environmental parameters such as temperature, humidity, light, noise level, CO,
NO2. A proposed system for detecting environmental contamination [24] used various environmental
detectors to identify temperature, humidity, ambient light, gas sensors and PM. All data measured
by the system using the sensors STM32f4xx and Sharp GP2Y1010 for PM detection, and TGS5342
for CO, are stored in the internal storage and on an Internet server over the Wi-Fi network. Using
the ATmega328AVR controller, DHT22 temperature sensor, Sharp GP2Y1010AU0F dust sensor and
UVM-30A UV sensors, an Integrated Environmental Monitoring System (IEMS) [25] was proposed
to detect the microenvironment. In another study [26], the Nano Environmental Monitoring System
(nEMoS) was proposed using an IoT-based indoor environmental quality (IEQ) assessment system
created using an Arduino Uno module and low-cost sensors such as DHT22. To determine the
quality of packaged products, an IoT-based measuring system was intended, including low-cost
pressure, temperature, humidity, gas sensors (BME680, DHT22 and MQ5), Arduino and XBee wireless
module [27]. In the study, in which iAQ, an air quality surveillance system based on IoT architecture,
was proposed for AAL [28], the wireless sensor nodes (WSN), Gateway and Android user interface
provided environmental data such as temperature, humidity and CO2 to users through the mobile
application. In the IoT-based system [29] developed for real-time IAQ surveillance, multiple gases
such as CO2, NO2, ethanol, methane and propane were detected using ESP8266 as the controller and
sensors MICS-6814 and MICS-6814 as the detection unit. This system, based on open source technology,
has a mobile phone application that transmits real-time notifications to users. The solution is based on
the IoT concept and is entirely wireless in a study that presented an IAQ surveillance solution that
can measure temperature, humidity, PM10, CO2 and light intensity in real-time [30]. The Arduino
UNO emitter utilizes the ESP8266 controller and the “ThingSpeak” open-source IoT platform to record
wireless data to enable wireless Internet access. In this study, a real-time surveillance system based on
IoT architecture for PM surveillance was presented [31]. The iDust system was created using open
source technologies and low-cost sensors. System measurement data, consisting of a WEMOS D1 Wi-Fi
controller and PMS 5003 dust sensor, are transferred to users via an IoT-based implementation.

3. Materials and Methods

Low air quality poses a significant health threat for individuals who spend most of their
time indoors. Some pollutants such as tobacco smoke, CO, NO2, formaldehyde, asbestos fibres,
microorganisms and allergens are known to be closely related to health problems. Temperature and
humidity monitoring are part of everyday life, but in the vast majority of buildings, real-time air quality
monitoring is not performed. In this study, air quality measurement system with an IoT-based e-nose
has been proposed for real-time, low-cost and easy-to-install air quality monitoring. With the proposed
e-nose system the ambient temperature and humidity values are measured in real-time in addition to
the polluting gases such as CO2, CO, PM10 and NO2. Information on the presence of these monitored
gases in excessive quantities is transmitted to users via the mobile application as a notification. This is
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a completely wireless solution developed using the ESP32 module, which integrates the IEEE 802.11
b/g/n network protocol into the IoT architecture.

The architecture of the proposed e-nose system is given in Figure 1. A real-time air quality
monitoring system provides information about the concentration of pollutants in the environment.
It provides precise and detailed information about the air quality of the living environment and helps
to plan interventions that lead to improved air quality. The e-nose air quality monitoring system in
Figure 1 consists of two parts: The first part is the detection and communication unit consisting of an
ESP32 microcontroller-based sensor array with built-in Wi-Fi; and the second is the Android/iOS-based
mobile user interface.

Figure 1. The proposed e-nose system architecture.

The ESP32 module with a built-in Wi-Fi module is used in the e-nose system created for
monitoring air quality. The low-cost and high-performance 32-bit controller is frequently preferred in
IoT applications. An ESP32 has a dual-core structure and has many internal modules such as Wi-Fi,
Bluetooth, RF, IR, CAN, Ethernet module, temperature sensor, hall effect sensor and touch sensor
needed for smart home applications. In the ESP32 module structure, the Harvard Tensilica Xtensa
LX6 32-bit Dual Core features a processor capable of operating at up to 240 MHz. The detection
unit includes the sensors GP2Y1010AU, MH-Z14, MICS-4514 and DHT22, which measure air quality
parameters such as CO2, CO, PM10, NO2, temperature and humidity.

The GP2Y1010AU is a dust sensor with an analogue output system. An infrared light-emitting
diode (IRED) and a phototransistor are arranged across from each other. The IR beams reflected
from dust entering the air chamber of the sensor is detected by the phototransistor and generates a
corresponding voltage [32].

The MH-Z14A CO2 sensor module uses the non-dispersive infrared (NDIR) principle. It measures
between 0–5000 ppm, 5 ppm resolution with an accuracy of ±50 ppm. The sensor module sends the
CO2 concentration in three different output modes: Serial output (RS-232), analogue output and pulse
width modulation (PWM) [33].

The MICS-4514 is mainly used for measuring emissions from automobile exhausts but is also
used for measuring concentrations of gases such as NO2, CO and hydrocarbons. The sensor has a
built-in heating element and a micro-sensing diaphragm on the upper side. The MICS-4514 includes
two sensor chips with independent heaters and delicate layers. One sensor chip detects oxidizing
gases (OX) and the other sensor detects reducing gases (RED) [34].

The DHT22 consists of two parts: A thermistor temperature sensor and a capacitive humidity
sensor. The DHT22 is an advanced sensor unit that provides a calibrated digital signal output. It is
equipped with an 8-bit microcontroller and has a short response time. It has a relative error of ±0.5 ◦C
in temperature measurement and ±2% rH in humidity measurement [35]. The electronic features of
the sensors used in the IoT-based e-nose system are given in Table 1.
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Table 1. Electronic features of the sensors in the IoT-based e-nose measuring system.

ID Equipment Name Types Electronic Features

1 CO2 gas sensor MH-Z14
[36,37]

Detection range 0–10000 ppm; operating voltage: 4–6 V;
accuracy: ± 50 ppm ±5%; resolution: 5 ppm;
output Voltage: 0.4–2 V; operating temperature: 0–50 ◦C

2 NO2, CO gas sensor MICS-4514
[38–40]

Detection range 1–1000 ppm (CO); 0.05–5 ppm (NO2);
operating voltage: 4.9–5.1 V; operating temperature:
−35–85 ◦C; heating current: 58 mA

3 Dust sensor GP2Y1010AU
[41–43]

Operating voltage: 5 V; output voltage: 0.9 (no dust)–3.4 V;
operating current: max 20 mA; operating temperature:
−10 to 65 ◦C, accuracy ±15%

4 Temperature and
Humidity sensor

DHT22
[44–46]

Temperature range: −40 ◦C to 80 ◦C; humidity range: 0%
to 100%; operating voltage: 3.5–5.5 V;
operating current: 60 uA; output: serial; resolution: 0.1 ◦C
and ±1 rH%; accuracy: ±0.5 ◦C and ±1 rH%;
resolution: Temperature and humidity are 16-bit.

The images of the IoT-based e-nose system used in air quality measurements and formed
from different sensors are displayed in Figure 2. The sensors used in the system are mounted in a
17 × 12 × 8 cm size sealed box per the measurement specifications. In addition to the sensors used
for measurement, the box includes a printed circuit board, a fan for airflow to the dust sensor, and a
power supply for the energy of the system.

Figure 2. Images of the IoT-based e-nose system.

The measurement system can work with a 12 V DC adapter, and additionally has a mobile use
feature when paired with a power bank that can be connected to the 5 V DC USB port. This feature
provides a great advantage for short-term measurements. When supplied from a 5 V power supply, the
measuring device draws a current of 160 mA. With a 5000 mAh power bank, it has a measuring time of
approximately 30 h. Using a wireless internet connection, it provides the opportunity to measure air
quality from many common living areas such as parks, gardens, highways, industrial areas, sports
fields, public transportation, cafes, restaurants, schools, hospitals.

The climate parameters and gas concentrations are a median of 12 measurements taken at 5 s
intervals. This minimizes the effect of erroneous measurements brought about by faulty sensors.
Users are notified by exceeding the designated gas concentration and climate parameter thresholds.
Five-minute averages are calculated and delivered to users as notifications, preventing false warnings
that may mislead users. In this e-nose system which measures air quality, no memory element is used
for data recording. The received data are recorded directly to the Blynk cloud server via the mobile
interface. The data are sent to the registered e-mail address of the user when requested. The status of
the internet connection is checked before each data transmission. When not connected, data packets
that cannot be temporarily transmitted are stored to ensure data integrity, and then, when the internet
connection is re-established, these packets are sent to the cloud server using past time tags. In this way,
data loss can be prevented by providing continuity in the data flow.
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The front panel images of the developed Android-based mobile user interface are given in Figure 3.
Control over mobile devices in IoT applications has become very common. There are many free options
available for Android and iOS devices. Blynk is one of these applications and it is an IoT platform
developed for iOS and Android applications that enables management of different controllers such
as Raspberry Pi, ESP8266, ESP32, chipKIT, Intel, LeMarker, Onion Omega, SparkFun and STM32.
Using the Blynk cloud server service, digital data such as temperature, humidity, current, voltage
measurements and control systems are stored and can be easily accessed at any time. The Blynk
graphical components (widgets) allow real-time clock and calendar (RTCC) features to be used.

Figure 3. Mobile user interface developed for the e-nose system.

Table 2 shows the cost table of the IoT-based e-nose measurement system. The total cost of the
software and hardware components required to install the system is approximately $100. Compared
to most commercially accessible non-IoT-based home air quality meters, this cost is very economical
and convenient.

Table 2. Cost table for IoT-based e-nose measurement system.

Component Cost ($)

ESP-32 Controller 5
GP2Y1010AU Sensor 5

MH-Z14 Sensor 25
MICS-4514 Sensor 20

DHT22 Sensor 3
5V Fan 3

5V Power Sup. 2
PCB 3

Plastic Box 5
Cable, Socket 5

Power Supply/Bank 15
Arduino IDE free

Blynk IoT Platform 5

Total Cost 100 $

4. Results and Discussion

For air quality analysis with IoT-based e-nose, data were collected in a residence for 4 days
at one-minute intervals. The housing area where air quality measurements were taken is 150 m2.
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The room in which the measurements were made is 25 m2 and the measurements were taken from a
height of 1.5 m. The five-person house is heated by a central heating system. Although there were
changes in the number of inhabitants during the day, there were always at least two people in the
household. There was no air cleaning system in the house and the ventilation of the environment was
done by manually opening the windows.

The doors in the household were not closed during the measurement and thus the air was
homogeneous throughout the house. Ventilation was carried out once a day for a duration of one hour.
Ventilation started at 11:30 on the first day and at 07:30 on the other days.

Figure 4 displays 4-day measurement graphs showing the relationships between humidity–CO2,
CO–CO2, CO2–NO2, CO–NO2, PM10–CO and PM10–NO2.

Figure 4. Relationship between gases during four-day measurement, (a) Humidity- CO2, (b) CO-CO2,
(c) CO2- NO2, (d) CO-NO2, (e) PM10-CO, (f) CO-NO2.

Figure 5 displays PM10, CO2, CO and NO2 measurements over 4 days. When the graph is examined,
it shows that the indoor PM10, CO, NO2 and CO2 PM and gas concentrations vary depending on the
number of household inhabitants and individual activities. It is seen that natural ventilation in the
morning hours caused a decrease in CO, NO2 and CO2 gas concentrations. In addition, an increase in
PM10 is observed in the morning as a result of increased activity in the household. These increased
rates at the PM10 level are 27.1%, 32.2%, 14.4% and 12.5%, respectively.

Figure 6 displays the daily changes of temperature, humidity, PM10, CO, CO2 and NO2 values.
One-day time, period 1 (00:00–07:30), period 2 (07:30–16:30) and period 3 (16:30–00:00) are divided
into three parts; period 1 sleeping of household inhabitants, period 2 during which the daily activities
(cooking, cleaning, etc.) of the individuals in the household are performed, and the period 3 of
eating and resting of the household inhabitants. The PM10 value seen in Figure 6a is in the order of
28.18 μg m−3, 29.93 μg m−3 and 28.40 μg m−3 for periods 1-3, respectively. It can be seen that PM10

has the lowest value in period 1 when the household is asleep. The CO2 values in the periods are as
follows: period 1, 565 μg m−3; period 2, 317 μg m−3; and period 3 has a mean value of 297 μg m−3.
The value of CO2 reaches the highest value in period 1 when the household inhabitants are asleep.
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Figure 5. Daily changes of PM and gases, (a) PM10, (b) CO2, (c) CO, (d) NO2.

Figure 6. Hourly changes of climate parameters and gases values of day 3, (a) PM10 - CO2, (b) NO2-CO,
(c) temperature, (d) humidity.

When Figure 6b is examined, it is seen that NO2 concentration has average values of 53.15 μg m−3

for period 1, 41.59 μg m−3 for period 2 and 42.22 μg m−3 for period 3. It is seen that the NO2

concentration value reached the highest value in the period 1, similar to CO2. The CO concentration
has an average of 5.48 mg m−3 in the period 1, 1.38 mg m−3 in the period 2 and 1.09 mg m−3 in the
period 3. The CO value, and also CO2 and NO2 values, are observed to be highest in the period 1 while
the household is asleep. Also, natural ventilation by opening the windows in the morning results in a
significant reduction of CO, CO2 and NO2 concentrations.

As a result of natural ventilation, the indoor concentration of CO is seen to fall from 6.51 mg m−3

to 0.4 mg m−3, NO2 concentration from 54.7 μg m−3 to 38.6 μg m−3 and CO2 concentration from
608 μg m−3 to 282 μg m−3.

As a result of one hour of natural ventilation, the increased gas concentrations in the closed and
unventilated environment resulted in a significant decrease of 93.8% in CO, 29.4% in NO2 and 53.6%
in CO2.

Figure 7 shows the minimum, maximum and average values of daily gas concentrations. When
the values given in Figure 7 are examined, it is seen that the largest variance is observed in the CO
concentration. The CO values increased by nine times on day 1 and 16 times on day 3. Similarly, CO2

concentration increased by 1.36 times on day 2. NO2, with a lower change, increased by half on day 4
and PM10 concentration increased by half on day 2.
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Figure 7. Minimum, maximum and average values of daily gas concentrations and PM, (a) PM10,
(b) CO2, (c) CO, (d) NO2

The daily average concentration values of indoor CO gas are as follows: 3.21, 2.75, 2.65 and
3.40 mg m−3, daily concentrations of NO2, 47.9, 49.2, 45.6 and 42.8 μg m−3, CO2, with mean values of
500, 426, 394 and 424 μg m−3 and PM10 30.2, 31.1, 28.8 and 30.1 μg m−3.

The correlation relationships between air quality dates have been estimated by the Konstanz
Information Miner (KNIME) “Linear Correlation” algorithms. Figure 8 shows the linear correlation
workflow of KNIME.

Figure 8. Workflow of Linear Correlation in KNIME application.

Tables 3–5 demonstrate the period 3 linear correlation matrices on 22.03.2019. Table 3 demonstrates
the period 1 linear correlation matrix. There was a positive correlation between CO–CO2, NO2–humidity
and NO2–temperature at values of 0.943, 0.871, 0.755, respectively, during the period when the
household was asleep. In addition, there were 0.979, 0.911 positive and 0.941 negative correlations
between time–CO, time–CO2 and time–NO2, respectively. There was a strong negative correlation
between climate parameters and values of CO and CO2 and a strong positive correlation between
climate parameters and values of NO2. On the other hand, the correlation between PM10 and gas
concentrations and climate parameters were minuscule. The findings indicate that in period 1 there
was an elevated positive and negative correlation between gas concentrations and climatic parameters,
which represents sleep hours.
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Table 3. Linear correlation matrix for period 1.

Time CO NO2 CO2 Temp Humidity PM10 1

Time 1 0.979 −0.941 0.911 −0.866 −0.944 −0.251
CO 1 −0.919 0.943 −0.907 −0.969 −0.254

NO2 1 −0.841 0.755 0.871 0.245 0

CO2 1 −0.886 −0.918 −0.213
Temp. 1 0.941 0.248
Humidity 1 0.258
PM10 1 −1

Table 4 demonstrates the period 2 linear correlation matrix. There was a positive correlation
between CO–CO2. CO–NO2 and NO2–CO2 at values of 0.966, 0.881, 0.861, respectively, and a negative
correlation of 0.915 for temperature–humidity during this period, in which households are undertaking
domestic activities (cooking, cleaning, washing, etc.). There were strong negative correlations between
time, CO, CO2, humidity and NO2 at −0.844, −0.752, −0.735 and −0.669 during this period. In addition,
this period’s correlations between PM10 value and gas levels and climate parameters were very low.

Table 4. Linear correlation matrix for period 2.

Time CO NO2 CO2 Temp Humidity PM10 1

Time 1 −0.844 −0.669 −0.752 0.640 −0.735 −0.242
CO 1 0.881 0.966 −0.266 0.415 0.014

NO2 1 0.861 −0.098 0.254 −0.092 0

CO2 1 −0.186 0.314 −0.020
Temp. 1 −0.915 −0.327
Humidity 1 0.317
PM10 1 −1

The linear correlation matrix provided in Table 5 belongs to period 3, in which families carry out
activities such as eating and resting. There was a positive correlation between CO–NO2 and CO–CO2

at 0.833, 0.671, respectively, during this period. Furthermore, there was also a positive correlation
between time–CO, time–NO2, time–CO2 and time–PM10 at 0.968, 0.846, 0.622 and 0.407, respectively.

Table 5. Linear correlation matrix for period 3.

Time CO NO2 CO2 Temp Humidity PM10 1

Time 1 0.968 0.846 0.622 0.234 0.304 0.407
CO 1 0.833 0.671 0.213 0.296 0.379

NO2 1 0.474 0.213 0.328 0.347 0

CO2 1 0.051 0.001 0.192
Temp. 1 0.629 0.230
Humidity 1 0.169
PM10 1 −1

We can conclude that the cost of the proposed e-nose measurement system is very low compared
to commercial products sold on the market. Moreover, the majority of domestic air quality meters
available for commercial use measure only a restricted amount of air quality and climate parameters.
In this system, CO, CO2, NO2, PM10, and six parameters of temperature and humidity can be
evaluated. Another significant advantage is that our measuring system is IoT-based and provides
users with real-time data transfer through its mobile interface. The major drawback of the proposed
e-nose system is that no comparison and calibration is conducted with any conventional measuring
system. The measuring precision of the system is equivalent to the measuring precision indicated by
manufacturers. To rectify this, in our future studies the measuring system will be calibrated first, then
the sensor node created and longer-term readings made. Thus, the change in IAQ through individual
activities will be disclosed more obviously.
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5. Conclusions

Although many people spend most of their lives indoors, they have very limited information
about the air quality in their environment. IAQ, which plays an especially important role in the health
of children and the elderly, should be measured and necessary ventilation measures should be taken.
In recent years, individual air quality measuring devices have been produced owing to the developing
information communication technologies, Wi-Fi based microcontrollers and low-cost sensors.

In this study, an IoT-based personalized air quality measurement and monitoring system was
proposed by using air quality sensors and DIY approach. The developed e-nose measurement
system made data measurements at one-minute intervals and recorded these data to the cloud server.
The measurement data can be monitored instantaneously via the Blynk mobile interface, and if the limit
values are exceeded, the application sends a notification to the user to take the necessary measures.

According to the four-day measurement results, the following inferences have been obtained:

• IAQ is directly related to the number of people in the household and the activities carried out in
the household.

• Activities such as cooking, sleeping, cleaning have a significant effect on CO, NO2 and CO2

gas concentrations.
• CO, NO2, CO2 gas concentration values of the house reach the highest level during the sleep

period (period 1). During this period, PM10 concentration has the lowest value.
• PM10 concentration reaches the highest level in period 2, when daily routine tasks such as cleaning

and house arrangement are carried out.
• When the daily maximum and minimum values were taken into consideration, there was a 16-fold

daily maximum change on day 3 in CO concentration, with minimum values of 0.4 mg m−3 and
maximum 6.51 mg m−3.

• The largest change in PM10 concentration was achieved with a minimum of 27.6 μg m−3 and a
maximum of 40.7 μg m m−3 on day 2, resulting in a 47% change.

• Although CO and CO had the lowest concentration in period 3, NO2 had the lowest concentration
in period 2.

• A rapid decrease in CO, NO2, CO2 gas concentrations was observed from the moment of natural
ventilation, while a concurrent increase in PM10 was observed.

• In period 1, the highest positive correlations occurred between time–CO and CO–CO2; the lowest
negative correlations occurred between CO–humidity and time–humidity.

• In period 2, the largest positive correlations occurred between CO–CO2 and CO–NO2, whereas
the smallest negative correlations occurred between temp–humidity and time–CO.

• The highest positive correlations between time–CO, time–NO2 and CO–NO2 occurred in period
3. There was no negative correlation between the weather parameters and gas concentrations
during this period.

IAQ has been observed to change depending on the daily activities of the inhabitants. Low air
quality is undoubtedly an important parameter that directly affects our health. Even simple measures
such as opening only windows to reduce the concentration of harmful gases in the environment can
significantly improve IAQ. The numerical data obtained show that the e-nose system is a feature that
can contribute to a healthier living environment. In future studies, it is planned to model the effects of
individual activities on IAQ by using the e-nose air quality measurement system used in this study.
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Abstract: Indoor air quality (IAQ) is not only a determinant of occupational health but also influences
all indoor human behaviours. In most university establishments, laboratories are also used as
classrooms. On one hand, indoor environment quality (IEQ) conditions supervision in laboratories
is relevant for experimental activities. On the other hand, it is also crucial to provide a healthy
and productive workplace for learning activities. The proliferation of cost-effective sensors and
microcontrollers along with the Internet of Things (IoT) architectures enhancements, enables the
development of automatic solutions to supervise the Laboratory Environmental Conditions (LEC).
This paper aims to present a real-time IEQ-laboratory data collection system-based IoT architecture
named iAQ Plus (iAQ+). The iAQ+ incorporates an integrated Web management system along
with a smartphone application to provide a historical analysis of the LEC. The iAQ+ collects IAQ
index, temperature, relative humidity and barometric pressure. The results obtained are promising,
representing a meaningful contribution for IEQ supervision solutions based on IoT. iAQ+ supports
push notifications to alert people in a timely way for enhanced living environments and occupational
health, as well as a work mode feature, so the user can configure setpoints for laboratory mode
and schoolroom mode. Using the iAQ+, it is possible to provide an integrated management of data
information of the spatio-temporal variations of LEC parameters which are particularly significant
not only for enhanced living environments but also for laboratory experiments.

Keywords: IAQ; enhanced living environments; IEQ; IoT; smart cities; LEC

1. Introduction

Indoor environment quality (IEQ) in buildings incorporates indoor air quality (IAQ), acoustics,
thermal comfort, and lighting [1]. It is well known that poor IEQ has a negative effect on occupational
health, particularly on children and old people.

Poor IAQ is a significant problem which affects particularly the underprivileged people in the
world, as they remain most exposed, presenting itself as a critical problem for global health such as
tobacco use or the problem of sexually transmitted diseases [2]. The Environmental Protection Agency
(EPA) is responsible for indoor and outdoor air quality supervision in the United States. The EPA
assessment recognises that IAQ pollutants concentration can be up to 100 times greater when compared
with the outdoor pollutants concentration levels and established poor air quality, which are in the top
five environmental risks to global health [3].

Indoor living environments include several types of spaces and workplaces such as offices, hospitals,
public service centres, schools, libraries, leisure spaces and also the cabins of vehicles [4]. In particular,
schools are an essential place to monitor. Typically, the large number of occupants, the time spent indoors,
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and the higher density of occupants justifies the need to develop automatic supervision systems to provide
a healthful and productive workplace for students, teachers and school staff [5].

Buildings are responsible for 40% of the global energy consumption and 30% of the CO2 emissions.
Thermal comfort assurance is related to a substantial percentage of the referred energy consumption.
The adoption of personalised conditioning systems is apparently a reliable approach to improve user
acceptability with the environment thermal conditions since thermal comfort is a complicated subject
with several interrelated aspects that need to be understood [6].

Currently, IEQ in buildings is based on random sampling. However, these procedures are only
providing information relating to a specific sampling and are devoid of details of spatio-temporal
variations, which are particularly relevant in laboratory tests such as thermography experiments.

The fundamental concept of the Internet of Things (IoT) is the pervasive presence of several types
of devices with communication and collaboration skills between them to reach a mutual purpose [7].
The IoT will not only improve everyday life behaviours and activities in different areas such as
smart homes, assisted living environments and smart-health, but also in present innovative data and
computational resources to develop novel software solutions [8]. One of the fields where the IoT plays
a significant role is IAQ monitoring [9]. The rapid increasing of Information and Communication
Technologies (ICTs) and IoT proliferation offer significant opportunities in the development of
healthcare information systems. However, challenges still exist in achieving safety, security and
privacy for healthcare applications [10,11].

Ambient Assisted Living (AAL) is a research area which studies the conceptualisation of an
ecosystem of diverse kinds of sensors, computers, mobile gadgets, wireless networks and software
development for enhanced personal healthcare supervision and telemedicine solutions [12]. At 2050,
a significant proliferation of diseases will lead to high healthcare costs, lack of caregivers, dependency
and notable social impact, because 20% of the world population will be aged 60 or over [13].
Most people (87%) prefer to stay in their houses and pay a significant charge for nursing care [14].
However, there are numerous difficulties in AAL solutions conceptualisation and development
such as data structure, user-interface, human–computer communication, ergonomics, usability and
accessibility [15]. Furthermore, the AAL solutions adopted by the aged population is influenced by
social and ethical obstacles. Therefore, privacy and confidentiality are fundamental to AAL solutions’
development. Actually, technology should not substitute human care but must be seen as a useful
supplement. IoT and AAL research can be conducted side by side in order to present multiple
advantages to various healthcare activities such as not only the identification, authentication and
tracking of objects and patients but also in automated data acquisition, consulting and storage [16].

The “smart city” approach has recently been proposed as an important method to include current
urban production circumstances in a mutual framework especially to focus the ICTs influence in the
last 20 years on city performance [17]. The smart city concept is associated with a recent approach
to decrease the obstacles caused by the growth of urban population and rapid urbanisation [18].
The interoperability of heterogeneous technologies and devices is a significant challenge in smart cities;
IoT can offer the interoperability needed to create unified urban-scale ICT [19].

IoT incorporates notable features to develop innovative real-life solutions and services for smart
cities [20], particularly for environmental quality supervision. The smart home is an indispensable
element in smart cities [21]. In the future, smart homes should incorporate IoT wearable gadgets
managed by smartphone applications and powered by miniaturised built-in sensors [22]. Smart homes
follow the AAL paradigm, which enables access to health-care services for patients and medical staff as
well as other AAL applications [23]. The use of the paradigm of cognitive dynamic systems associated
with IoT architectures in intelligent houses is proposed by Reference [24]. According to this study,
the smart home can benefit from several building blocks of the cognitive dynamic system (CDS) along
with the incorporation of IoT.

This paper aims to present an environmental quality solution based on IoT to supervise
Laboratory Environmental Conditions (LEC) named iAQ+. This low-cost wireless solution for
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IEQ supervision incorporates mobile computing technologies for data consulting, easy installation,
significant notifications for enhanced living conditions, and laboratory activities.

2. Related Work

Several studies have shown the IAQ importance in schoolrooms. The IAQ of public primary
Portuguese schools was analysed in 73 primary classrooms in Porto [25]. This study indicates
that IAQ deficiencies can persist in classrooms with pollutant sources and defective ventilation.
Therefore, pollutant source regulation procedures are the most effective methods for the prevention of
unfavourable health impacts on children in scholar institutions. The effectiveness of manual airing
strategies on the IAQ of naturally ventilated Italian schools was presented by Reference [26]. A study
conducted in New York State primary and secondary schools organised by 501 teachers concluded
that many classroom characteristics are probably associated with bad IAQ and over 40% of the
teachers described a minimum of one health symptom associated with the building construction [27].
A review of the association between IAQ and its consequences on respiratory wellbeing in Malaysian
students was proposed by Reference [28]. Despite the relatively small-scale epidemiologic evidence,
Malaysian research proposes effective and relatively consistent evidence among IAQ and children’s
respiratory health. Another study that characterises the levels of several indoor air contaminants at
scholar institutions in Hong Kong, correlates the calculated concentrations with proper standards,
and recommend methods to decrease the exposure of students to unwanted pollutants was proposed
by Reference [29].

On the one hand, in most university establishments, laboratories have a large number of polluting
sources. On the other side, these spaces are very often used as classrooms. Therefore, university
laboratories need to be monitored for two purposes: as a classroom (IAQ parameters, including thermal
comfort) and/or to ensure different conditions for sampling and performing experiments with reliable
quality and data. Most people consider thermal comfort with higher importance when compared with
visual and acoustic comfort and IAQ [30]. The comfort temperature might be as low as 17 ◦C and
as high as 30 ◦C. Thermal comfort is influenced by several factors such as air temperature, radiant
temperature, air velocity, humidity, clothing insulation and metabolic heat. The first four factors can
be measured and the last two are personalised factors [31]. Although, for laboratory experiments,
the recommendation is 23 ◦C (±5 ◦C) and <70 % RH for temperature and relative humidity respectively.
A study on the thermal comfort in a Portuguese school was presented by Reference [32].

Multiple studies on environmental quality supervision are accessible in the literature. This section
presents several prominent low-cost solutions which include not only open-source but also mobile
computing technologies.

A wireless sensor network (WSN) low-cost solution for proper greenhouse pepper cultivation
which incorporates proper supervision methods such as remote administration for drip irrigation and
equipment control was proposed by Reference [33].

A real-time WSN architecture for environmental supervision which provides acoustic levels,
temperature, relative humidity and particulate matter concentration data collection for smart cities
was proposed by Reference [34].

A WSN approach for temperature distribution supervision in large-scale indoor environments
was proposed by Reference [35]. This methodology aims to enhance the quality of the data transmitted
by wireless signals, classify the temperature distribution model and improve the allocation of supplied
air measure flow levels to various supply air terminals which fulfill the area taking into account the
temperature distribution model.

Numerous IoT solutions for IAQ supervision which merge open-source technologies not only for
processing and data transmission and sensors for data collection but also to provide data consulting
from distinct areas at the same time using Web and smartphone applications in real time are proposed
by References [36–43].
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The iAQ+ solution proposes a valuable instrument for enhanced living environments in smart
cities. The advantages for well-being, comfort and productivity of healthy IAQ levels can be enhanced
by reducing the pollutant concentration when the ventilation is still unchanged [44]. Consequently,
the authors propose a wireless system which incorporates an ESP8266 module which performs the
IEEE 802.11 b/g/n networking protocol. The ESP8266 support built-in Wi-Fi technology, therefore,
this module is used not only as a processing unit but also for data transmission. For data consulting,
this solution uses a smartphone application developed using SWIFT language for the iOS operating
system (Figure 1).

Taking into account the IAQ influence on health, the development of a low-cost, open-source
supervision system is a trending idea. Therefore, several monitoring solutions have been created [45–52].
Regarding the quality and important contribution of the referred solutions, a review of these studies is
presented in Table 1.

Table 1. A summary comparison of real-time IAQ monitoring studies.

Authors MCU Sensors Architecture Low Cost Open-Source Connectivity
Data

Access
Easy

Installation
Notifications

P. Srivatsa and A.
Pandhare [45]

Raspberry
Pi CO2 WSN/IoT

√ √
Wi-Fi Web × ×

F. Salamone et al.
[46]

Arduino
UNO CO2 WSN

√ √
ZigBee × × ×

S. Bhattacharya
et al. [47] Waspmote

CO, CO2, PM,
Temperature,

Relative Humidity
WSN × √

ZigBee Desktop × ×

F. Salamone et al.
[48]

Arduino
UNO

Temperature,
Relative Humidity,

CO2, Ligth, Air
velocity

IoT
√ √ ZigBee /

BLE Mobile × ×

Wang, S.K
et al. [49] Arduino

Temperature,
Relative Humidity,

CO2

WSN
√ √

ZigBee Desktop × ×

Jen-Hao Liu
et al. [50]

TI
MSP430

CO, Temperature,
Relative Humidity WSN

√ √
ZigBee × × ×

J.Kang and K.
Hwang [51]

TI
MSP430

CO, Temperature,
Relative Humidity,

VOC, PM
IoT

√ × ZigBee × × ×

Benammar M. et
al [52]

Raspberry
Pi

CO2, CO, SO2,
NO2, O3, Cl2, CO,

Temperature,
Relative Humidity

IoT/WSN
√ × ZigBee/Ethernet × × ×

MCU: microcontroller;
√

: apply; ×: not apply.

 

Figure 1. iAQ+ architecture.

Proposed iAQ+ Management System

Considering the importance of developing a cost-effective system, only the Bosch BME680
sensor was chosen. This sensor was selected since it is an integrated environmental sensor produced
particularly for portable applications and wearables where dimension and low power consumption
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are essential requirements. This sensor provides temperature, relative humidity, barometric pressure
and qualitative air quality, the main parameters that should be supervised for both school and
laboratory scenarios. The proposed system is composed of a hardware prototype for environmental
data acquisition and a Web portal and mobile application compatible for data access (Figure 1).
The iAQ+ is based on open-source technologies and is a totality Wi-Fi solution with various benefits
when related to current solutions, such as its modularity, scalability, low-cost, real-time notifications
and easy installation. The data collected is stored in a SQL Server database management system and a
smartphone application or a Web portal can be used for data consulting. The iAQ+ incorporates the
ESP8266 microcontroller with built-in Wi-Fi communication technology and has been tested in the
context of infrared thermography experiments.

Taking into consideration the SQL Server native .NET framework integration feature, this database
management system was chosen. Furthermore, the SQL Server incorporates several advantages such
as data-recovery features, professional management utilities and built-in data compression and data
encryption features. The SQL Server supports easy administration and audit functionalities for
enhanced data management.

3. Laboratory Environmental Conditions

LEC supervision is critical from a quality perspective to provide a consistent and regulated state
of control for equipment and samples for proper lab activities. LEC is influenced by the building
envelope, thermal loads, obstructions and buildings climatisation system, which can produce air flow
patterns of hot and cold spots. In some cases, these hot and cold spots can produce environmental
conditions variations during experiment activities which lead to unwanted effects on samples as well
as manipulation of the testing equipment’s samples. Therefore, the LEC must be monitored in real-time
not only to assure proper regulation and maintenance of indoor conditions but also to correlate the
collected samples with these conditions.

On the one hand, the laboratory activities must be monitored and stored to ensure that they are
stable when the test is conducted and at the data collection moment as they influence the quality
of the results. LEC has a significant influence on test results and on the precision and reliability of
testing records that remain concerned with environmental parameters. On the other hand, monitored
results must be saved in the laboratory information management system that should provide the
following requisites: 1) must incorporate authentication and access control for data safety; 2) must
incorporate data recovery and data adulteration protection methods; 3) must be manipulated in an
environment that satisfies the provider or laboratory specs or, in the situation of non-computerized
methods, provides conditions which preserve the precision of manual reporting and transcription;
4) must be managed to guarantee the information integrity; and 5) must implement reporting system
crashes support to allow prompt corrective operations.

In general, temperature, humidity and barometric pressure are assumed as the main conditions to
be monitored for enhanced laboratory environments. The recommendation for LEC is 23 ◦C (±5 ◦C)
and <70 % RH for temperature and relative humidity respectively. For temperature data collection,
the measurements must be made with calibrated sensors that must be placed far from the equipment
under analysis to anticipate every heating consequence which can lead to inaccurate ambient samples.
Regarding the humidity measurements, the data collected must be done at the same altitude from
the ground as the equipment under test and, preferably, in a similar place if possible. The barometric
levels can be consulted from local airports. However, for critical laboratory experiences, barometer
sensors are required and must be placed in the laboratory to detect indoor building environmental
limitations and barometric fluctuations.

IAQ has a significant influence on LEC [53–56]. On the one hand, IAQ should be supervised
in order to provide a healthy and productive workplace for the researchers. On the other hand,
IAQ should be monitored to minimise the impact the laboratory experiments’ samples. For instance,
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IQ is extremely significant in the clinical embryology laboratory activities and is recognised as a
significant parameter which influences in vitro fertilisation (IVF) success levels [57].

4. Materials and Methods

Taking into account, not only the necessity to keep a healthful and productive workplace for
the students, teachers and the school staff, but also to provide a consistent and regulated state
of control for laboratory activities, the iAQ+ solution has been created by the authors. The iAQ+
solution provides a low-cost and reliable method for IAQ supervision which incorporates easy
configuration and easy installation features. This system is a low-cost, reliable system that can
be easily configured and installed by the average user without supporting the cost of an installation
done by certified professionals.

The main objective is to provide proper supervision of the LEC, such as air temperature,
humidity and barometric pressure and a qualitative air quality index. Therefore, the authors
selected a cost-effective BOSCH BME680 sensor, a four-in-one multi-functional microelectromechanical
system (MEMS) environmental sensor which integrates a Volatile Organic Compounds (VOC) sensor,
temperature sensor, humidity sensor and barometer. The DFRobot Gravity BME680 environmental
sensor was used as it provides a Gravity I2C connector, is plug & play and is easy to connect.

The iAQ+ is based on a microcontroller with built-in Wi-Fi compatibility, a FireBeetle ESP8266
(DFRobot). Figure 2 presents the hardware prototype developed by the authors. In this section,
the hardware and software development materials and methods will be discussed.

 

Figure 2. iAQ+ prototype.

A brief introduction of each component used is shown below.

• FireBeetle ESP8266 is 32-bit Tensilica L106 microcontroller module which supports IEEE802.11
b/g/n WiFi (2.4 GHz~2.5 GHz). This module support one 10-bit analogue input, 10 digital inputs
which incorporate multiple interfaces such as SPI, I2C, IR, and I2S. The clock speed is 80MHz and
can reach a maximum 160MHz; in addition, it includes a 50KB SRAM and 16MB flash memory.
It supports a low-power-consumption mode of 46uA and the operating voltage is 3.3 V.

• DFRobot Gravity BME680 is an I2C environmental VOC sensor, temperature sensor, humidity
sensor and barometer. It supports an input voltage of 3.3–5.0 V; the operating current consumption
is 5 mA without air quality sensing and 25 mA with air quality features. This sensor module
size is 30 × 22 mm / 1.18 × 0.87 inches. The temperature range is from -40 ◦C to +85 ◦C with
a precision of ±1.0 ◦C (0–65 ◦C). The humidity range is from 0 to 100% r.H with a precision of
a ±3% r.H. (20–80% r.H., 25 ◦C). The atmospheric pressure measurement range is from 300 to
1100 hPa with a precision of ±0.6 hPa (300–1100 hPa, 0–65 ◦C).

• DFRobot Buzzer Module is a buzzer module that supports an input voltage of 3.3–5.0 V.

210



Appl. Sci. 2019, 9, 438

• 5V Green LED—a 5 V green LED is used to notify the end-user of a good IEQ conditions.
• 5V Red LED—a 5 V red LED is used to notify the end-user of poor IEQ conditions.

The BME680 sensor calculates the sum of VOCs in the surrounding air to provide qualitative air
quality data. This sensor incorporates a background auto-calibration feature in order to provide reliable
IAQ qualitative data. This process regards the recent measurement records to guarantee that IAQ index
~25 matches to typical good air and IAQ index ~250 states for typical polluted air. The sensor output
resistance value varies according to VOCs concentrations, the higher the concentration of reducing
VOCs, the lower the resistance and vice versa. The IAQ qualitative range is from 0 to 500 (the larger,
the worse). Table 2 illustrates the IAQ qualitative index meaning of the selected sensor.

Table 2. BME680 qualitative IAQ index meaning.

IAQ index Air Quality

0–50 Good air quality
51–100 Normal air quality
101–150 Little poor air quality
151–300 Poor air quality
201–300 Bad air quality
301–500 Very bad air quality

The mobile application, designated as iAQ+Mobile, was created using SWIFT programming
language in XCode IDE (Integrated Development Environment), and the minimum requirement is
the iOS 12. The iAQ+Mobile incorporates significant highlights as it allows not only real-time data
access of the last temperature, humidity, air pressure and qualitative IAQ index information but also
to receive real-time warnings to notify the occupants when the IEQ has severe deficiencies (Figure 3).
The smartphone application also allows viewing the collected data in chart form.

  

Figure 3. iAQ+Mobile.

The iAQ+ was developed by the authors to be a centralised supervision solution. Therefore, the
Web application, iAQ+Web, was built in ASP.NET C# using the Visual Studio IDE. Using the iAQ+Web,
the build manager can consult the IEQ data in real time. This Web portal saves the IEQ conditions
history for future analysis (Figure 4).
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Figure 4. iAQ+Web.

The iAQ+Web allows historical data export for enhanced reporting and analysis. The Web portal
supports hourly, daily and monthly charts and tables of the monitored data for enhanced building
management and audits.

To support the two main activities in the university laboratories, the laboratory experiments
and teaching activities, the iAQ+ software (Web and smartphone) supports two functional modes,
the laboratory mode and the schoolroom mode. The iAQ+ software allows the user to configure
setpoints for both modes and the laboratory manager can change the status mode using the Web or the
smartphone app. The smartphone app is an agile and effective way to change the status. However,
the software allows the end-user to schedule the working modes (Figure 5).

Figure 5. iAQ+Mobile Settings.
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5. Results and Discussion

In Portugal, the majority of indoor environments have natural ventilation. The nature of dwelling,
construction, heating and ventilation assumes an important influence on the air permeability variations.
It is expected that over 66% of business/services constructions which support natural ventilation
mechanisms are notably airtight, and the other 33% have a tendency to be leakier.

For testing purposes, one laboratory of a Portuguese university were on-site supervised using one
iAQ+ prototype. Figure 6a presents the experiment conducted by the authors of LEC supervision of
thermography activities. As in most laboratories, the supervised space incorporates natural ventilation
and does not have dedicated ventilation slots on the facades. The indoor air is reheated and recirculated
through a couple of standard air–water fan-coils of the heating system, and the air exchange is
performed through infiltrations and by opening windows manually. The outdoor air is employed to
afford ventilation, to reduce the temperature or when the occupants detect the severe or disturbing
odour; therefore, the IAQ is frequently deficient.

 

(a) 

 

(b) 

Figure 6. Laboratory layout: (a) experiments research area (e.g. thermography experiments supported
by iAQ+); (b) classroom learning space (teaching support).

The iAQ+ was powered by the power grid using a 230V-5V AC-DC 2A power supply. The LEC
exposure data were collected in thermography experiments which showed that indoor conditions can
be different from the recommended values and can affect the integrity of the collected data.

The tests conducted show the system capability not only to keep a healthful and productive
workplace for the students, teachers and the school staff but also to provide a consistent and regulated
state of control for laboratory activities. Figure 6b represents the laboratory space used as a schoolroom.

Figure 7 presents a sample of the graphics of the results achieved in the tests conducted. It should
be noted that the graphs displayed the results obtained in the monitored rooms with induced
simulations using tobacco smoke.

On one hand, monitoring environmental conditions and maintaining laboratory temperature and
humidity requirements is extremely important for high-quality experimental activities. On the other
hand, supervising IEQ is significant in creating a healthy and productive workplace for learning and
teaching. Using the smartphone application, the user can carry all the monitored data in his pocket.

This solution not only supports alerts and setpoints configuration for real-time notifications via
e-mail, SMS and push notifications but also provides an integrated dashboard for the monitored
real-time collected data. Quite apart from this, the iAQ+ incorporates a built-in visual and audio alarm,
two LED’s and a buzzer respectively. When the configurated setpoints are met, the correspondent
LED is triggered, green to inform the good IEQ status and red to notify the poor IEQ status along with
the buzzer activation. In the last case, the buzzer will ring for 30 seconds with the aim to notify the
occupants to act in real-time to enhance the indoor conditions.
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Figure 7. Results of IAQ index, air temperature and relative humidity obtained in the experiments
conducted in a real laboratory environment: (a) IAQ index; (b) relative humidity (%); (c) air temperature (◦C).

The data collected by the system is analysed before being inserted into the database. If the data
exceeds the parameterised limits, the user is notified and an email or SMS is triggered (Figure 8).

The SMS notification is performed using Twilio, a cloud communication platform, as a service.
This service makes it possible to programmatically send an SMS and other communication functions
using its Web service APIs. The push notifications are performed using the Firebase Cloud Messaging
that is a cross-platform solution for messages and notifications for Android, iOS and Web applications.

The real-time alerts promote behaviour changes. In fact, these messages alert the user to act in
real-time to perform actions to increase IAQ. On the other hand, with this real-time feature, the building
manager can understand when the recurrent unhealthy cases are detected and implement new
adjustments to prevent them. Consecutively, iAQ+ provides the requirements to act in real-time
for enhanced living environments and laboratory conditions. The alert indicators architecture is shown
in Figure 9.
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(a) (b) 

Figure 8. Examples of SMS (a) and E-mail (b) notifications.

Figure 9. Alerts indicators architecture.

Firstly, iAQ+ can help in the maintenance of LEC by providing an integrated management system
that supports daily records of historical behaviours and variations as well as remote notifications when
the configurated setpoints are met. Secondly, this system can not only be used by the building manager
to detect unhealthy situations in real-time but also as a decision-making tool to address behavioural
changes to promote IEQ for enhanced productive environments.

From a quality point of view, supervising the laboratory environment is crucial to achieving a
continuous LEC in the laboratory activities. Irregular maintenance of LEC can lead to unwanted effects
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to samples as well as to laboratory equipment’s ability to produce stable results. The iAQ+ allows the
user to store the historical data of the LEC; therefore, it is possible to check the integrity of the collected
data and perform data analysis and comparison taking into account the indoor conditions.

Through charts visualisation of IEQ conditions, the application provides a better acknowledgement
of the supervised data when compared to the numeric table format. Consequently, the proposed solution
is a significant decision-making tool to plan interventions in order to promote a healthful and productive
living environment but also for IEQ analysis.

The iAQ+ incorporates a wireless connection interface for Internet access along with an easy Wi-Fi
network configuration. The iAQ+ should be connected to a Wi-Fi hotspot for data transmission and
to store the network credentials on the flash memory after successful connection. At system start-up,
the iAQ+ searches for a stored Wi-Fi network to connect to. However, if there no saved Wi-Fi networks
available, the system will turn to hotspot mode and create a Wi-Fi network with an SSID “iAQ+”.
At this stage, the user must connect to the referred hotspot in order to configure the credentials of the
Wi-Fi network to which the system will be connected (Figure 10).

Figure 10. Wi-Fi configuration.

In this way, the iAQ+ can be easily installed by the end-user which not only follows the original
paradigm of IoT solutions but also contributes to the low-cost aim of the presented solution.

Compared to several similar solutions proposed and described in Table 1, the iAQ+ supports push
notifications to alert people in a timely way for enhanced living environments and occupational health
by providing ventilation, deactivation of pollutant equipment and by activating air purification systems.
When the parameters meet the setpoints for the correspondent working mode, the user is alerted
to ensure a productive environment for teaching or correct laboratory environmental parameters.
The iAQ+ offers a work mode feature; the user can configure setpoints for laboratory mode and
schoolroom mode. Using the iAQ+Mobile, the user can easily change the work mode in real-time.

On one hand, compared to other systems proposed by References [46,47,49,50] based on WSN,
the iAQ+ provides several advantages in scalability and installation in indoor living environments
as it is only necessary to configure the Wi-Fi Internet connection and it is not required to configure
the sensor nodes and coordinators. On the other hand, compared to the other systems proposed
by References [46,50–52] which do not use mobile computing, the iAQ+ provides smartphone and
Web compatibility for data access. The solution proposed by Reference [48] supports mobile access.
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However, the proposed mobile app allows only to access the last collected data and does not support
historical data access. The iAQ+Mobile supports graphical presentation for an easy overview of the
IEQ data by the end-user.

The IoT design facilitates the scalability of the proposed solution offering flexibility and
expandability as the area can be monitored using only one iAQ+ unity, but other unities can be
added if needed.

Enhancements to the system hardware and software are scheduled in order to incorporate
other IEQ parameters such as noise supervision and/or experiment variables. So, as future work
improvements and adaptions for specific laboratory tests, such as thermographic experiments applied
to wood and trees are planned. The proposed solution has multiple benefits in installation and
configuration as the iAQ+ incorporates wireless communication technology for data transmission,
but also provides compatibility with both the standard domestic homes and smart homes.

Apache Kafka is an open-source stream-processing software platform for distributed
high-throughput systems. This platform provides low-latency, built-in partitioning, replication and
inherent fault-tolerance for real-time data handling. Apache Spark is a framework for large-scale data
processing which can be used with Kafka to stream the data to solve the response time and system
throughput problems. The SQL Server response time and system throughput tests were not performed.
However, these evaluations are planned by the authors as long as the study of the incorporation of
open-source platforms such as Apache Kafka and Apache Spark to face response time and system
throughput difficulties.

It is imperative to enhance the IEQ conditions, and the authors consider that the first step is
to implement real-time supervision to identify its variation and to plan interventions for enhanced
living environments.

Managerial Implication

Regarding managerial implications, the results provide insights for enhanced living environments
and laboratory experiments. In most university establishments, laboratories are also used as classrooms.
Therefore, iAQ+ is relevant to provide a healthful and productive living environment but also to
support experimental activities. LEC has a direct impact on test results and on the accuracy and
consistency of test data that are affected by environmental conditions. Thus, the proposed solution
offers an integrated management system for historical data analysis in order to guarantee the integrity
of test results. The two functional modes of the iAQ+ solution, the laboratory mode and the schoolroom
mode allow the user to configure setpoints for both modes. This will allow switching the functional
mode in an agile way, contributing to increasing the quality of the laboratory experiments and teaching
activities. The iAQ+ easy installation feature follows the original paradigm of IoT solutions and
contributes to the low cost of the proposed solution. Most importantly, the real-time alerts promote
behaviour changes to support the occupants to act promptly in order to provide a healthy and
productive workplace for learning and a regulated environment for laboratory activities. The proposed
solution provides a mobile application and a Web portal for IAQ data analytics which facilitates data
access and analysis.

6. Conclusions

This paper presented an IoT real-time supervision system architecture named iAQ+ composed by
a hardware prototype for data acquisition along with Web and mobile compatibility for data access.
The proposed system provides temperature, relative humidity, barometric pressure and qualitative air
quality supervision for both school and laboratory scenarios.

With the proliferation of IoT technologies, there is great potential to create automatic IEQ
supervision solutions for enhanced living environments and occupational health.

The results achieved are promising, indicating an important contribution to LEC supervision
solutions based on IoT. Using iAQ+, the monitored data can be particularly valuable to analyse and
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store the laboratory activities’ conditions to ensure that they are stable in the course of the experiments
conducted, as they influence the quality of the results.

Compared to existing systems, the iAQ+ supports push notifications to alert people in a timely
way for enhanced living environments and occupational health; in addition, by supporting a work
mode feature, the user can configure setpoints for laboratory mode and schoolroom mode. This system
offers flexibility and expandability as the user can start with only one iAQ+ unity and add more
unities if needed. However, quality assurance (QA) and quality control (QC) testing of the proposed
study and the SQL Server response time and system throughput analysis was not done by the authors.
In the future, the QA/QC should be implemented for enhanced product quality traceability and
these response time and systems throughput evaluations will be conducted. The authors have also
planned software and hardware improvements to adapt the system to specific laboratory tests, such as
thermographic experiments applied to wood and trees. In spite of the influence of indoor environments
in daily human activities, systems like this will contribute to ensuring a productive environment for
teaching and proper LEC.
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Abstract: Indoor Air quality (IAQ) in private or public environments is progressively recognized as a
critical issue for human health. For that purpose the poor IAQ needs to be mitigated and immediate
drastic measures must be taken. In environmental science and especially in advanced oxidation
processes and technologies (AOPs-AOTs), photocatalysis has gained considerable interest among
scientists as a tool for IAQ improvement. In the current study an innovative paint material was
developed which exhibits intense photocatalytic activity under direct and diffused visible light for
the degradation of air pollutants, suitable for indoor use. A laboratory and a real scale study were
performed using the above innovative photo-paint. The lab test was performed in a special design
photo-reactor while the real scale in a military’s medical building. Nitrogen Oxide (NO) and Toluene
concentration was monitored between “reference” rooms (without photo paint) and “green” rooms
(with photo-paint) in order to estimate the photocatalytic efficiency of the photo-paint to degrade the
above pollutants. Results of the study showed a decrease up to 60% and 16% for NO and toluene
respectively under lab scale tests while an improvement of air quality up to 19% and 5% under real
world conditions was achieved.

Keywords: IAQ improvement; photo-paint; NO; Toluene degradation

1. Introduction

Indoor air quality (IAQ) is an important determinant of human health, comfort and productivity.
For that purpose, high quality indoor air is desirable. Indoor air pollution can be addressed through
the two approaches of prevention and removal. The latter includes the use of air cleaning technologies
especially in buildings where ventilation rates are being reduced in order to save energy. Indicative
air cleaning technologies which have been developed during the recent years are: filtration and
adsorption, electrostatic air purification, air filtration and gas adsorption filtration [1–3], ozonation [4–7],
non-thermal plasma [8,9] and photocatalytic oxidation (PCO) [10–13]. PCO is a general air cleaning
technology, which is able to degrade Volatile Organic Compounds (VOCs), such as aromatics, alkanes,
odor compounds etc. Air cleaning photocatalytic technology is based on the principle that radiation
of suitable wave-lengths can be absorbed by semiconductors, which leads to the creation of reactive
oxygen species (ROS) that can degrade air pollutants. TiO2 is the most commonly-used semiconductor
in PCO research. However, over the last years, scientists have combined TiO2 with other materials
such as activated carbon and zeolite hybrid catalysts in order to enhance the PCO degradation of air
pollutants [14–16]. Furthermore, numerous TiO2 photocatalysts with different morphological designs
have been developed: nanoparticles, nanotubes, hollow fibers and mesoporous. To this end, the need to
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evaluate the photocatalytic performance of the above materials in a common methodological approach
has been raised and extensive research efforts have been devoted to it [17,18].

However, in most of these studies, only a single compound was tested, using a photocatalytic
reactor and a methodological approach, which have been developed by the same lab that produced
the material. It is well known that indoor air contains numerous contaminants; thus, tests of only
one compound may be misleading. Furthermore, many studies proved the generation of by-products
during the photocatalytic processes, such as formaldehyde, ozone, benzaldehyde, acetaldehyde etc.
It is obvious that in some cases, by-products could be more harmful than the target pollutant [19–22].
For that purpose, and although photocatalytic technology is promising, the synthesis route of a
photocatlytic material should be designed carefully in order to avoid contaminants which could
lead to the formation and emission in the gas phase of intermediate products as they can be more
hazardous than the target pollutant. The latter is clearly demonstrated during the evaluation of
two photocatalytic air-purification in a mock-up air cabin. Although two symptoms, dizziness and
claustrophobia, were reported to decrease when either one of the photocatalytic air-purification devices
was operated, intermediates (acetaldehyde and formaldehyde) were detected as a result of ethanol
photodegradation [23,24].

The present research addresses the indoor air purification study using a photocatalytic paint,
which was tested under both laboratory and real world indoor conditions (application in building
walls). A modified TiO2 was chosen as photocatalyst in order to be activated by visible light which
is the dominant spectrum in indoor environments. Traditional TiO2 is activated only under UV
light. More specifically a Mn-doped TiO2 photocatalyst (powder) was used in the synthetic route of a
photocatalytic paint production. The powder named TCM-1 [25] has already been successfully tested
for the oxidation of air pollutants under indoor-like illumination conditions and when mixed either with
calcareous or cementitious base matrices demonstrated a unique ability to efficiently degrade volatile
organic compounds (VOCs) such as BTX (Benzene, Toluene, Xylene), formaldehyde and nitrogen
oxides (NOx) [26–28]. Additionally, it has been proven effective on eliminating bacteria such as E. coli
and Klebsiella pneumoniae and phages such as MS2 [29–32]. Furthermore, no dangerous by-products
were produced during the degradation process. In a previous work, in order to demonstrate the
photocatalytic effectiveness of TCM-1, the powder has been incorporated in/on different construction
matrices such as glass, plywood, wood, ceramic and concrete substances, which were, subsequently,
tested indicating very promising results [33].

In the current study TCM-1 incorporated into paint production process in order to produce paint
with the ability to photocatalytically improve IAQ by degraded indoor air pollutants. NO and toluene
were chosen as the target pollutants since they are typical indoor air pollutants that can be emitted from
various indoor sources, such as cooking, tobacco smoke, furniture, building materials and fireplaces,
as well as from outdoor sources, e.g., traffic, domestic heating. These indoor pollutants can have
significant health impacts and for that purpose their elimination from the indoor environment should
be appropriately addressed. In order to simulate the real indoor air conditions, visible light was used
as the source for the PCO reaction in the current study. The latter is different from what we usually find
in the literature. More specifically, UV light is the most commonly used parameter in the experimental
procedures, which usually applied to test the efficiency of a photo-material.

The experimental study of the current work was carried out using the European Committee for
Standardization (CEN) Technical Specification (TS) 16980:2016 as a basic reference to perform the
lab scale experiments, while the real scale experiments were based on the comparison between the
concentration level of a pollutant in a reference and the “green” room, respectively. The latter was
performed at the military medical center of the Cadets Training Camp in Heraklion Crete.
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2. Materials and Methods

2.1. Materials

Chemicals for the preparation of the photocatalytic powder such as Titanium (IV) oxysulfate
hydrate (TiOSO4·xH2O), manganese (II) acetate tetrahydrate Mn (CH3COO)2) and ammonium
hydroxide (25% NH4OH) purchased from Aldrich were applied.

Chemicals for the preparation of the photo-paint were purchased from VINAVIL EGYPT
(New Cairo, Egypt), DOW chemicals (Midland, Michigan, MI, United States), BYK (Wesel, Germany),
DuPont (Midland, Michigan, MI, United States) and Dionyssos Marbles (Penteli, Greece) and are
readily available raw materials mainly used at the coating industry.

2.2. Methods

2.2.1. Preparation of Photo-Material (powder)

In the present study, an optimum powder (0.1% Mn-doped) named TCM-1 was used for the
preparation of photocatalytic paint. TCM-1 was synthesized by a co-precipitation method with
0.1% of manganese. TCM-1 was precipitated at pH ∼ 7 from aqueous solution of titanium (IV)
oxysulfate hydrate and manganese by the addition of ammonia. After aging the suspension overnight,
the precipitate was filtered and dried under air at 373 K. The residue was crushed to a fine powder and
calcined in a furnace at 973 K for 3 h. More details in the synthesis procedure and the characterization
are given in previous work along with the preparation details [25].

2.2.2. Preparation of Photo-Paint

TCM-1 powder (0.1% Mn-doped) was added to a specially formulated architectural coating.
The paint was consisted 10% w/w of the TCM-1 powder partly replacing the Titanium Oxide (normally
used as a white pigment). The raw materials for the preparation of the photo-paint are commonly
used in the coating industry. A polyvinyl acetate copolymer binder was used and the Pigment Volume
Content (PVC) was adjusted, but kept below its critical value in order for the paint to have a high
quality, matte finish.

The production process of the photo-paint was consisted of three discreet phases. At phase 1,
the mill-base (the minimum amount of liquid that can wet the solid particles of the paint, added at
phase 2) was produced. Water was used as solvent with additives, such as sodium hexametaphosphate
(dispersion agent), propylene glycol (antifreezing agent), silica modified surfactant (defoaming
agent), cellulose (rheology modifier), isothiazolinone based mixture (biocide agent) and a mixture
of Alkanol-amines (pH adjusting agent). At phase 2, we applied high shear forces to the mill-base
by using a disperser equipped with a blade dissolver disc and gradually added the solid phase of
the paint [Calcium carbonate powder (20 μm), Titanium Oxide (0.2–0.5 μm), Talc Powder (6 μm) and
TCM-1 powder]. The goal of this phase is to maximize dispersion by eliminating the presence of
any agglomerate in the final paint. At phase 3, we added the Polyvinyl Acetate copolymer binder
emulsion and a coalescent solvent mixture, necessary for the final product to have a smooth surface
(filmer). The dispersion was achieved by using low shearing forces and the pigment dispersion was
stabilized in order to prevent the formation of uncontrolled flocculates by using non-ionic urethane
rheology modifiers.

2.3. Characterization

Powder X-ray diffraction patterns were obtained by a Rigaku D/MAX-2000H rotating anode
diffractometer (CuKα radiation) equipped with a secondary pyrolytic graphite monochromator
operating at 40 kV and 80 mA over the 2θ collection range of 20–80◦ (scan rate was 0.05◦ s−1). The grain
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size (nm) of TCM-1 was calculated from the line broadening of the X-ray diffraction peak according to
the following Scherrer formula:

D = kλ/βcosθ (1)

where k is the Scherrer contact (~ 0.9), λ is the wavelength of the X-ray radiation (1.54 Ǻ for CuKα),
β is the full width at half maximum (FWHM) of the diffraction peak measured at 2θ, and θ is the Bragg
angle. The morphology and elemental analysis were performed using scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX), on a JSM-6390LV microscope (Jeol, Tokyo,
Japan).

The photo-paint was evaluated through typical quality control measurements. Viscosity was
measured using a Brookfield KU-2 viscometer (Brookfield Engineering Laboratories, INC. Middleboro,
MA, USA) at a temperature of 25 ◦C with the help of a laboratory water bath and the measurements
were conducted according to ASTM D 562-10 (2018) standard test method.. Density was measured
using a 100 ml pyknometer (density cup) by Elcometer (Manchester, United Kingdom) and an analytical
scale, and the measurements were conducted according to ISO 2811 -1:2016 standard. Fineness of Grind
was evaluated using a Hegman gauge and the evaluation was conducted according to ASTM D 1210-05
(2014) standard test method. Lastly, pH was measured using a Hanna HI 83141V pH meter (Hanna
Instruments, Greece) and the measurements were conducted according to ISO 787-7:2009 standard.

2.4. Photocatalytic Evaluation_Lab-Scale

The experimental methodology that was applied and the required scientific equipment were based
on CEN Technical Specification (TS) 16980:2016. The photocatalytic effect of the optimized material
studied in a continuous flux photocatalytic reactor (Figure 1), which consists of a) a gas transfer and
mixing unit in order to adjust the concentration and humidity levels; b) the photocatalytic reactor main
body made of special plastic so as radiation intensity and wavelength of the radiation is not affected;
(c) the sample irradiation system (OMICRON FS LED Rodgau-Dudenhofen, Germany) consisting of
an LED device connected via software to a computer in order to achieve the optimum efficiency and
accuracy in measuring the radiation; d) a NOx and VOCs analyzer installed on line with the reactor for
continuous monitoring of the pollutant concentration.

Furthermore, in order to ensure optimum mixing of atmospheric pollutants in the reactor, a fan
is installed inside the chamber, while its intensity is adjusted externally to ensure the stability of the
experimental conditions throughout the experiments. The NO concentration is set to (0.50 ± 0.05)
ppmv, while the relative humidity to 40 ± 5%. The illumination provided an average irradiance to the
test specimen surface within the range of wavelengths that are mostly adsorbed by the photocatalyst,
equal to (10.0 ± 5%) W/m2.

 
Figure 1. Photocatalytic reactor.
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2.5. Photocatalytic Evaluation_Real-Scale

A building of the Hellenic Army in Crete was used to test the de-polluting efficiency of the
photo-paint under real scale application. In general, the photocatalytic efficiency of a material while
applied in a real scale environment and more specifically in indoor building environment could be
estimated through two approaches:

a) A first approach could be the installation of air quality and environmental monitoring
systems (passive inorganic (NO) and organic (BTX) samplers, temperature and humidity recorders)
in the buildings prior to the application of the photo-paint. To that end, a reliable record on the
concentration levels of air pollutants in the case study building (without the photo paint) for at least
12 months should be obtained. Accordingly, the photo-paint should be applied in the buildings and
environmental parameters should be monitored through passive sampling techniques for another
12 months. The potential changes in the indoor air quality due to the photocatalytic action of the
photo-paint will be recorded and quantified to illustrate the capability of the photo-paint to improve
IAQ. A restriction of this approach could be the variations in outdoor air quality and meteorological
conditions during the different sampling periods. In order to eliminate the effect of the above restrictions,
the experiments has to take place the same season (e.g., winter) and the outdoor concentration should
be considered on the final results.

b) A second approach to evaluate the efficiency of the photo-paints is to estimate the IAQ differences
between “reference” rooms (without photo paint) and “green” rooms (with photo-paint), which are
located on the same level (in a raw) and where the same activities take place. The current approach
overcomes the restrictions of the previous one and for that purpose was used in the current study.
More specifically a room of 120 m2 in the ground floor was paint with the innovative photocatalytic
paint (“green room”) and compared with a same size and usage room (“reference room”) located
very close to the “green” one. The outcome of this approach was compared with the outcome of the
lab tests in order to estimate the differences of the photocatalytic performance of a material when
studied in a control experimental reactor and under real world environmental conditions. Passive
samplers for NO and Toluene were applied. More specifically, four passive samplers/pollutants were
installed in each of the rooms for 30 days and then analyzed in the lab using the well-established
Saltzmann spectrophotometric method for NO, while the Toluene samplers were and desorbed by
carbon disulphide and analyszed by gas chromatography (GC/FID).

3. Results

3.1. Physical and Chemical Properties

Figure 2 shows the X-Ray Difraction (XRD) pattern of TCM-1(dopant concentration 0.1 wt%),
calcinated at 700 °C for 3 h 1. The peaks at 2θ values of 25.3◦, 37.6◦, and 48.2◦ correspond to the (101),
(004) and (200) planes, respectively, and they are all anatase signature peaks. The grain size for the
TCM-1was 38.69 nm and it was determined from the full width at half maximum (FWHM) of the
(101) anatase peak according to the Scherrer’s formula. In our previous work, it was proven that the
doping and the role of Mn in TiO2. in the case of 0.1 wt% manganese shows only 2+ oxidation state in
comparison with high concentrations [34].
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Figure 2. Powder XRD patterns of TCM-1.

Figure 3 shows the UV-Vis absorption as a function of wavelength for TCM-1 and exhibited an
absorption edge in the visible light range (400–800 nm). The band gap energy was 2.87 eV for Mn
doped catalyst.

Figure 3. UV-vis absorption of TCM-1and energy gaps calculated from Kubenka–Munk plots.

Figure 4a shows the morphology of the photocatalyst were investigated with SEM, without
specific morphology, while the spherical shape particles of all the samples demonstrated some degree
of agglomeration and the diameter ranged from 0.1 to 40 μm. Figure 4b shows the characteristic peaks
of Mn and Ti atoms.
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Figure 4. (a,b) SEM image of TCM-1 and EDX analysis.

As far as the photo-paint is concerned, the main physicochemical properties are listed in Table 1.
The measured values are typical for an indoor emulsion architectural paint, and although TCM-1
was used at 10% w/w, TCM-1 behaved as expected from a Titanium Oxide white pigment. A paint
formulated with the process described in Section 2.2.2 and with the use of Ti Pure 902+ Titanium Oxide
white pigment instead of TCM-1 has identical physicochemical properties.

Table 1. Physicochemical Properties of photo-paint.

Property Value Test Method

Viscosity at 25◦C (KU) 100–110 ASTM D 562
Density at 25◦C (kg/l) 1.55 ISO 2811

Fineness and Dispersion <40 μm ASTM D1210
pH at 25◦C 8.5–9 ISO 787-9

PVC (%) 66 Calculated
Usage rate for a 50 μm dry film thickness (m2/kg) 5.95 Calculated

3.2. Lab and Real-Scale Photocatalytic Performance

In order to estimate the background, experiments in the absence of the photocatlatyic paint were
performed. The photocatalytic experiments determine the total pollutant degradation involving both
UV photolysis and photocatalysis on the photo-paint. The net photocatalytic effect is calculated by the
subtraction of the background contribution from the photocatalytic experiments. More specifically,
blank tests were carried out by polluting the reactor with NO and Toluene in the absence of the
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photocatalyst without and with irradiation, respectively; then, the same experiments were carried out
in the presence of the photocatalysts.

Figure 5a,b present the elimination of NO and toluene under the irradiation of the photo-paint
from Vis-light. It is obvious that just after the irradiation of the sample (Time 30), a sharp decrease in
NO and a smaller but significant decrease in toluene concentration is observed, which demonstrate the
immediate response of the photocatalytic system and provide the photo-efficiency of the paint.

Adsorption of NO onto the chamber’s wall area and photolysis are the main sinks of NO during
blank tests. Calculations have shown that both these mechanisms did not contributed to the total NO
and toluene removal during the photocatalytic experiments.

The photocatalytic activity was evaluated by the calculation photocatalytic yield (% n, Equation (2))
and photodegradation rate (r, Equation (3)). The corresponding equations were used for toluene.
The results in Table 2 showed the possibility of developing a very promising and highly active to air
pollutants photocalatylic paint (Table 2).

% ηtotal
NO =

CIN
NO −COUT,light

NO

CIN
NO

× 100 (2)

where:

CIN
NO: the concentration of NO at reactor inlet

COUT,light
NO : the concentration of NO at reactor outlet under stable conditions with irradiation (lamp on)

The rate of photocatalytic yield of the material is calculated by the formula below (Equation (3))
and expressed in μgm−2 s−1:

rphoto
NO =

613F
S

⎛⎜⎜⎜⎜⎜⎜⎝
ηtotal

NO(
1− ηtotal

NO

) − ηdark
NO

(1− ηdark
NO )

⎞⎟⎟⎟⎟⎟⎟⎠ (3)

where

F: the gas flow (m3 h−1)
S: The area of the test surface (m2)

The photodegradation rate provides a more accurate measure of the photocatalytic activity of
the material in comparison with the % photocatalytic decomposition. The latter is attributed to the
fact that r is taking into consideration the initial concentration of the pollutant, the sample’s area and
the irradiation time. It is expressed as μg of converted NO/toluene per m2 of material per second of
irradiation. The current parameter was calculated only for the lab tests, where the pollutant flow rate
in the chamber was known.

The losses in the system are minimal, and as a consequence the fraction
ηdark

NO
(1−ηdark

NO )
is zero.

Table 2. Photocatalytic parameters for lab and real scale tests.

Parameter Lab Scale Real Scale

NO Toluene NO Toluene
% η 59.08 16.7 18.8 5.26

rphoto (μg/m2s) 3.89 1.05 - -
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(a) 

 
(b) 

Figure 5. (a) Photocatalytic yields (% η) concentration profile versus time for the photo-oxidation of
NO in the presence of the catalyst. (b) Photocatalytic yields (% η) concentration profile versus time for
the photo-oxidation of Toluene in the presence of the catalyst.

The variations on NO and Toluene concentrations during the experimental procedure of
photocatalysis are presented in Figure 5a and Figure 5b, respectively. At first, the pollutant was
introduced into the photo-reactor and the system remained in equilibrium for 30 min. Then, irradiation
was followed and a sharp reduction in NO and significant but less intense than NO elimination in
toluene concentration is observed, which stabilized after 3 h and remained stable for approximately 2 h
where the irradiation stopped. The results from the laboratory tests showed that for both pollutants,
the photocatalytic paint gave very promising results. It is worth to note that in the case of toluene,
the degradation efficiency is significantly lower than NO. However, a reduction of VOCs even at that
level could have significant effects in the improvement of IAQ. Furthermore, the lower degradation
efficiency in VOCs compare with NO is in line with the results of various studies [35–38]. The latter
could be attributed to the low adsorption capacity of toluene molecules at the catalyst surface.
The extremely hydroxylated surface of the paint material due to physically or chemically bound water,
could constrain its interaction with the active radicals through surface diffusion [39,40].

3.3. Real-Scale Photocatalytic Performance

As far as the real scale application is concerned, the deppolution efficiency was calculated by the
absolute difference in the concentration levels of NO and toluene, which was measured in the two
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rooms of the military building: the “green” and the “reference” rooms. Results are shown in Table 2.
It is observed that real scale tests showed significant lower values of NO and toluene degradation
than in the lab-scale application. The latter was also observed in other studies [41–45]. The control
environment of the laboratory versus the more complex and polyparametric environment of a real
application could be the main reason that led to significant differences in the values that characterize
the photocatalytic efficiency of the paint. However, they provide an indication of the photocatalytic
efficiency of the paints to degrade pollutants in situ and a basis for photo-paint applications in order to
improve IAQ.

4. Discussion

The effect of photocatalytic paint in the improvement of IAQ has been studied in both laboratory
and real scale tests. It is interesting to note that NO could be effectively converted by the photocatalytic
paint, while toluene showed lower photocatalytic removal in the same photocatalytic process (lab
and real scale). A possible explanation of the different photocatalytic performance of NO and toluene
under the same application could be explained as follows: the dominant oxidants in a photocatalytic
reaction are hydroxyl radicals (OH•) and hydroperoxyl radicals (HO2•), which are generated from the
redox reactions of positive holes (h+) and electrons (e−) with O2, H2O or OH−. The kinetic coefficients
of gas phase reactions for HOx radicals and targeted gas (NO and toluene in this case) have only minor
differences [46,47]. However, NO is better adsorbed by the alkaline constituents of the paint due to its
acidic property. This significantly increases their reaction potential with HOx radicals. On the other
hand, the adsorption capacity of toluene is lower than NO due to the extremely hydroxylated surface
of the paint, which constrain its interaction with the active radicals. Toluene is absorbed more easily in
a less hydrophilic TiO2 surface than a more hydroxylated one [41]. It is obvious that different gaseous
pollutants present significant variations in their photocatalytic activity due to the difference in their
diffusion in the paint matrix. Efficient adsorption of the pollutant molecules at the catalyst surface
could promote the photocatalytic reaction.

Comparing lab versus real scale experiments results, it is observed that laboratory tests showed
significant higher values of both pollutants (NO and toluene) degradation than in real scale application.
The translation from the laboratory results to “real” site efficiency is difficult because of the great number
of parameters involved such as traffic and environmental parameters (temperature, light intensity,
relative humidity wind speed). For that purpose, the more complex and polyparametric environment
of a real application lead to significant differences in the values, which characterize the photocatalytic
efficiency of the paint. In any case, precaution has to be taken with the interpretation of data obtained
from the real scale experiments since these results are limited over time. However, they provide an
indicative picture of the efficiency of the photocatalytic paints to eliminate air pollutants under real
world conditions and a basis on which to improve their photocatalytic capacity for future applications.
The need for large scale applications is more imperative nowadays, as many photo-materials have
indicated very promising results during lab scale tests, but their capacity under real world conditions
has not been proven. The latter is critical and proven by the outcome of the current work, which showed
significant differences between the photo-efficiency of the same material under two different scales.
Additionally, the demonstration of the effectiveness of photocatalytic materials on site should also
include negative effects, such as the formation and emission of by-products during the photocatalytic
reactions, as well as the durability of the photo-paint mechanical properties. The latter is of high
importance, as in most of the cases, TiO2 oxidizes not only the air pollutants on the photo-material
surface, but also their organic and inorganic components. For that purpose, special attention is given in
the formulation of such materials in order to avoid it. As it is not in the scope of the current manuscript
to study the durability of the photo-paint mechanical properties, measurements to characterize the
mechanical durability of the paint were not performed. However, it is worth mentioning that almost
two years after the photo-paint application, cracks or other surface damages have not been observed.
Nevertheless, beyond the visual observation, the latter should be certified by analytical measurements,
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which should be the topic of future study. Furthermore, better results could be obtained by using
mathematical models to simulate the photocatalytic processes, validating the model using the outcomes
of the lab measurements and then implement various parameters in order to assess the real life
effects [48].

5. Conclusions

This article addresses the effect of a photocatalytic paint on the elimination of air pollutants,
and more specifically NO and toluene, for application in indoor environments. The following
conclusions can be drawn:

• The physicochemical properties (including the mechanical parameters) of the photo-paint does
not seem to be affected from the introduction of the photocatalytic powder (TCM-1) in the
synthesis route.

• The photocatalytic efficiency of the paint on NO removal was significantly higher than toluene.
The potential of a pollutant removal depends on the intrinsic properties of gas and the chemical
nature of the paint in which the TiO2 particles are embedded. However, the removal rate of
toluene was very promising for the improvement of IAQ while using the studied photo-paint.

• Lab tests showed better photocatalytic properties of the paint than the results from the real scale
application due to the great number of parameters involved in the case of real scale application.

• There is a need for large scale applications to demonstrate the effectiveness of photocatalytic
materials on site, including any negative effects of the application, such as the emission of
by-products (e.g., carbonyl compounds, O3 etc.).
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Abstract: The stereo integration of subway transportation with urban functions has promoted the
transformation of urban space via extensive two-dimensional plans to intensive three-dimensional
development. As sustainable development aspect, it has posed new challenges for the design of
architectural space to be better environmental quality and low energy consumption. Therefore,
subway station building complexes with high-performance designs should be a primary focus.
Tubular space is a very common spatial form in subway station building complexes; it is an important
space carrier for transmitting airflow and natural light. As such, it embodies the advantages of
effectively utilizing natural resources, improving the indoor thermal and light environments, refining
the air quality, and reducing energy consumption. This research took tubular space, which has a
passive regulation function in subway station building complexes as its research object. It firstly
established a scientific and logical method for verifying the value of tubular space by searching causal
relationships among the parameterized building space information factors, occupancy satisfaction
elements, physical environment comfort aspects, and climate conditions. Secondly, based on the
actual field investigation, a database of physical environment performance data and users’ subjective
satisfaction information was collected. Through the fieldwork results and analysis, the research
thirdly concluded that the potential passive utilization of tubular space in subway station building
complexes can be divided into two aspects: improvement in comfort level itself and utilization of
climate between natural or artificial. Finally, three typical integrated design method for tubular spaces
exhibiting high levels of performance and low amounts of energy consumption in subway station
building complexes was put forward. This interdisciplinary research provides a design basis for
subway station building complexes seeking to achieve high levels of performance and low amounts
of energy consumption.

Keywords: passive space design; tubular space; physical building environment; fieldwork test;
subway station building complex

Highlights:

(1) Construction of a multi-criteria analysis framework to analyze the passive adjustment
performance of tubular space in subway station building complexes;

(2) Establishment of a database of physical environment performance and occupants’ subjective
satisfaction, based on actual field investigations;

(3) Development of an integrated design idea for tubular spaces in subway station building
complexes that displays a high level of performance and low amount of energy consumption as the
target orientation; and

(4) Proposal of three typical design concepts for compound tubular space.
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1. Introduction

1.1. Research Background

With the rapid evolution of urban construction, the Transit-Oriented Development (TOD) mode
has gradually formed a new organizational model for urban public spaces [1–3]. With the expansion
of city subway, subway station building complexes have also entered a period of reinvention [4,5].
The stereo integration of subway transportation with urban functions has promoted the transformation
of urban spaces from extensive two-dimensional plans, to intensive three-dimensional development [6].
Due to China’s rapidly-advancing urbanization, the demand for sustainable development is becoming
more and more urgent [7,8], and the issues of improving occupant comfort and reducing environmental
load must be optimized [9,10]. The significant flow rate of people mainly in pass-through mode has led
to lower environmental quality in above- and underground spaces at the junctions in subway station,
and this may directly affect occupant comfort [11] and health [12]. In addition, large and complex
public buildings tend to occupy a significant proportion of a city’s energy consumption, threatening
the sustainable development of human living environments [13,14].

1.2. Passive Design of Tubular Space in Subway Station Building Complexes

Passive design, which affects the sustainability of architecture from the prototype stage onward,
is an important aspect of green building design [15]. Passive building design does not rely on active
system equipment, but it does depend on a strong capacity for climate adaptability and self-adjustment,
which creates a harmonious indoor coexistence of people and the outdoor environment [16,17]. Passive
architecture describes buildings that are designed to cope with climate factors by providing enduring
and natural comfortable indoor conditions [18,19]. The term “passive” conveys the idea of self-defense
or self-protection of users in architectural design, with respect to the local natural environment [20,21].
A quality passive design avoids the possibility of high levels of energy consumption, saving up to 50%
over traditional methods [22]. Therefore, the architectural prototype generally determines the degree
of sustainability of the building.

Tubular space includes horizontal and vertical corridors in buildings, usually in slender shape,
such as ventilation shafts, patios and lighting tubes, and tunnel corridors for connection. Tubular
space occupies an important proportion of buildings in subway station building complexes, and
its passive regulation has not been deeply investigated [23]. Subway station building complexes
are affected by the characteristics of the mode of space utilization, wherein it is very common to
use tubular space in ground-level and underground spaces (as shown in Figure 1), including patios
and lighting tubes to improve natural lighting efficiency. Other uses include ventilation shafts for
improving the indoor thermal environment and air quality, a station’s traffic tubes for connecting
ground-level and underground stations, and tunnels for traffic transmission. Tubular space can be
seen as a “communications device” that transmits people, mass, and energy to different spaces [24].
This space type is a passive adjustment strategy located between the external and interior environments
of the building. It uses natural energy sources (such as wind, solar energy, and rainwater) and the
natural environment to regulate microclimates and improve the indoor atmosphere. In subway
station building complexes, tubular space has the potential to play an important role in passive
adjustment performance, especially with regards to natural lighting and ventilation, passive cooling,
etc., to optimize comfort and user satisfaction with the indoor space, and greatly reduce the energy
consumption of the building’s operating phase [25].
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Figure 1. Examples of tubular spaces in subway station building complexes.

In their preliminary analyses of spatial design and climatic contradiction factors, some scholars
have considered the particularity of using underground spaces over ground-level spaces, with respect
to climate [26,27]. From the perspective of the physical environment of underground spaces, the degree
of thermal and light comfort are of great importance. The comfort level of subway transit spaces
and vehicle interiors has been verified by the coupling of actual tests with digital simulations [28].
After six years of actual tests of underground civil air defense space, Yong Li argued for a suitable
acceptable thermal temperature range for underground areas [29]. In recent years, scholars have paid
more attention to occupant health and placed a greater emphasis on ventilation and air quality, by
conducting typological studies, and control and defense research on pollution and particulate matter
(PM). Min Jeong Kim and others have proposed ventilation systems that can improve the platform
PM10 levels and reduce ventilation energy, as compared to manual systems [30]. Practices based on
this theory can be found as early as in ancient Rome, where ancient architects used tubular space to
create more comfortable living environments. For instance, the underground corridor is a very good
example of a kind of air cooling system in use at this time [31]. In terms of modern urban architecture,
Hikarie Shibuya, a Japanese transportation complex designed as an integration concept that considers
the passive utilization relationship between subway station buildings and above-ground structures,
solved the problem of subway station lighting and ventilation [32]. In the retrofitting of the Les Halles
area of Paris, the utilization of tubular space was adopted in underground spaces to provide natural
lighting [33].

1.3. Objective of this Study

This study addressed a variety of forms of tubular space in city subway station building complexes,
screening those spaces for passive adjustment potential in order to study the effect on the comfort
level of the indoor environment and overall energy consumption. Through a fieldwork evaluation
of building performance and occupant satisfaction in actual built projects, this research conducted a
quantitative performance evaluation of passive architectural design strategies for tubular spaces.
Through an analysis of the current situation and excavation of the spatial potential, this work
determined the passive adjustment performance effects for subway station building complexes in
terms of sustainable development, therefore providing a basis for improving architectural design
methods to show higher levels of performance and lower amounts of energy consumption. This
research pursued the following three objectives: (1) provide a basis for design by analyzing the types of
passive function and specific variables for the technical strategies employed by subway station building
complexes; (2) test the passive adjustment effects of subway station building complexes and improve
the authenticity and objectivity of the designs via actual and effective environmental monitoring
evaluation; and (3) explore typical further-optimized strategy models for the compound tubular space
systems of subway station building complexes, and provide guidance for design optimization.

2. Methodology

This research was based on the dual perspectives of architecture and the built environment.
With regards to architectural design, this work produced a space prototype and deconstructed the
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factors affecting the passive adjustment performance of architecture. According to a comparison of the
factors that influence the quality of indoor buildings and actual built environments, a comprehensive
evaluation was made of the passive adjustment performance of tubular spaces in subway station
building complexes [34]. First, the factors that affect the passive adjustment performance were
analyzed. Then, according to the analytic factors and taking the urban Beijing subway station building
complexes as an example, a long-term physical environment test was carried out. The subject was
a subway station building complex with a typical amount of tubular space. This research focused
on the physical environment, as tube as the passive function of potential space and its influence on
surrounding functional areas. It included actual measurement results such as the thermal conditions,
air ventilation, lighting environments, indoor air quality, occupant satisfaction and comfort, and other
subjective feedback. Through this objective investigation of the physical environment and subjective
feedback of the occupants’ degree of comfort, the problems with objective space were able to be
studied and analyzed, and the potential for spatial optimization put forth from the perspective of
passive adjustment performance. Finally, the database established through this research assisted in
highlighting the design goals for tubular space in subway station building complexes. A model for
three typical kinds of composite tubular spaces was constructed with the goal of achieving high levels
of performance and low amounts of energy consumption. Therefore, this research method was divided
into the following four steps. (as shown in Figure 2)

Figure 2. Research methodology route.

2.1. Stage One: Factor Analysis of the Effect of Passive Design on Tubular Space

Passive design belongs to the category of sustainable development in architecture, and is an
essential part of addressing three factors: the environment, society, and the economy [35]. Tubular
space is a typical passive spatial design strategy that coordinates contradictions among these three
factors and architecture, leading building construction in a more positive direction. Architecture
is a carrier of the climate and its human occupants; building space and outdoor climate conditions
can be seen as the reasons for indoor physical environments and occupant satisfaction [36]. This
research is based on an AHP (Analytic Hierarchy Process) methodology which decomposes complex
issues into several group factors, and compares those factors to one another to determine their relative
importance [37,38]. It adopted the method of factor quantification analysis to classify climate conditions,
building spaces, physical environmental comfort, and occupancy satisfaction. This logical framework
was established through measurements and simulations; the influences therein were determined by
a correlation analysis, based on the acquired data. Therefore, the passive design of tubular space
was divided into four factor groups: spatial parameters, climate parameters, the degree of physical
environmental comfort, and occupancy satisfaction. (as shown in Figure 3)
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Figure 3. Analysis of the factors influential on tubular space in subway station building complexes.

According to authors pervious research in passive space design [36,39], the building space can be
recognized as four categories including “shape”, “mass”, “quantity”, and “connection”. This research
also adopts this research framework that the factor groups were further quantified and subdivided.
The spatial parameters were again divided into four sub-factors: geometric dimensions, interface
properties, and internal and external related categories (as shown in Table 1). Researchers have made
useful contributions to indoor environment comfort research [40]. For example, Professor Fanger
highlighted six elements that influence the comfort level of an indoor thermal environment (the mean
radiation temperature, air temperature, relative humidity, air speed, clothing insulation, and metabolic
rate) to form the Predicted Mean Vote (PMV) model [41]. LEED [42] in USGBC and China ESGB [43]
lists lighting environment evaluation factors (including natural light, artificial light, view, and control)
and offers clear standard indicators. As the tubular space can have a significant wind effect that affects
the indoor air flow, while most tubular space exists underground, and the outdoor noise environment
has little influence on the interior, therefore, outdoor climate parameters can be divided into four
additional sub-factors: thermal environment, lighting environment, air quality, and wind speed.
Corresponding to the outdoor climatic conditions, the indoor physical environment also includes four
sub-factors: thermal environment, lighting environment, air quality, and air velocity. There are many
factors involved in occupancy satisfaction. The method of semantic differential (SD) analysis [44] was
used to divide the influencing factors into eight aspects: thermal conditions, humidity, light, air quality,
air velocity, ease of use, cleanliness and maintenance, and overall environmental satisfaction (as shown
in Table 1).
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Table 1. Factor analysis of the passive adjustment effect of tubular space.

Factor Group Factors
Parameter Acquisition

Method
Parameter Unit

Spatial parameter

geometric dimensions (L:W:H) distance measurement m

interface property (U-value) material thermal
performance calculation W/(m2·K)

internal related categories (visitor flow rate) statistics N/h

external related categories (outdoor,
platform, commercial, none) judgment N/a

Climate parameter

thermal environment
(temperature, relative humidity)

measurement

◦C, %

lighting (illuminance) Lux

air quality (PM2.5, PM10, CO2) μg/m3, ppm

wind speed m/s

Degree of comfort
with the physical

environment

thermal environment
(temperature, relative humidity)

◦C, %

lighting (illuminance) Lux

air quality (PM2.5, PM10, HCHO, CO2) μg/m3, ppm

air velocity, wind temperature m/s, ◦C

Occupancy
satisfaction

thermal comfort

occupant survey Vote score
[−3~3]

humidity

air quality

lighting

ventilation

ease of use

cleanliness and maintenance

overall environmental quality satisfaction

2.2. Stage Two: Field Survey

Corresponding with the public factors affecting the passive function of tubular space,
the actual field investigation involved spatial drawings, monitoring the indoor and outdoor physical
environments, and determining occupants’ subjective levels of satisfaction. The relationship between
buildings and people, especially in terms of the healthiness of the indoor environment, has a significant
influence on human survival and sustainable development. Since the normal operating phase tends
to be from 6:00 a.m. to 10:00 p.m., the opening time of building complexes (offices or businesses) is
usually included within that time frame. Therefore, the survey had a clear research plan regarding
a day cycle time, from 6:00 a.m. to 10:00 p.m., including two rush hours where there was peak
human flow. The physical environment test called for the selection of a typical space, such as tube
entrance, middle tubular space, connection point between a subway and complex building, station
hall, or subway platform where the long-term physical environment could be monitored. The data
were collected every five minutes. The physical quantities included nine parameters: temperature,
humidity, illuminance, CO2 concentration, PM2.5, PM10, HCHO, air velocity, and wind temperature.
The test contents including long-term consecutive days of outdoor temperatures which measurement
interval was 5 min, temperature measurements for each (selected) test point which measurement from
6:00 a.m. to 10:00 p.m. for each typical day; measurement interval was 5 min.

In addition, since piston wind can affect the interior tubular space and connection points of urban
complexes during subway operation, and the aerodynamic forces of piston wind may be usable as a
source of renewable energy [45], the fieldwork test also included instantaneous wind speed changes at
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the subway platform level. The observation frequency was 3 s, with a train cycle of arrival, stay, and
departure (as shown in Table 2).

Table 2. Building the physical environment fieldwork test framework.

Measurement Items
Parameter

Type
Test

Content
Properties of the instruments

Thermal
environment

outdoor temperature test
temperature ◦C

Portable infrared temperature meter,
Biaozhi GM700, Range: −50~700 ◦C,

Resolution: 0.1 ◦C

indoor temperature test for each
(selected) test point

indoor humidity test for each
(selected) test point humidity %

Lighting
outdoor luminance test

luminance lux/daylight
factor %

Portable luminance meter, Reggiani
DT-1301, Range: 0~50,000 Lux,

Resolution: 1 Lux
indoor luminance test for each

(selected) test point

IAQ

outdoor CO3 concentration test
CO2

concentration
ppm

Portable and self-record CO2 meter,
TJHY-EZY-1, Range: 0~5000 ppm,

Resolution: 1 ppm
indoor CO2 concentration test
for each (selected) test point

outdoor PM2.5/10
concentration test PM2.5/10

concentration
μg/m3

Portable air quality meter, temopt
LKC-1000S+, Range: 0~999 mg/m3,

Resolution: 0.01 mg/m3

indoor PM2.5/10 concentration
test for each (selected) test point

indoor HCHO concentration
test for each (selected) test point HCHO g/cm3

Ventilation

indoor air velocity test for each
(selected) test point air velocity m/s

Self-record instrument for wind
velocity and wind temperature,
TJHY-FB-1, Range: 0~10 M/S,

Resolution: 0.01 M/S

indoor air temperature of each
(selected) test point air temperature ◦C

Self-record instrument for
environment, TJHY-HCZY-1, Range:

0~5000 ppm, Resolution: 1 ppm

The object of this investigation was the tubular spaces in a subway station building complexes,
so the function and shape of the spaces were simpler and more explicit than other common building
spaces. The design of the subjective questionnaire focused on the degree of occupancy comfort and the
space’s influence on human health during short stays. In general, the questionnaire included three
categories: satisfaction with the physical environment; space satisfaction votes, such as ease of use,
cleanliness, and maintenance; and overall satisfaction with the environment’s quality.

In order to improve the efficiency of the investigation, spatial drawings, subjective satisfaction
research, and studies of comfort related to the objective physical environment were all conducted.
The characteristics of the subway space in utilization mode were special in that mostly the area was
designed for a rapidly-passing crowd who would be present only for a short stay. The connection
spaces often fluctuated in terms of the physical environment, and users’ moods and physical health
conditions likely varied considerably. Therefore, the method of subjective investigation also needed
to be more diverse than in other similar types of research. The questionnaire was collected mainly
by three means: website-based and on-site surveys, and on-site interviews. The purpose of the
website-based questionnaire was to avoid misunderstandings related to temporally-subjective factors,
and dispel individual elements through the long-term accumulation of memory. For the satisfaction
and self-reported productivity questions, the survey used a 7-point semantic differential scale with
endpoints of “very dissatisfied” and “very satisfied.” For the purposes of comparison, the scale
was assumed to be roughly linear, with ordinal values for each of the points that ranged from
−3 (very dissatisfied) to +3 (very satisfied) and 0 as the neutral midpoint [46]. The on-site interviews
were with specifically-selected occupants who stayed in the space for a long period of time, such as
retail vendors, subway station operators, commercial building security, cleaning and maintenance
staff, etc. The research methods were not rigidly obeyed for prescribed problems and formats, and

243



Appl. Sci. 2019, 9, 834

were altered via conversations to help the researchers understand the respondent’s age, cultural and
economic background, space satisfaction, environmental problems, etc (as shown in Table 3).

Table 3. Occupancy satisfaction voting framework.

Test Items
Parameter

Type
Test Content Test Content

Physical
environment
satisfaction

thermal
comfort

vote
web-based survey/

fieldwork-based survey/
human perception test

7-point scale [−3,−2,−1,0,1,2,3]
very dissatisfied to very satisfied

humidity

air quality

lighting

ventilation

Space
satisfaction

ease of use
vote

web-based survey/
fieldwork-based survey/
human perception test

7-point scale [−3,−2,−1,0,1,2,3]
SD of feelings about space’s

atmosphere
cleanliness and

maintenance

Overall environmental
quality satisfaction vote

web-based survey/
fieldwork-based survey/
human perception test

7-point scale [−3,−2,−1,0,1,2,3]
very dissatisfied to very satisfied

2.3. Stage Three: Problem and Analysis of the Spatial Potential

Stage two set up a framework for a comprehensive system that focused on three factors:
architecture, humans, and the environment. Based on the conclusions made during that stage, the
passive strategy factors affecting the research object were classified and recombined to analyze the
functional characteristics of different positions of space that can be found throughout a subway
station building complexes. According to the research by Margarita N. Assimakopoulos regarding
the thermal environment in Greek subways [47], Teresa Moreno and colleagues’ work on airborne
particulate matter in the Barcelona subways, and John Burnett [48] and associates’ investigation and
analysis of the lighting environment in the Hongkong metro in China [49], obvious problems such
as high humidity, low thermal comfort, and poor air quality and lighting environments in subway
halls and platform spaces all emerged as worthy of further research. Many scholars also argued for
energy-saving strategies in subway systems by means of passive ventilation designs for complete
ventilation systems, for instance by developing ventilation systems in subway stations that could
control indoor air pollutants [50,51]. The core of the third stage of this study includes two aspects. First,
through an investigation and analysis of the status quo, the existing environmental problems were
extracted and a design strategy put forward to resolve certain issues. Secondly, through statistical data,
the researchers discovered the potential capacity of passive space, and identified design opportunities
that could improve comfort, health, and energy efficiency.

2.4. Stage Four: Set up New Target Orientation and Space Update

The fourth step of this research put forward the spatial design goal of tubular space in
subway station building complexes, from the perspective of sustainable development. Certain space
assumptions and a particular design procedure for the compound tubular space were promoted to
provide guidance for the optimized design.

Through data and problem analyses and potential excavation, this research searched typical
models of complex tubular space complex systems that would be applicable to subway station building
complexes. The key point was to determine an applicable and feasible space utilization model that
could provide a design basis. The researchers put special emphasis on viable applications for potential
natural resources in subway spaces, such as tunnel and piston wind, pull shafts, lighting, and landscape
tubes, that could be further integrated into the design. Typical composite tubular spaces can be in the
form of a tube tunnel (a solar chimney composite space system), combined wind tunnel (a displacement
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ventilation complex space system), combined active and passive ground source heat pump (wind
tunnel composite tubular space system), hot air shaft ventilation, or lighting composite space system.
Figure 3 offers an overall view of the study.

3. Results and Discussion

3.1. Building Space Information Factors

Based on the above-mentioned factors, a multi-criteria evaluation method for tubular space was
proposed. The survey selected five typical subway station building complexes in Beijing, including
Xizhimen (W1), Haidianhuangzhuang (W2), Guomao (W3), Dawanglu (W4), and Wangfujing Stations
(W5) (as shown in Figure 4). The selected five stations involved six main subway lines: #1, #2, #4, #10,
#13, and #14. All of the surveyed stations were urban subway transit hubs. Xizhimen Station (W1) is
where the #2, #4, and #13 subway lines converge; it is also home to three high-rise commercial office
buildings and the Beijing subway station. Haidianhuangzhuang (W2), Guomao (W3), and Dawanglu
Stations (W4) all are points of convergence for more than two subway lines, and offer connections
with urban complexes. Wangfujing Station (W5) is located in the middle of Beijing, and is connected to
the largest integrated commercial building in Asia. As such, it features a substantial people flow rate;
the location is also of geographical importance (as shown in Table 4).

 

Figure 4. Five typical subway station building complexes in Beijing.

The test period was selected to be from 28th June 2017 to 20th July 2017, the highest-temperature
time period in Beijing. It is a typical and continuous testing period of 3 weeks. The data excluded
unstable factors which may conduct to instantaneous mutations data such as weather mutations,
active equipment interference, people behavioral interference, misuse of testing instruments, etc,
and used a mean value within the 3 weeks. The purpose of this research was to investigate the
performance of the tubular space in the physical environment under the most unfavorable conditions
in the summer climate.
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Table 4. Survey object information.

No. Station Name
City

Complex
Building
Function

Building
Area (m2)

Subway
Line

Number
of Test
Points

Type of Test Point

W1 Xizhimen Cade mall Commercial,
office 89,000 #2, #4, #13 3

middle tubular space,
tube entrance,
platform layer

W2 Haidianhuangzhuang Gate City
mall Commercial 47,000 #4, #10 3 middle tubular space,

tube entrance

W3 Guomao Yintai mall Commercial,
office 350,000 #1, #10 4

middle tubular space,
tube entrance, platform

layer, station hall

W4 Dawanglu

China
Trade
Center
mall

Commercial,
office 710,000 #1, #14 4

middle tubular space,
tube entrance, platform

layer, station hall

W5 Wangfujing Oriental
Plaza mall Commercial 120,000 #1 4

middle tubular space,
tube entrance, platform

layer, station hall

 
Figure 5. Test station space plan and test points location.

The first step in the fieldwork survey was to acquire the building information. This was performed
in order to obtain the data supporting the tubular spaces. After the fieldwork test, the study first
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drew out five site plans and geometric scale parameters for the tubular space (as shown in Figure 5).
The researchers then selected three or four test points for each site station; all tests contained 18
measuring points. Each test point had a certain representativeness. The W1 site contained three
test points; tp1 was located in the middle of an above-ground glass corridor between the station
and the complex, and was a middle tubular space.Tp4 and tp11 were located between the sites and
underground associated tubes, which were all classified as middle tubular space. Tp8 was a link
between a subway station and commercial building, which was also middle tubular space. Tp3, tp7,
and tp14 belonged to the first kind of tube entrance space, and connected the commercial complex
building at one end of the tube shaft. Tp2, tp5, tp10, and tp13 belonged to the second kind of tube
entrance space, and connected to the station hall. Tp6, tp9, and tp12 were the test points at the subway
station hall (as shown in Figure 5). Finally, tp15, tp16, tp17, and tp18 were the subway platform test
points for W1, W3, W4, and W5, respectively.

Because the locations of the tubular spaces in each subway station building complexes were
different, the environmental problems varied dramatically. Therefore, this research compared the
physical environment parameters of the 18 measuring points, according to five types: middle
tubular space (four test points), tube entrance (connection to building) (three test points), tube
entrance (connection to subway) (four test points), station hall (four test points), and platform layer
(four test points).

3.2. Field Survey Results and Analysis

3.2.1. Physical test results and analysis

Professor Fanger highlighted six elements that influence the comfort level of an indoor thermal
environment (mean radiation temperature, air temperature, relative humidity, air speed, clothing
insulation, and metabolic rate); all six are necessary to form the Predicted Mean Vote (PMV) model [41].
Tubular space in subway station building complexes is mostly underground, so the influence of
radiation temperature can be ignored and people’s metabolic rates can be set to the same level of
1.5 met [41]. During the test period, the hottest period in summer in Beijing was selected, so clothing
level was chosen as 0.35 clo [41]. Data from this survey were collected according to eight physical
parameters: environment temperature, humidity, illuminance, air velocity, PM2.5, PM10, and the
HCHO and CO2 concentrations at each point. The average result values are shown in Tables 5–9.
According to the current national standards and norms, the typical range of thermal comfort is defined
as between 16~28 ◦C [43], humidity comfort is between 30~60% [42], illumination should be no higher
than 150 lux [52], and indoor air velocity in winter should be lower than 0.15 m/s and 0.25 m/s in
summer. The concentrations of PM2.5 and PM10 should be lower than 75 μg/m3 and 150 μg/m3,
respectively, according to the 24-hour average concentration limits of the two grades listed in the
national standard [53]. The concentration of HCHO and CO2 should be lower than 0.08 mg/m3 [54]
and 1000 ppm [55], respectively.

(1) Comfort analysis
Figures 6–9 are box diagrams of the physical test results for thermal conditions, lighting, IAQ,

and ventilation in all five types of tubular space. The red zones show locations where the occupant
comfort values were beyond the related comfort standard.

As regards the thermal environment, tp1 was a solar corridor space with a higher temperature
than the other three points, which were at the boundary of the comfort zone (the point at which the
human body would no longer enjoy thermal comfort). The tube lengths of tp4 and tp8 were 150 m and
140 m, respectively, and the humidity levels of the two test points significantly exceeded the standard.
The highest reached 84.7%. The temperature in the space was lower than the human comfort level
standard would deem acceptable, and the excessive humidity could easily cause mildew and affect
users’ health. As regards the lighting environment, the illuminance levels of tp4 and tp8 in the middle
tubular space were not sufficient; the values did not reach the national standard requirement and
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thus could be hiding potential dangers. Due to the large amount of natural light at tp1, the average
illuminance could reach 990 lux without artificial lighting. A better lighting environment would also
improve the quality of the indoor environment. Past research results have shown that occupants
become uncomfortable and can even experience headaches and chest tightness, causing their work
ability to decline, when the CO2 concentration is over 1000 ppm. In the test of CO2 concentration
for the middle tube, the two longer tube sat tp4 and tp8 had lower air quality; the highest CO2

concentration was at tp4, which reached 1931 ppm. This is over two times the standard. The maximum
PM2.5 concentration at tp8 reached 121 g/m3; the outdoor concentration was 74.6 g/m3. Thus, the
disadvantages were greatly exacerbated. Although the air velocity values at tp4 and tp11 were slightly
higher than the standard, moderate ventilation in a thermal environment can lower body surface
temperature, taking away the sweat that collects on the human body’s surface.

To sum up, the main problems as regards comfort in the middle tubular space were its high
humidity, poor light environment, and low air quality.

Table 5. Average values for the physical test results in the middle tubular space.

Site
No.

Test
Point

Number

Temperature
(◦C)

Humidity
(%)

Illuminance
(Lux)

Air
Velocity

(m/s)
PM2.5 PM10 HCHO CO2

W1 Tp1 32.1 47.7 990 0.196 47.9 67.2 0.022 681
W2 Tp4 28.1 70.2 72.0 0.265 45.4 64.3 0.030 1163
W3 Tp8 25.5 76.8 19.0 0.0 66.1 92.0 0.057 1000
W4 Tp11 28.3 57.4 153.6 0.307 52.0 73.1 0.044 892.1

Note: The data in the grey background indicate that it is beyond comfortable zone.

 

Figure 6. diagram of the physical test results from the middle tubular space.

Figure 7 shows the performance of the physical environment of the tube entrance space approach
to one end of a shopping mall. All of the environment’s temperatures and most of the humidity
index values for the three test points exceeded the comfort zone. The maximum value of tp3 was
32.3 ◦C, while the mean outdoor temperature was 29 ◦C. The average illuminance levels of the three
test points in the tube entrance (connection to building) did not reach the national standard; tp3 and
tp7 were especially low. Both of the test points located at the indoor and outdoor junctions had light
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levels that would require human eyes a significant amount of time to adjust to the darkness. This can
cause sensations of insecurity and discomfort when entering from a strong outdoor light environment.
The concentration of CO2 in these spaces was also high, with maximum values for tp3 and tp7 reaching
1761 ppm and 1690 ppm, respectively.

To sum up, because most of the tube entrance space was connected to a shopping mall and was
close to the outdoors, the thermal environment and humidity levels were low, light problems were
obvious, and concentrations of CO2 were high.

Table 6. Average values for the physical test results from the tube entrance (connection to a building).

Site
No.

Test
Point

Number

Temperature
(◦C)

Humidity
(%)

Illuminance
(Lux)

Air
Velocity

(m/s)
PM2.5 PM10 HCHO CO2

W2 Tp3 30.6 62.1 7.5 0.117 54.8 76.3 0.055 981.9
W3 Tp7 30.4 65.2 24.4 0.144 73.5 102.8 0.126 1308.2
W5 Tp14 28.9 52.9 147.9 0.604 32.2 45.0 0.047 928.9

Note: The data in the grey background indicate that it is beyond comfortable zone.

 

Figure 7. Box diagram of the physical test results from the tube entrance (connection to building).

According to Figure 8, the thermal and humidity environments at the tube entrance space near
the subway were obvious. The temperatures at the four test points all exceeded the comfort level.
The average temperature at tp5, with an elevation depth of 14.4 m, was 2.5 ◦C lower than that of tp10
and tp13, which were at an elevation depth of 9.2 m. The higher wind speed relieved the high humidity
and CO2 concentrations at the tube entrance space (connection to subway). Generally, the average
humidity was lower than 70% and both the average and maximum values of CO2 were greatly reduced.
However, due to the influence of the subway piston wind, the wind speed presented a sinusoidal
fluctuation and the direction of the wind speed changed periodically. Thus, the wind environment
became the most unfavorable factor with regards to comfort.

To sum up, ventilation was one of the most detrimental comfort factors at the tube entrance space
(connection to subway). It was affected by the piston wind so that cold air (from the air conditioning)
was sometimes sucked out of the subway platform layer and hot air was pumped out of the tubular
space. People who stayed at that location for long periods of time were frequently affected by two

249



Appl. Sci. 2019, 9, 834

kinds of wind that had large temperature and direction differences. They expressed great discomfort
and likely were experiencing threats to their health.

Table 7. Average values for the physical test results from the tube entrance (connection to subway).

Site
No.

Test
Point

Number

Temperature
(◦C)

Humidity
(%)

Illuminance
(Lux)

Air
Velocity

(m/s)
PM2.5 PM10 HCHO CO2

W1 Tp2 30.8 50.0 154 0.365 53.5 75.9 0.019 688.4
W2 Tp5 28.6 66.0 32.5 0.859 52.7 73.6 0.019 840.5
W4 Tp10 31.3 68.3 107.3 1.73 107.6 151.1 0.021 920.8
W5 Tp13 31.1 70.0 91.2 0.683 149.2 201.7 0.026 802.4

Note: The data in the grey background indicate that it is beyond comfortable zone.

 

Figure 8. Box diagram of the physical test results at the tube entrance (connection to subway).

The physical environment test at the station hall focused on Beijing subway line #1, and included
three test points. As can be seen from Figure 9, the environment temperature in the station hall was
significantly higher than the comfort zone and 5 to 6 ◦C higher than the outdoor temperature at that
time. The humidity in the station hall was also relatively high, but the light environment basically
met the national standard. Due to a large number of people flowing through the middle of the station
hall and the relatively longer tube lengths (130 m, 190 m, and 160 m), the CO2 concentrations at
the three points were correspondingly higher. The peak concentration of CO2 at the tp6 measuring
point reached 1833 ppm. Tp12 was located at a point with a smaller people flow rate, so its CO2

concentration stayed within the standard range. However, due to the impact of the subway piston
wind, there was a high level of PM pollution in the subway tunnel that was brought into the entrance
hall, with a peak concentration of 160 g/m3. Compared with the outdoor concentration 74.6 g/m3,
this was two times the outdoor concentration at that time. Thus, it can be seen that a large number
of people were gathered at the station and hall levels, resulting in a higher concentration of CO2.
The station hall layer was directly connected to the train platform and had a higher PM concentration
due to the influence of the piston wind from the subway.

In summary, influenced by the space size and flow rate, the physical environment of the hall at all
stations was the worst, which is reflected in the high temperature and humidity, and poor air quality.
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Table 8. Average values of the physical test results from the station hall.

Site
No.

Test
Point
No.

Temperature
(◦C)

Humidity
(%)

Illuminance
(Lux)

Air
Velocity

(m/s)

PM
2.5

PM
10

HCHO CO2

W3 Tp6 33.5 62.2 144.1 0.724 68.6 96.0 0.038 1374.4
W4 Tp9 32.6 61.9 152.3 0.446 100.9 139.2 0.023 1153.6
W5 Tp12 31.2 71.4 92.0 0.172 119.6 167.2 0.021 922.5

Note: The data in the grey background indicate that it is beyond comfortable zone.

 

Figure 9. Box diagram of the physical test results from the station hall.

The physical environment of the platform layer is shown in Figure 10. Since the wind speed at the
platform layer was significantly affected by the movement of the subway vehicles, it will be discussed
in detail in the next chapter. The lighting environment met the national lighting standards. There
were two key problems with comfort: the thermal environment and air quality. The temperature was
generally too high; the highest value was from W4, which reached 34.5 ◦C. The values were 3.5 ◦C
higher than the outdoor temperature at that time. For air quality, the most significant problem was the
PM concentration. The PM2.5 data for almost all of the test sites were higher than the human body’s
comfort range; the PM10 concentration was too high at the W4 site as tube, reaching a maximum of
225.7 g/m3, while the outdoor concentration was 83.2 g/m3.

To sum up, the temperature and PM values were the key problems with comfort at the
platform layer.

Table 9. Average values for the physical test results from the platform layer.

Site
No.

Test
Point
No.

Temperature
(◦C)

Humidity
(%)

Illuminance
(Lux)

Air Velocity
(m/s)

PM2.5
PM
10

HCHO CO2

W1 tp15 30.2 48 260.3 Instantaneous
wind speed
(as shown in

Figure 12)

85.3 121.7 0.017 974.5
W3 tp16 31.6 64.3 263 98.5 138.3 0.019 867
W4 tp17 33.9 58.8 259.5 137.6 192.5 0.02 1005
W5 tp18 33.7 69.6 251.2 72.7 102.3 0.019 1283

Note: The data in the grey background indicate that it is beyond comfortable zone.
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Figure 10. Box diagram of the physical test results from the platform layer.

(2) Changes in physical quantities with time and human flow
a: Temperature
The green curve in Figure 11 shows the fluctuation in outdoor temperature. Except for the

aboveground space of tp1, the temperature at other points was not directly affected by solar radiation;
therefore, the temperature curve hardly varied over time. The overall temperature environment at
the middle of the tubular space was the best, followed by the tube entrance space near the shopping
center. The third best was the tube entrance space near the subway measurement point. The thermal
environment of the station hall was the worst, maintaining the highest temperature nearly the entire
day. Changes in the flow rate had little influence on the thermal environment of the tubular space;
the relative position was the decisive factor for the temperature there.
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(a) (b) 

 

(c) (d) 

Figure 11. Comparison curves of hourly temperature data for each point during the monitoring day.
(a) Middle tubular space; (b) Tube entrance (connection to building); (c) Tube entrance (connection to
subway); (d) Station hall.

b: CO2 concentration
In the diurnal variation curve for CO2 concentration, there was almost no consistent fluctuation

pattern for the same type of tubular space. From the overall curvilinear relation in Figure 12, it can be
seen that there were two main trends. The first was the stable value for the whole day; the range of
change was not large, as illustrated by test points tp8, tp13, and tp14. The second was the dramatic
changes during two time periods, 8:00~9:00 a.m. and 4:30~7:30 p.m., which indicated that the
concentration of CO2 was significantly affected by indoor people flow, and the elevated concentration
occurred during morning and evening peak hours. In addition, tp3, tp4, tp5, tp6, tp7, tp9, tp10, and
tp12 exposed a lack of air adjustment capacity when a large number of people gathered together.

253



Appl. Sci. 2019, 9, 834
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(c) (d) 

Figure 12. Comparison curves of hourly CO2 concentration data for each point during the monitoring
day. (a) Middle tubular space; (b) Tube entrance (connection to building); (c) Tube entrance (connection
to subway); (d) Station hall.

c: PM2.5/PM10
As shown in Figure 13, the PM2.5 and PM10 data for each test point varied with time. This study

took the middle of the tubular space to be the object of analysis. There were change rules over time for
four test points: tp1, tp4, tp8, and tp11. The survey found that three points—tp1, tp4, and tp8—had a
sudden increase in PM concentration at 11:00 a.m. and 6:00 p.m., almost two times that of other times.
Tp11 was located in the tubular space near the #14 subway line, and was affected by the piston wind
from the subway platform. The variations in PM concentration throughout the day were large, and the
regularity presented was closely related to the subway’s operation time.
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W1 tp1 W2 tp4 

 

W3 tp8 W4 tp11 

Figure 13. Comparison curves of hourly particulate matter 2.5 (PM2.5)/PM10 concentration data for
each point during the monitoring day.

d: Wind speed
The test point height was 1.5 m (tp1, as shown in Figure 14a). One operating cycle for a train

(arrival, stay, and departure) was around three minutes. Due to the piston effect caused by the train’s
operation, the tunnel wind reached remarkable levels. The wind speed when the train was arriving
lasted for 15 s, with an average wind speed of 1.2 m/s. The stage during which the train stayed at
the station lasted for 40~50 s (at the test point it was 48 s), with an average wind speed of 0.84 m/s.
The train’s departure stage lasted longer, about 120 s, with a maximum instantaneous wind speed of
up to 3.6 m/s and an average wind speed of 1.79 m/s. During each three-minute cycle, the maximum
wind speed was 3.6 m/s during the departure stage, while the minimum wind speed was 0 m/s
during the period when the train stayed at the station (as shown Figure 14b). The wind direction was
opposite during the arrival and departure stages. These two wind directions were off set when the
train stayed at the station, presenting a brief state of calm. According to the coupling experiment in
the Beijing subway conducted by Mingliang Ren and others, the maximum wind speed near the train
could reach 7.5 m/s at the test point height of 2 m [56] (tp2, as shown in Figure 14a).

3.2.2. Occupancy satisfaction survey results and analysis

The subjective occupancy survey was comprised of two parts: on-site questionnaires and on-site
interviews. The subjective questionnaire adopted a 7-point scale, where −3 corresponded with
“Very Dissatisfied”, 3 referred to the respondent being “Very Satisfied”, and 0 was neutral (as shown in
Table 10). The subjective questionnaire was issued at each test point (tp1 to tp14), 40 copies each, for a
total of 560 copies. There was a total of 551 valid questionnaires completed, for a recovery rate of 98%.
The test period was selected to be the same as the physical environment test, the highest temperature
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period for the Beijing area, from 28 June 2017, to 20 July 2017. The purpose of this research was to
investigate the performance of the tubular space in terms of occupancy satisfaction under the most
unfavorable conditions in the summer climate. In addition, the survey also included on-site interviews.
Researchers talked with subway staff, retail traders, security guards, cleaners, and passers-by for a
substantial period of time.

 

(a) (b) 

Figure 14. Wind speed curve for one operating cycle of a train. (a) Test point location; (b) Curve line.

Table 10. Questionnaire for the occupancy satisfaction survey.

Occupancy
Satisfaction

Very Dissatisfied Neutral Very Satisfied

Thermal comfort

−3
�

−2
�

−1
�

0
�

1
�

2
�

3
�

Humidity

Air quality

Lighting

Ventilation

Ease of use

Cleanliness and
maintenance

Overall
environmental

quality satisfaction

Table 11 shows the average data collected from the questionnaire. Corresponding with the analysis
of the physical environment test results, this research also classified the 14 test points according to
their location. There were a total of four types: middle tubular space, tube entrance (connection to
building), tube entrance (connection to subway), and station hall.

Based on a histogram analysis of Figure 15, the researchers found that occupants had higher levels
of satisfaction in the middle tubular space, and most of the collected data were positive. The problems
with higher temperatures and poor lighting were clear in the physical environment test, but the
subjective feelings of the users were not obvious. However, in terms of humidity, both the subjective
questionnaire and the interviews reflected the occupants’ discomfort.

The satisfaction results at the tube entrance (connection to building) fell into two categories.
The first type was in relation to where the tube entrance connected the building to the outdoor space
(tp3 and tp7). All indexes of satisfaction were low, especially in terms of thermal comfort, humidity,
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air quality, and convenience. The other type related to where the tube entrance connected to the
underground building (tp14), which demonstrated positive advantages for all indicators.

Table 11. Results data from occupancy satisfaction survey.

Occupancy
Satisfaction

Vote
Tp1 Tp2 Tp3 Tp4 Tp5 Tp6 Tp7 Tp8 Tp9 Tp10 Tp11 Tp12 Tp13 Tp14

Thermal Comfort −0.23 1.1 −0.9 1.3 −1.1 −1.8 −2.3 2.1 −2.1 −1.2 0.9 −2.2 −2.5 1.9

Humidity −0.25 0.2 −1.5 −1.6 −2.5 −2.2 −2.2 −0.6 −2.4 −1.5 0.8 −2.3 −2.1 1.5

Air Quality −0.15 −0.3 −1.2 0.2 −1.9 −2.6 −1.9 1.1 −1.5 −1.2 1.1 −2.3 −0.5 1.3

Lighting 2 −0.9 0.5 0.3 −0.8 0.2 −0.6 1.2 0.8 0.8 1.2 −0.5 0.2 1.5

Wind Comfort −0.9 1.1 −0.6 0.5 −2.6 −0.5 −0.5 1.4 0.5 −1.6 1.2 −1.1 −2.4 −0.1

Ease of Use −0.15 0.6 −2.1 1.1 0.2 0.9 1.1 0.9 0.6 −0.2 1.1 0.3 0.2 0.2

Cleaning and
Maintenance 0.6 0.5 1.6 0.5 1.8 1.2 −1.6 1.3 0.7 0.2 1.3 0.2 0.3 0.3

Overall
Environmental

Quality
0.5 0.6 1.1 0.5 −0.9 0.4 −1.2 1.4 0.5 0.3 1.3 −1.2 −0.9 0.8

Overall 0.18 0.36 −0.39 0.35 −0.98 −0.55 −1.15 1.10 −0.36 −0.55 1.11 −1.14 −0.96 0.93

 

Figure 15. Results analysis of the occupancy satisfaction survey.

The most complaints from occupants were from the area near the subway. Both the space
entrance near the subway and the subway platform level received lower occupancy satisfaction scores.
The average thermal comfort of the tube entrance space near the subway was −1.85, the humidity
score was −1.48, and air velocity comfort score was −1.38. Compared with the physical environment
test results, the thermal environment of the tube entrance space near the subway had the greatest
influence on the physiology and psychology of the human body. It was also the weakest point of the
inner tubular space. In the physical environment test, the performance of the station hall was the worst,
which is reflected in its high temperature, humid environment, and poor air quality. The averages
of the three categories from the subjective survey data—thermal environment, humidity, and air
quality—were as follows. Tp6 was −2.2, Tp9was −2, and tp12 was −2.3, which indicates extreme
occupant dissatisfaction.

All of the questionnaire items can be sorted as follows: tp11 (middle tubular space) > tp8 (middle
tubular space) > tp14 (tube entrance type1) > tp2 (tube entrance type2) > tp4 (middle tubular space) >
tp1 (middle tubular space) > tp9 (station hall) > tp3 (tube entrance type1) > tp6 (station hall) = tp10
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(tube entrance type2) > tp13 (tube entrance type2) > tp5 (tube entrance type2) > tp12 (station hall) >
tp7 (tube entrance type 1).

3.2.3. Satisfaction–Comfort Matrix Results and Analysis

Figure 16 shows the results of the Satisfaction–Comfort Matrix in the overall 14 target test points.
The horizontal axis of the matrix corresponds to the level of each comfort (thermal, lighting, ventilation,
and air quality) with the physical environment inside of the tubular space. The data was calculated
into a comfort percentage obtained from the test results, and divided into six classes from 0 to 100%.
The vertical axis of the matrix corresponds to the subjective analysis of occupancy space satisfaction,
following with the −3~3 score scale outlined in the above research method.

  

(a) (b) 

  

(c) (d) 

Figure 16. Test Point Satisfaction-Comfort Matrix results. (a) Middle tubular space; (b) Tube entrance
(connection to building); (c) Tube entrance (connection to subway); (d) In subway station.

The Satisfaction–Comfort Matrix is divided into four quadrants. The results located in the first
quadrant indicate that the animate space has a positive effect in terms of both satisfaction and comfort.
The results located in the second quadrant mean it has a positive effect in terms of satisfaction but a
negative effect in terms of comfort. The results located in the third quadrant imply neither satisfaction
nor comfort. The results located in the fourth quadrant mean it has a negative effect in terms of
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satisfaction but a possible positive effect in terms of comfort [39]. Each quadrant’s evaluation is
divided into four grades (as shown in Figure 16).

3.3. Problem Analysis and Potential

According to the investigation of the objective physical environment and subjective comfort
feelings, it can be concluded that the potential for passive utilization of tubular space includes
two aspects: Improvement in comfort and utilization of climate.

3.3.1. Comfort Improvement from the Perspective of Passive Space Design

Tube entrance space plays a role in cohesion and intermediary conversion. However, it was
revealed that in the Beijing subway station building complex in the underground tube entrance
convergence space, the instantaneous wind speed was too high in winter and transition seasons; this
seriously affected user comfort and the long-term health of security personnel. Combining a design
for the complex building’s tube entrance transitional buffer space with setting a reasonable wind
barrier along the narrow tube entrance area, as tube as identifying transfer space in the underground
connected tubular space, would help to avoid the local wind outlet issue (as shown in Figure 17).

(a) 

 

(b) 

Figure 17. Passive strategy for relieving excessive wind velocity at the tube entrance. (a) Setting
conversion space in the underground interconnected tubular space; (b) Transition buffer space at the
tube entrance that combines with the complex building design.

The tubular space in the subway station area is always long and narrow. People in these locations
experience high traffic flow, and the space lacks connection with the outdoor natural environment;
this often results in poor air quality. Because it is a pass-through space, it is regularly neglected.
Considering the complex building shape, setting aside areas such as air shafts, light tubes, atriums, and
sunken courtyards would be an effective way of improving the air quality and indoor environment
through space-based strategies.
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3.3.2. Climate Utilization from the Perspective of Passive Space Design

However, tubular space as a means of connecting the external and internal environments has
the advantage of transmitting natural resources. Effective natural resources can be transferred to the
ground and underground spaces in subway transportation areas to solve comfort-based shortcomings
in tubular spaces. These spaces can improve the quality of the area and reduce possible energy
consumption during operation. In subway station building complexes, using aerodynamic, piston,
and mixed ventilations, and exporting hot air to the outside through ventilation shafts or entrances can
reduce energy consumption from air conditioning equipment, as tube as the area’s levels of heat and
humidity. Research has explored new modes for composite space systems, such as tubes with wind
tunnels and solar chimneys [57], air supply tunnels that displace wind for better ventilation, active
and passive combinations of wind tunnels and ground source heat pumps, and lighting from hot-press
ventilation channels. These are all typical spatial patterns that can improve the utilization efficiency of
passive tubular space. In addition, the shape of the tubular space has the advantage of introducing
natural light. Natural light can improve the comfort level of the light environment and reduce lighting
energy consumption. According to the actual test data, in a summer outdoor temperature of 28 ◦C,
the air temperature in a space covered by four meters of soil can be maintained at 10 ◦C. When the
outdoor temperature drops to −5 ◦C, the air temperature in that same underground area will remain
stable at 10 ◦C [58]. In subway station building complexes, using geothermal energy with tubular
spaces will not only improve the thermal environment quality and passive space design, but also
transfer comfortable temperatures to other functional areas surrounding the tubular space, improving
comfort and reducing the cost of operation.

3.4. Design Target and Space Conception of Tubular Composite Spaces from the Perspective of
Sustainable Development

3.4.1. Passive Design for High Performance and Low Energy Consumption-Oriented Tubular Spaces
in Subway Station Building Complexes

It was determined that there is often low levels of comfort and user satisfaction problems with
tubular space. To design a new integrated subway station building complex both at home and abroad,
one must continuously attempt to optimize the indoor environment and further coordinate the design
strategy with the setting. Thus, this research studied tubular spaces in subway station building complex
integration designs, forming a passive design method for tubular spaces that would offer high levels
of performance and low amounts of energy consumption. This high level of performance is expressed
in greater comfort and improved human health related to the indoor thermal environment, light and
air quality, and user experience. Low energy consumption comes in the form of an energy-saving role
in the building, such as by providing passive cooling, a fresh air supply, natural light, and wind energy
utilization via the functional and shape advantages of tubular space (as shown in Figure 18).

Figure 18. Type analysis of the passive parameters of high performance and low energy
consumption-oriented tubular space in subway station building complexes.
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3.4.2. Three Typical Design Concepts for Composite Tubular Space

An integrated design concept was presented in the study; it included two key aspects:
the integration of an independent original design division that considered the organization of a
single building, the underground station, and station space in the subway station building complex
design process; and the integration of the space system with the goals of high performance and low
energy consumption, to optimize the comprehensive performance of the composite space. Based on
these issues, three design concepts for composite spaces are described below. The verification of their
performance will be analyzed in detail in future research.

(a) Tubular complex space system for a wind tunnel and solar chimney (building atrium) for
air filtration

The subway station building complex is a relatively complicated building space. Because of
its large area, functional space coordination, and significant number of users, atriums are usually
employed to organize the functional relationship. Vertically high atrium spaces can serve as a draft for
solar chimneys. Combining them with a horizontal tunnel shaft design will help improve the quality
of the indoor space’s thermal environment and reduce the building’s amount of energy consumption.
In terms of the thermal environment, tunnel air temperature tends to be low, and combining the
low temperature of tunnel air with air conditioning will reduce energy consumption in summer.
Combining wind tunnels with the construction of solar chimneys and using the air dynamics principle
of cold air sinking and hot air rising will benefit passive air circulation in buildings, exhausting
high-temperature air and sucking low-temperature air from the tunnels. In addition, moderate thermal
pressure ventilation in buildings is beneficial to the circulation of air and can reduce surface body
temperature in summer, thus improving thermal comfort. However, due to the wind tunnels the air
quality will remain low. Therefore, the composite tubular space system should be combined with
an air filtration system to improve the air quality inside the tube and air circulation throughout the
subway station building complex (as shown in Figure 19).

 
Figure 19. Sketch map of a complex tubular space system for wind tunnel and solar chimney
air filtration.

(b) Complex tube path space system for lighting using hot air ventilation
The types of tubular space in a building can be divided into vertical, horizontal, and mixed.

The advantage of a vertical tubular space is that it penetrates space in a vertical direction, which is
beneficial for energy flowing from the top to the bottom, or vice versa. Natural lighting is a scarce
resource in underground space, and thus underground areas consume much more energy for lighting
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than do general ground-level buildings. In most subway station building complex buildings, atrium
spaces or pass heights are the most common organizational structures. The integrated design idea
connects building complexes and subway station halls to provide natural lighting in tubular space,
forming light tubes with the atrium space. In addition, vertical tubes in atriums can offer useful hot air
ventilation. The low air temperature of tunnel wind can result in a substantial temperature difference
from the higher air temperatures at the tops of atriums, which can lead low-temperature air into the
building. This composite space system can also integrate the composite tubular space system of a
wind tunnel with a solar chimney (atrium) for air filtration, and integrate natural light with the air
filtration system, ventilation, and other functions resulting in a composite function space. This yields
further improvement in the passive space adjustment effect (as shown in Figure 20).

Figure 20. Sketch map of lighting through hot pressing the ventilation in a composite space system.

(c) Piston wind power generation for an auxiliary lighting system
According to past research, if a large number of fans are installed in subway tunnels, the blades

produce air resistance, resulting in resistance to the train operation. This can lead to more energy
consumption. However, if a few small micro-sized wind power generators are laid out in the subway
station, the machines will generate renewable energy for the platform, station hall layer, and artificial
lighting for the complex connection space. This is a useful way of using wind energy in subway
tunnels. According to the survey distributed for this research, the average wind speed at a height of
1.5 m above the platform is 1.5 m/s, and the average wind speed near the upper end of the metro
vehicle can reach 7.5 m/s. Previous research has shown that large, lightweight twist blades are the
best choice for subway tunnels. In micro-sized wind turbines, the starting wind speed for vertical
axis force generator equipment is 1 m/s, and the rated wind speed is 11 m/s. The safe velocity is
45~60 m/s, and the rated power is 200 W, 300 W, or 400 W. If the subway’s daily schedule runs from
6:00 a.m. to 10:00 p.m., the system will be in operation for 16 hours a day. If the 400 W fan is selected,
two units can be installed at the corner of each platform floor (for a total of eight units). This would
result in 51.2 KW·h of electricity sent per day for artificial lighting demands. According to the general
industrial and commercial electricity fee collection standards in Beijing, the annual payback period for
each of these typhoon machines would be two to three years, with an average value of 1 Rmb/degree
(as shown in Table 12).
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Table 12. Economic benefit calculation for piston wind power generation for an auxiliary
lighting system.

Rated
Power

Impeller
Diameter

Lump Sum
Investment

Additional
Investment

Service
Life

Annual
Maintenance
Cost

Daily
Power
Output

Annual
Power
Output

Payback
Period of
Investment

200 0.47 2000 1200 10 100 3.2 1100 2.99

300 0.66 2100 1500 10 150 4.8 1750 2.24

400 0.66 2400 2000 10 300 6.4 2300 2.16

Note
1. A one-time investment would be the total cost of the system’s installation.
2. Additional investments would be used to replace two battery charges for 10 years of life.

4. Conclusions

This study focused on the various tubular space forms in subway station building complexes; the
goal was to identify those that would have a moderating effect on passive potential space. The result
of this investigation, research, and analysis was an improvement of the indoor environment in terms
of comfort and energy consumption. This work followed four key pathways.

(1) It attempted to establish a scientific and logical method for verifying the value of tubular
space by establishing causal relationships among the parameterized building space information
factors, occupancy satisfaction elements, physical environment comfort aspects, and climate conditions.
This research adopted an analytical hierarchical process methodology for classifying each quantized
building information factor, and then compared this information to the actual fieldwork physical
environment test and occupant satisfaction vote data, in order to discern the key advantages and
weaknesses in tubular space design in subway station building complexes.

(2) Based on the actual field investigation, a database of physical environment performance data
and users’ subjective satisfaction information was established. The results showed that 59% and 57.4%
time in in middle tubular space was out of thermal and humidity comfort zone, and the uncomfortable
temperature and humidity at the tube entrance measuring point reached 100%. Air quality was the
worst in middle tube space, 65% of the time is unhealthy which exposing significant environmental
problems. By analyzing correlations therein, the comfort and health problems found in different
locations that were related to tubular spaces, as tube as the potential for passive utilization, were able
to be discussed.

(3) According to the investigation of the objective physical environment and subjective comfort
feelings, it can be concluded that the potential for passive utilization of tubular space includes two
aspects: improvement in comfort level itself and utilization of climate between natural or artificial.
Based on the measured data, an integrated design method for tube path spaces exhibiting high levels
of performance and low amounts of energy consumption in subway station building complexes was
put forward.

(4) The research described three typical composite tubular space designs, including wind
tunnels/solar chimneys (atriums), which are composite tubular spaces with air filtration systems;
composite space systems that provide lighting by hot-pressing the ventilation; and piston wind power
generation for use in auxiliary lighting systems. These provide methods and ideas for future research
and design.
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Abstract: The determination of microbiological air quality in sporting and working environments
requires the quantification of airborne microbial contamination. The number and types of
microorganisms, detected in a specific site, offer a useful index for air quality valuation.
An assessment of contamination levels was carried out using three evaluation indices for
microbiological pollution: the global index of microbiological contamination per cubic meter
(GIMC/m3), the index of mesophilic bacterial contamination (IMC), and the amplification index
(AI). These indices have the advantage of considering several concomitant factors in the formation
of a microbial aerosol. They may also detect the malfunction of an air treatment system due to the
increase of microbes in aeraulic ducts, or inside a building compared to the outdoor environment.
In addition, they highlight the low efficiency of a ventilation system due to the excessive number
of people inside a building or to insufficient air renewal. This study quantified the levels of
microorganisms present in the air in different places such as offices, gyms, and libraries. The air
contamination was always higher in gyms that in the other places. All examined environments are in
Northern Italy.

Keywords: airborne microorganisms; bacteria; fungi; gyms; indoor air quality; libraries; offices

1. Introduction

The evaluation of microbiological air contamination is an important aspect of applied microbiology
and industrial hygiene [1–3]. In Italy, several legislative decrees, in particular the Legislative Decree
81/2008, impose that employers are responsible for the assessment of risks of biological origin arising
from the activities in the workplace; moreover, they must adopt suitable measures so that the air in the
workplace be healthy [4]. Therefore, the realization of measuring methods of airborne contamination
is a matter of prime importance in the most complex procedure of risk evaluation that must involve,
necessarily, different scientific skills [5–8]. Air contamination, both in confined environments and
outdoors, can be caused not only by chemical agents but also by biological sources such as pollen, dust,
mites, insects, pet allergens, bacteria, fungi, and viruses [9]. The monitoring of bioaerosols represents
an important tool both for assessing the risk in the working environment [10] and for the evaluation
of the environmental impact of certain activities that take place outdoors, such as biopurification or
waste disposal [11]. Several investigations have been directed to study the disease called Sick Building
Syndrome (SBS), which is characterized by varied and non-specific symptoms observed in workers
employed in confined environments [12–14]. The World Health Organization has defined SBS as
“an increase in frequency in the occupants of non-industrial buildings, of not specific acute symptoms
(irritation of eyes, nose, throat, headache, fatigue, nausea) that improve when building is left” [15].
The American Conference of Governmental Industrial Hygienists (ACGIH) does not suggest threshold
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limit values (TLV) for the environmental concentration of biological agents, because the existing
information does not allow to establish a scientifically acceptable dose–response relationship [16].

However, the assessment of culturable microbial agents is currently the easiest and most practical
measure to determine changes in the air quality of confined workplaces. The purpose of these
controls may be to set guide values, technologically attainable by adopting containment measures
of contamination established on the basis of repeated samplings in specific locations. With this aim,
this study examined structures destined for different types of work and recreational activity such as
offices, gyms, and libraries, measuring air-diffused contamination to identify and apply indices useful
for the microbiological classification of the air quality [17].

The indoor air quality was evaluated by applying the following indices: the global index
of microbiological contamination per cubic meter (GIMC/m3), the index of mesophilic bacterial
contamination (IMC), and the amplification index (AI). The GIMC considers different microbial types
and emphasizes their ability to grow in a wide temperature range. GIMC may be a simple method
to evaluate a potential biological risk in indoor and outdoor environments and to monitor sources
of microbiological contamination. The IMC reveals the presence of obligated mesophilic bacteria,
organisms of probable human origin in the indoor air. This index represents a practical instrument to
underline bacterial growth caused by hypoventilation and overcrowding. The AI is important as it
reveals microbial pollution in indoor ventilation systems. These indices showed their applicability in
other types of environments [18,19].

2. Materials and Methods

2.1. Sampling Method

Environmental monitoring was performed in Northern Italy in 10 diverse offices, gyms,
and libraries situated in buildings equipped with a ventilation system able to work in the following
modes: heating, air conditioning, and simple ventilation. The offices are placed in bank edifices, the
gyms in fitness centers, while the libraries belong to university buildings. The samplings were realized
every month for one year, inside the various environments, during normal people activity, and outside
the building. Quantitative data were determined in triplicate by means of an orthogonal impact
Microflow Air Sampler (AQUARIA, Lacchiarella, Italy), kept 1.5 m above ground level, in the center of
the room for offices, in the middle of the weight-training room for gyms, and in the reading rooms
for libraries. Air samplers worked at a fixed speed of 1.5 Ls−1, collecting a volume of 200 L. For the
different types of environments, the number of persons (n. p.) and the air speed (m/s) were recorded,
so that in three sampling periods, the following average values were obtained: offices (n. p. 4.7; 0.03
m/s), gyms (n. p. 21.3; 0.060 m/s), and libraries (n. p. 16.2; 0.05 m/s).

2.2. Microorganisms Assessed

Bacteria were collected using Tryptone Soya Agar (TSA, Oxoid, Basingstoke, UK), and the cultures
were incubated at 37 ◦C for 48 h for mesophilic bacteria and at 20 ◦C for 6 days for psychrophilic
bacteria. Fungi were collected on Sabouraud Dextrose Agar (SAB Oxoid, Basingstoke, UK), and the
cultures were incubated at 20 ◦C for 6 days. The outdoor air quality used as control was analyzed
following the same criteria. All total microbial counts are indicated as the number of colony-forming
units per cubic meter of air (CFU/m3), calculated as an average of three determinations from three
samples collected serially. The assessment of microbial contamination was effected by using bacterial
and fungal counts, and the following indexes were calculated: GIMC per cubic meter (GIMC/m3),
which is the sum of the values of the total microbial counts determined for mesophilic bacteria,
psychrophilic bacteria, and fungi in all sampled areas; IMC, derived from the ratio between the values
of CFU per cubic meter measured for mesophilic and psychrophilic bacteria at the same sampling
point; AI, resulting from the ratio between the GIMC/m3 values measured inside the building and
those measured outdoor.
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2.3. Data Analysis

The air microbial contamination values were expressed as colony-forming units (CFUs),
and the limit of quantification was 1 CFU/m3. The number of CFUs for contact plate after
appropriate incubation was corrected using the positive-hole correction table provided by the supplier.
Statistical analysis of the data was performed by comparing the results obtained in the different
environments by means of analysis of variance one-way (post hoc test) values transformed into
logarithms (natural log). The analyses were conducted using Prism 3.0. The significance level
was p < 0.05.

3. Results

Table 1 shows the results of microbiological contamination of 10 different offices located in
buildings with centralized systems for ventilation. The mean values were higher for mesophilic bacteria
during the air conditioning phase compared to heating (p = 0.034) and during simple ventilation
compared to heating (p = 0.023). The contamination of psychrophilic bacteria was greater during
simple ventilation compared to air conditioning (p = 0.016) and to heating (p = 0.032). The mean
values of CFU/m3 for the fungi were not significantly different during the different periods of air
treatment. Although the average contamination was low, there were high maximum values of CFU/m3

for mesophilic bacteria in the periods of air conditioning and simple ventilation and for psychrophilic
bacteria during simple ventilation.

Table 1. Total microbial concentrations measured in the offices during heating, air conditioning, and
simple ventilation.

Functioning Modes N
Mesophilic Bacteria

CFU/m3
Psychrophilic Bacteria

CFU/m3
Fungal Count

CFU/m3

M ± SD Min–max M ± SD Min–max M ± SD Min–max
Heating 10 191.20 ± 144.53 8–450 176.70 ± 117.21 7–366 136.00 ± 32.80 22–654

Simple ventilation 10 667.60 ± 1602.60 6–5200 761.90 ± 1519.7 10–5000 131.50 ± 72.30 5–190
Air Conditioning 10 1089.70 ± 2392.20 19–7800 495.60 ± 307.20 76–860 119.60 ± 48.84 28–199

The number of samples (N), mean (M), standard deviation (SD), and range of values are indicated for each sampling
period. CFU: colony-forming units.

The calculation of GIMC/m3 confirmed the presence of higher values of contamination during
conditioning (p = 0.01) and simple ventilation (p = 0.01) compared to heating. The average value of
IMC during heating amounted to 7.30 and was higher than the values of the other modes of operation,
corresponding to 0.80 during the simple ventilation (p = 0.04) and 1.60 during air conditioning (Table 2).

Table 2. Global index of microbial contamination per cubic meter (GIMC/m3) and index of
mesophilic bacterial contamination (IMC) measured in offices during heating, air conditionining
and simple ventilation.

Functioning Modes N GIMC/m3 IMC

M ± SD Min–max M ± SD Min–max
Heating 10 503.90 ± 282.22 124–1111 7.30 ± 20.03 0.20–64.30

Simple ventilation 10 1561.00 ± 3154.80 21–10,450 0.80 ± 0.40 0.10–1.30
Air Conditioning 10 1704.90 ± 2537.57 229–8720 1.60 ± 2.67 0.02–9.10

The number of samples (N), mean (M), standard deviation (SD), the range of values are indicated for each
sampling period.

The data regarding the microbiological contamination found in 10 different gyms with centralized
ventilation systems are summarized in Table 3. The results show highest mean values for mycetic
contamination during the air conditioning phase compared to simple ventilation (p = 0.04) and heating
(p = 0.01). As regards bacteria, the average contamination values for psychrophilic bacteria were
superior to those for mesophilic bacteria in the three air treatment modalities and were significantly
different during conditioning (p = 0.02).
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Table 3. Total microbial concentrations measured in gyms during heating, air conditioning,
and simple ventilation.

Functioning Modes N
Mesophilic Bacteria

CFU/m3
Psychrophilic Bacteria

CFU/m3
Fungal Count

CFU/m3

M ± SD Min–max M ± SD. Min–max M ± SD Min–max
Heating 10 1096.60 ± 924.40 140–2850 1446.40 ± 1356.82 180–4650 187.50 ± 167.02 20–568

Simple ventilation 10 393.00 ± 257.00 120–980 819.00 ± 432.40 330–1800 1208.90 ± 1459.60 90–4848
Air Conditioning 10 666.50 ± 477.76 200–1800 1509.00 ± 1354.02 440–4400 2430.90 ± 3678.31 8–10,848

The number of samples (N), mean (M), standard deviation (SD), and range of values are indicated for each
sampling period.

There was a notable increase in fungal count when the central heating was switched off. In fact, the
highest maximum values of CFU/m3 were found for fungi during simple ventilation and conditioning,
in contrast to what observed for bacteria (p = 0.016).

Table 4 shows the results of microbial contamination based on the GIMC/m3 and on the IMC
measured in the gyms. Because of the elevated fungal count observed in this period, the mean of
GIMC/m3 was higher during air conditioning (p = 0.019), with a maximum value of 15,248. The mean
of the IMC values was always <1, which implies that the counts of the psychrophilic bacteria were
almost always higher than the counts of the mesophilic bacteria; however, no significant differences in
the index were observed when central heating was on or off.

Table 4. GIMC/m3 and IMC measured in gyms during heating, air conditioning,
and simple ventilation.

Functioning Modes N GIMC/m3 IMC

M ± SD Min–max M ± SD Min–max
Heating 10 2703.50 ± 2144.84 1160–7090 0.90 ± 0.74 0.12–2.40

Simple ventilation 10 2420.90 ± 1645.70 910–6548 0.50 ± 0.30 0.17–1.20
Air Conditioning 10 4606.40 ± 4428.70 1480–15,248 0.60 ± 0.39 0.20–1.40

The number of samples (N), mean (M), standard deviation (SD), and range of values are indicated for each
sampling period.

Similar sampling and monitoring methods were adopted for the evaluation of the air quality of
libraries. The average levels of contamination detected during air sampling showed small oscillations
with very restricted values of CFU/m3 both for bacterial loads (mesophilic and psychrophilic) and
for fungi. The results of airborne bacteria and fungi recovered from the libraries showed that the
CFU/m3 values were higher during heating than during simple ventilation or air conditioning.
However, no significant differences in the concentrations of all microbial counts were evidenced in the
three functioning modes of the ventilation system (Table 5).

Table 5. Total microbial concentrations in libraries during heating, air conditioning,
and simple ventilation.

Functioning Modes N
Mesophilic Bacteria

CFU/m3
Psychrophilic Bacteria

CFU/m3
Fungal Count

CFU/m3

M ± SD Min–max M ± SD Min–max M ± SD Min–max
Heating 10 171.20 ± 72.43 112–320 301.10 ± 237.26 125–725 123.90 ± 54.52 62–220

Simple ventilation 10 65.10 ± 29.40 38–110 152.40 ± 90.70 81–380 66.00 ± 31.70 32–110
Air Conditioning 10 71.80 ± 30.50 30–120 200.60 ± 127.65 97–400 76.60 ± 36.55 35–120

The number of samples (N), mean (M), standard deviation (SD), and range of values are indicated for each
sampling period.

In addition, the transformation of total microbial count values into the indices evidenced a general
reduction of the GIMC/m3 values and of the IMC values in air conditioning compared to heating,
but the statistical analysis showed no significant differences. The IMC index assumed values lower
than 1 and showed that air contamination was mainly due to environmental bacteria. All values were
limited to a small range in every period of the monitoring campaign (Table 6).
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Table 6. GIMC/m3 and IMC measured in libraries during heating, air conditioning,
and simple ventilation.

Functioning Modes N GIMC/m3 IMC

M ± SD Min–max M ± SD Min–max
Heating 10 596.20 ± 335.08 300–1250 0.70 ± 0.22 0.40–0.90

Simple ventilation 10 283.50 ± 131.70 153–578 0.50 ± 0.20 0.25–0.70
Air Conditioning 10 349.00 ± 176.43 182–652.50 0.40 ± 0.18 0.20–0.60

The number of samples (N), mean (M), standard deviation (SD), and range of values are indicated for each
sampling period.

In indoor environments, microbiological air contamination can also be described by the
Amplification Index of microbial contamination (AI). To calculate this index, it was necessary to use the
GIMC values measured outside the buildings in the different sampling periods (Table 7). These values
were significantly different in the three sampling points; in particular, the widest variations were
detectable outside gyms in the air conditioning period (p < 0.0001).

Table 7. GIMC/m3 measured outside gyms, libraries, and offices during heating, air conditioning,
and simple ventilation periods.

Sampling Points N
Heating

GIMC/m3
Simple Ventilation

GIMC/m3
Air Conditioning

GIMC/m3

M ± SD Min–max M ± SD Min–max M ± SD Min–max
Gyms- outdoor 10 714.40 ± 294.00 328–1268 703.10 ± 226.40 484–1236 3586.10 ± 2326.42 1325–9240

Libraries outdoor 10 410.65 ± 187.81 266–880 596.55 ± 167.19 359–892 508.40 ± 141,01 364–830
Offices-outdoor 10 421.70 ± 179.62 248–890 619.90 ± 169.30 392–933 703.80 ± 226.20 485–1068

The number of samples (N), mean (M), standard deviation (SD), and range of values are indicated for each
sampling period.

AI is determined by calculating the ratio between the GIMC/m3 values measured inside
a building and those measured outside. This index is greater than 1 when the microbial contamination
inside a building is higher than the outdoor contamination. In most cases, the values of microbial
contamination of indoor air are higher than the outdoor values. In the heating phase, AI showed
a worsening of air contamination especially in gyms compared the other environments considered
(3.7). On the contrary, during the conditioning period, the highest values were recorded in offices
(3.0) (Figure 1).

Figure 1. Amplification Index of microbial contamination (AI) measured in the three types of
environments during heating, air conditioning, and simple ventilation.

4. Discussion

It can be reasonably assumed that the microflora existing in recreational and working indoor
environments has a concentration lower than or equal to the external one detected in the same
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location and in the same climatic conditions [20,21]. In buildings equipped with centralized ventilation
systems there is a reduction of microbial contamination compared to the outside when air filtration
and treatment systems are maintained in appropriate conditions [22]. The air inside buildings may
be contaminated by the growth of microorganisms on floors, walls, aeraulic plants or because of
inadequate air changes [23]. The ventilation systems can have very different structural characteristics,
ranging from the simple aspiration of exhaust air to integrated heating, cooling, and humidification.
It is, therefore, clear that the air introduced from these systems can be considered as a matrix whose
microbiological quality can be evaluated and classified, as for any other product that may have effects
on human health. In addition, the activities carried out in a confined environment may be responsible
for the spread of microorganisms.

Dissenting opinions have been expressed on the possibility to monitor microbiological
environmental contamination in workplaces. Information on the dose–response relationship related
to the exposure to microorganisms is still not available today. The ACGIH does not indicate TLV for
biological agents. Furthermore, different analytical methods do not allow to recover and identify all
the microorganisms present in the air. In fact, the percentage of viable, culturable bacteria recovered
with normal sampling systems oscillates in a range of values that varies between 0.1% and 10% of
the total bacteria present in the air [24–26]. The presence of microorganisms should also be sought
in working environments because of their toxigenic potential and the possibility of spreading cell
fragments and volatile organic compounds into the environment. The lack of viable, culturable cells
does not necessarily indicate a healthy environment. Some studies, carried out in diversified working
environments, report environmental contamination values referable to the number of viable cells
belonging to a single class of microorganisms [27–29]. For example, a microbiological classification of
the air quality in non-industrial environments and homes considers the contamination from bacteria
that develop at 20–25 ◦C. In this classification, for non-industrial environments, a level <100 CFU/m3

corresponds to the category of low contamination, while a value >2000 CFU/m3 corresponds to
the category of very high contamination [30]. It is clear that such assessment is incapable not only
to describe all the factors that determine the accumulation and spread of microorganisms in the
environment but also to identify possible risks for workers.

In this research, GIMC was used in order to include in the same data several categories of
microorganisms. This index considers microorganisms proliferating at different temperatures, such as
mesophilic and psychrophilic bacteria, and fungi capable of adapting to different types of environments.
These characteristics make this quantitative measure of microbiological contamination significant
and allow to evaluate the salubrity of a work environment; in fact, it considers microorganisms
that can develop in a wide range of temperatures, including ambient temperatures, typical of
saprophytic life, and 37 ◦C, which is the temperature of development of pathogens. This index
is particularly useful because it is able to highlight even anomalous situations in indoor environmental
microbiological contamination: in fact, in the offices we analyzed, the mesophilic bacteria during
the conditioning phase were higher than the psychrophilic ones. This value represents an exception
because it is usually reasonable to assume that psychrophilic bacteria, which might grow well in
air conditioning systems, are more numerous than mesophilic bacteria during the cooling season,
as shown in the results for gyms and libraries buildings and in previous researches [22]. In particular,
GIMC attributes importance to bacteria that can proliferate in a wide range of temperatures. It is
true that the two incubation temperatures (20 ◦C and 37 ◦C) do not differentiate the two categories of
bacteria completely. Nevertheless, it is useful to determine the two total counts during environmental
monitoring because they have different significances and allow a more complete evaluation of airborne
bacterial contamination. In fact, the purpose of the index is to provide a measure of biological risk and
to aggregate several “environmental indicators”. IMC is mainly an index of anthropic contamination;
it highlights the share of mesophilic bacteria in the microbial population examined. This index derives
from the ratio between the value of CFU/m3 at 37 ◦C and that at 20 ◦C. This value, determined outdoor,
is always very close to 1, whereas in indoor environments, it may be higher, also depending on the
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number of people present. In fact, mesophilic bacteria derive from the normal bacterial flora of humans
and can therefore constitute the predominant population in confined environments, as already verified
in other works [9]. Finally, the amplification index is fundamental to detect the accumulation and
proliferation of microorganisms in ventilation systems or in buildings. AI describes global indoor
aerial modification. Generally, there are no relations between indoor and outdoor fungal and bacterial
counts. However, it is important to judge Indoor Air Quality (IAQ) not only by the measurement of
single parameters, but also using the global value of microbial contamination. High AI values may
only be indicative of IAQ deterioration when caused by high total fungal and bacterial counts [10,22].
Moreover, AI is essential to determine the environmental impact of outdoor work activities with
potential spread of pathogenic and non-pathogenic microorganisms; it must be calculated by referring
to the contamination detected in a control point that must provide the background value [18].
AI and the other two indices could provide criteria to evaluate indoor environmental quality more
uniformly [31]. In fact, these indices have different advantages: they consider several factors which
contribute to the development of different types of microorganisms (determination of GIMC), they may
reveal an inadequate functioning of the air conditioning system due to an excessive number of people
in a building or insufficient ventilation (IMC determination), and they may suggest a malfunction of
the air system due to the increase of microbial contamination in the ventilation ducts or in the building
compared to the outside environment (AI measures). The utilization of these indices can enable the
determination of threshold values as a function of the structures (buildings) analyzed. In previous
research in other environments, such as university classrooms, a reference value of GIMC/m3 = 1000
was connected to a correct maintenance of the aeraulic system [19]. In this work, the measured GIMC
values were higher than 1000, with the exception of libraries that presented very low contamination.
In particular, both offices and gyms had the highest values of pollution during the conditioning
phase, corresponding to GMIC/m3 of 1704.90 and 4606.40, respectively. GIMC exceeding 1000 does
not necessarily indicate a health risk; however, it is appropriate to analyze the contamination levels
through the calculation of IMC and AI. During air conditioning in the offices, IMC and AI showed
that mesophilic bacteria underwent a real amplification due to few air changes or the accumulation of
microorganisms in the air system. In fact, as reported by other authors, variations and fluctuations
in indoor humidity and temperature have significant effects on microbial diffusion and growth [32].
For gyms, on the contrary, the GIMC values were higher in summer because the proportion of
mesophilic bacteria decreased passing from the heating phase to the conditioning phase, but the
portion of psychrophilic bacteria and mycetes increased consistently, as evidenced by the IMC.

It is important to note that the rise of the microbial load inside the gyms coincided with an increase
of the microorganisms outdoors, as shown by the calculation of AI. Therefore, the presence of a greater
microbial contamination during summer could depend on the incorrect functioning or poor controls of
the ventilation systems, which resulted in the accumulation of microorganisms from the outside [33].

In conclusion, our research results show that the microbial contamination changes depending
on the environment analyzed and highlight the easy applicability of the proposed indices. GIMC,
IMC, and AI complete the information provided by the single classes of airborne microorganisms and,
together, they allow the analysis of indoor air quality. On the basis of sufficient data, these indices
classify environments in function of their microbiological contamination and identify guide values to be
adopted for routine monitoring and for the implementation of containment and remediation measures.
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Abstract: The exposure to biocontaminants in animal facilities represents a risk for developing
infectious, allergic and toxic diseases. The aim of this study was to determine what factors
could be associated with a high level of exposure to biological agents through the measure and
characterization of airborne fungi, bacteria, endotoxin, (1,3)-β-d-glucan and animal allergens. Airborne
microorganisms were collected with an air sampler and identified by microscopic and biochemical
methods. Endotoxin, (1,3)-β-d-glucan, Mus m 1, Rat n 1, Can f 1, Fel d 1, Equ c 4 allergens were
detected on inhalable dust samples by Kinetic LAL, Glucatell, and ELISA assays, respectively.
Our data evidenced that changing cages is a determinant factor in increasing the concentration of
the airborne biocontaminants; the preparation of bedding and distribution of feed, performed in
the storage area, is another critical working task in terms of exposure to endotoxins (210.7 EU/m3)
and (1,3)-β-d-glucans (4.3 ng/m3). The highest concentration of Mus m 1 allergen (61.5 ng/m3) was
observed in the dirty washing area. The detection of expositive peaks at risk of sensitization (>2 μg/g)
by Fel d 1 in animal rooms shows passive transport by operators themselves, highlighting their role
as vehicle between occupational and living environments.

Keywords: allergens; endotoxin; biological agents; laboratory animal allergy; environmental monitoring;
occupational exposure

1. Introduction

The exposure to biocontaminants is well documented and studied in several occupational settings,
and few data are available in animal facilities, although more attention has been addressed to animal
allergens. These biological agents are aeroallergens, mainly lipocalins, derived by different biological
fluids and/or tissue (saliva, serum, urine, dander, hair, fur) that remain in suspension for different times
in relation to meteorological conditions and factors influencing their dispersion [1,2]. In recent years,
the topic regarding animal allergen exposure has been treated both in pets [3–5] and experimental
animals [6–9], and attention has been also addressed to co-exposure of allergens and endotoxins in
these workplaces, although in a more restricted way [10–15]. Exposure to biocontaminants in animal
facilities in USA and in the United Kingdom has received great attention [16–19] as demonstrated
by the NIOSH publication in 1998 [20], where the so-called LAA (Laboratory Animal Allergy) was
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considered an occupational risk, and by Gordon in 2001 [21]. Various papers have been published in
scientific literature both as a review [22–24] and experimental studies [25–27] while in Italy the topic of
LAA is not studied carefully yet.

Health effects reported on laboratory animal workers (LAWs) are mainly represented by
asthma, rhinitis, conjunctivitis, dermatitis and anaphylaxis [8,19,28]. Discordant percentages of
LAA have been reported in the LAWs and these differences could be attributed to different evaluation
methods (questionnaires, analytical test, etc.). In this context a relevant aspect is represented by
environmental exposure to animal allergens, and although a lot of papers report the monitoring of
these biocontaminants, there is some difficulty in comparing results because of the differences in
sampling and analytical methods [29–32]. In addition to allergens, there are several other biological
agents in animal facilities with possible health consequences such as airborne bacteria, fungi and
microbial indicators (endotoxin and (1,3)-β-d-glucan) which may originate from animals (fur, epidermal
material), their waste (feces and urine) and materials used in their maintenance (food, bedding) [33].
Airborne endotoxin, an outer membrane component of Gram-negative bacteria, has been identified as
the major risk factor for nasal, chest and skin symptoms also contributing to allergy diseases [11,34].
Some authors report that fecal bacteria in soiled bedding may produce increased concentrations of
endotoxin compared to other settings and this may be an occupational health concern. The authors
concluded that the percentage of dust and endotoxin in different types of rodent bedding could be
an important factor affecting the occupational exposure of personnel working with laboratory animals
causing airway inflammation, hypersensitivity pneumonitis, organic dust toxic syndrome (ODTS),
chronic obstructive pulmonary disease (COPD) and asthma-like syndrome, as well as having harmful
effects on the animals themselves [33].

Pathogenic moulds, yeast and their products may also exist in the air of animal units, causing
further risk for personnel working there. In particular, (1,3)-β-d-glucans are non-allergenic and hardly
soluble in water glucose polymers, which consist of a part of the cellular wall of most fungi, but also
many plants and some bacteria. Due to their presence in both viable and dead cells, they may be
considered a good indicator of exposure to fungi [35]. Although little information is available on
their health effects in animal facilities, however, their association with dry cough, cough associated
with phlegm, hoarseness, and atopy, has been reported in different studies [36–38]. Very few and not
recent investigations dealing with airborne biological agents in laboratory animal settings, other than
allergens, can be found [12–15,39] to date. These issues have received little attention in our country.
The objective of this study was to determine factors (working tasks, cage changing frequency and
animal strains) were associated with the greatest level of exposure to biological agents of the personnel
working with rodents through the measure and characterization of airborne viable fungi, bacteria,
endotoxin, (1,3)-β-d-glucan and animal allergens.

2. Materials and Methods

2.1. Animal Facility

The study was conducted in a Biomedical Research Institute where animals are maintained in
agreement with Italian Legislative decree 26/2014 [40]. The facility includes 14 conventional animal
rooms (3 housing rats and 11 housing mice) where animals are housed in stainless steel wire cages
(on average 2–3 animals/cage) with perforated floor and trays underneath; filters on the top prevent
the distribution of airborne particles. Each cage is stacked in a rack that can hold up to 30 cages for
mice and 24 for rats. The facility houses about 7000 rodents.

The racks are washed every 4 months. The cages and their equipment (grids containing bottles
of water and feed, the bottles and soiled bedding) are changed once or twice per week depending
on experimental protocols. When cages are changed, a clean rack is brought into the room, animals
and accessories are moved to new cages and dirty cages are moved to the cage-washing area where
they are emptied and washed (dirty washing area). Subsequently, the cages are allowed to dry and
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restacked for future use (clean washing area). There is also a storage area where preparation of the
bedding and distribution of feed are carried out; these activities are performed only in the afternoon.
The staff is divided into laboratory technicians and researchers; laboratory technicians perform shifts
of 8 h and 30 min, and are engaged in changing cages, bedding and feeding animals, cleaning rooms,
washing cages; researchers are engaged in several experimental procedures such as collecting blood
and urine specimens, surgery and sacrifice. Personal protective equipment is required for all personnel
working in the facility and includes surgical cap, mask, gloves, shoe cover, and disposable coat.

Animal rooms and the storage area have a ventilation system separate from the rest of the facility.
The outside air is collected and treated by an Air Handling Unit (AHU) located on the coverage plan.
Another AHU treats the air entering the two washing areas. In each work environment the air enters
through vents located on the ceiling (two in each room), while the exhaust air is removed through
grilles located on the walls near the floor (four in each rooms) or on the ceiling in the dirty and clean
washing areas. In animal rooms 15–20 air changes per hour are guaranteed; the values of temperature
and relative humidity are maintained in a controlled range (T: 20 ◦C ± 1 ◦C; RH: 45–55%).

2.2. Sampling and Analysis of Airborne Bacteria and Fungi

Triplicate air samples were collected using a portable microbiological sampler (SAS Super ISO,
PBI International, Milan, Italy) at a flow rate of 100 L min−1, from 10 workplaces: 7 animal rooms
randomly selected (3 housing rats and 4 housing mice) (see Table 1), 2 washing areas (dirty and
clean), and the storage area. Two offices were investigated: the technician’s and manager’s offices.
All measurements were taken in the middle. In order to evaluate the influence of changing cages on
environmental contamination, in animal rooms air samples were taken over three consecutive days:
the day of changing cages, the one before, and the one after. Regarding the storage area, air sampling
was carried out in the morning (without activity) and in the afternoon.

Table 1. Animals housed in each investigated room during the study and frequency of changing cages.

Rooms Strains Total Number Male Female Pups Changing Cages

A Rats 149 63 86 0 Bi-weekly
B Mice 494 328 166 0 Weekly
C Mice 682 311 267 104 Weekly
D Mice 613 225 283 105 Bi-weekly
E Rats 155 85 60 10 Weekly
F Mice 723 316 380 27 Bi-weekly
G Rats 377 37 85 255 Bi-weekly

Air volumes of 300 L were sampled. Total cultivable and Gram-negative bacteria were impacted
on Tryptone Soy Agar (TSA) and Mac Conkey 3 (McC3) plates, respectively, fungi on Malt Extract Agar
(MEA) and Dichloran Glycerol Agar (DG18) (all from Oxoid S.p.A, Milan, Italy). TSA and McC3 plates
were subsequently incubated for 1–2 days at 37 ◦C (mesophilic bacteria), DG18 and MEA at 25 ◦C for
7–10 days.

The bacterial isolates were identified with microscopic and biochemical methods by API 20E and
NE tests (bioMerieux, Marcy l’Etoile, France) and Microstation ID instrument (Biolog Inc., Hayward,
CA, USA). Identification of moulds and yeasts were accomplished via macroscopic and microscopic
examination, referring to the manual Medically Important Fungi: A guide to Identification [41],
while biochemical identifications were performed using the Microstation ID instrument. Data are
expressed as CFU/m3. The limit of detection (LOD) was 2 CFU/m3. The uncertainty assessment results
are presented in Table 2.
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2.3. Inhalable Dust Sampling and Analysis of Endotoxin, (1,3)-β-d-glucan and Allergens

Stationary inhalable dust samples were collected using airChek2000 pumps (SKC Inc., Eighty
Four, PA, USA), at a sampling flow rate of 2 L·min−1, equipped with stainless IOM sampler and
glass (GF, pore size 1.6 μm) and polycarbonate (PC, pore size 0.8 μm) for respectively endotoxin and
(1,3)-β-d-glucan analysis.

Closed-face cassette with support pad and mixed cellulose ester (MCE, diameter 33 mm, 0.8 μm
porosity), at a flow rate of 2.5 L·min−1, were used for allergen sampling. Samplers were placed in
the middle of the room at 1.5 m above the floor to simulate human breathing zone. A field blank
was deployed on each sampling. The sampling strategy was the same as environmental monitoring
(three consecutive days in animal rooms, in the morning and in the afternoon inside the storage area).
The sampling time was 3 h.

GF extracts (5 mL of 0,05% Tween 20 in Pyrogen Free Water) were centrifuged at 1000× g rpm for
20 min. and analysed in duplicate with Kinetic LAL method (QCL-LAL assay Lonza Walkersville,
MD, USA). Concentrations are reported in EU/m3. The LOD was 0.005 EU/mL.

For (1,3)-β-d-glucan, PC extracts (5 mL of 0.85% NaCl and 0.05% tween 80) were vigorously
shaken for 30′ at room temperature (250 rpm) and analyzed with the (1,3)-β-d-glucan specific
Kinetic Chromogenic LAL assay (Glucatell, Associates of Cape Cod), as previously described [42,43].
(1,3)-β-d-glucan concentrations are presented in ng/m3. The LOD in suspension was 2.53 pg/mL.

MCE filters were extracted by submerging in 1 mL phosphate saline buffer (PBS plus 0.01% Tween
20) in a 15 mL centrifuge tube, vortexed at room temperature and shaken for 2 h. The eluate was
collected by compressing the filter in a plastic syringe, 1% of human serum albumin was added for
protein stabilization and stored at −20 ◦C until assay. ELISA kits for Mus m 1, Rat n 1, Can f 1, Fel d 1,
Equ c 4 were performed following the protocols of analysis (Indoor Biotechnologies Ltd., Manchester,
UK.) with read of the plates at 405 nm optical density. Results are expressed as ng/m3. The uncertainty
assessment results are reported in Table 2.

(*) Type A standard uncertainty with a confidence level 1-α > 0.95 using the Student’s T to find the
appropriate coverage factor based on degrees of freedom. (**) Measures are detected in the morning
(without activity) and in the afternoon (during activity).

Table 2. Uncertainty measurement (*) for sampled biological agents by working areas.

Workplace
Mesophilic Bacteria

(UFC/m3)
Fungi

(UFC/m3)
Endotoxin

(EU/m3)
(1,3)-β-d-glucan

(ng/m3)
Rat n 1
(ng/m3)

Mus m 1
(ng/m3)

Animal rooms ±52.26 ±0.58 ±1.35 ±0.59 ±0.16 ±4.56
Washing area clean ±21.18 ±16.91 ±9.25
Washing area dirty ±434.69 ±66.18 ±6.54

Storage area (**) ±44.77 ±94.89 ±163.54 ±4.57 ±0.00 ±8.32

(*) Type A standard uncertainty with a confidence level 1-α > 0.95 using the Student’s T to find the appropriate
coverage factor based on degrees of freedom. (**) Measures are detected in the morning (without activity) and in the
afternoon (during activity).

2.4. Statistical Analysis

One way ANOVA and Students’t-test were considered to evaluate significant differences in
environmental biocontaminant concentrations in various work tasks and areas. Univariate and
multivariate, both fixed and mixed effect linear regression models were used, in which the concentration
of the different biological agents acts as outcome variable.

Data were analyzed using the statistical software R (R Foundation for Statistical Computing,
Vienna, Austria—ISBN 3-900051-07-0, URL http://www.R-project.org).

3. Results

Table 1 shows strains and number of animals (divided into males, females and pups) housed
in investigated rooms (A–G) and the frequency of changing cages. Concentrations (mean value and
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standard deviation) of mesophilic bacteria, fungi, endotoxin, (1,3)-β-d-glucan, Rat n 1 and Mus m
1 detected in each working areas are reported in Table 3. Regarding animal rooms, data are also
presented by sampling room and the number of rodents is indicated.

3.1. Airborne Bacteria and Fungi

A total of 306 air samples were analysed. Mean mesophilic bacteria levels ranged from 33.8 to
480 CFU/m3 with a peak value of 885 CFU/m3 found in an animal room during the changing cages.
Gram-negative concentrations were below the LOD (2 CFU/m3) except for animal rooms, during the
changing cages, and for the storage area where a mean value of 3 CFU/m3 was recorded. Among
a total of 18 genera and species, the most frequently isolated were Staphylococcus warneri (23.9%),
Staphylococcus xylosus (21.4%) Micrococcus spp. (14.5%), Acinetobacter schindleri (10.4%).

Colonies of Escherichia coli, Enterobacter cloacae and Enterococcus faecalis (risk group 2, according to
Annex XLVI of the Italian Legislative Decrees [44,45], were isolated in four animal rooms during the
changing cages.

Mean concentrations of moulds and yeasts were low (flora was dominated by moulds such
as Alternaria, Ulocladium, Cladosporium, Penicillium, Eurotium, Aspergillus, Scopulariopsis, Phoma,
with occasional isolates of yeasts. No pathogen was identified.

3.2. Endotoxin, (1,3)-β-d-glucan and Allergens

The mean concentrations of endotoxin, (1,3)-β-d-glucan and allergens (See Table 3) were obtained on
89 samples taken in different occupational environments. Statistically significant differences were found
between offices and animal rooms, these last having a higher concentration of endotoxin (p = 0.00616) and
between the animal rooms and the storage area in the concentration of (1,3)-β-d-glucan (p = 0.038).

The evaluation of allergens was performed on 181 air samples for ELISA tests. Mus m 1 allergens
were detected in all working areas except for offices, with the highest value (61.5 ng/m3) in the dirty
washing area while Rat n 1 allergens were absent except for in animal rooms. Can f 1 and Equ c 4
allergens were absent while Fel d 1 allergen was detected in rat rooms with the highest levels during
the changing cages activity (range 0.4–3 ng/m3).

Table 3. Concentrations (mean value and standard deviation) of mesophilic bacteria, fungi, endotoxin,
(1,3)-β-d-glucan, Rat n 1 and Mus m 1 by working areas (number of animals is indicated for each room).

Workplace
Mesophilic Bacteria

(UFC/m3)
Fungi

(UFC/m3)
Endotoxin

(EU/m3)
(1,3)-β-d-glucan

(ng/m3)
Rat n 1
(ng/m3)

Mus m 1
(ng/m3)

Animal rooms 130.7 ± 207.5 1.6 ± 3.04 5.9 ± 3.6 1.5 ± 1.3 0.1 ± 0.4 4.3 ± 11.0
Room A (149) 63.1 ± 92.7 2.1 ± 4.4 7.8 ± 0.7 1.8 ± 1.2 0.0 ± 0.0 0.0 ± 0.1
Room B (494) 122.9 ± 110.2 2.0 ± 1.7 7.2 ± 4.2 3.6 ± 2.3 0.0 ± 0.0 6.1 ± 9.9
Room C (682) 112.4 ± 115.7 1.1 ± 2.4 3.6 ± 3.5 0.9 ± 0.6 0.1 ± 0.3 2.7 ± 4.2
Room D (613) 64.8 ± 83.5 1.3 ± 2.7 0.1 ± 0.0 1.9 ± 0.8 0.5 ± 0.9 0.3 ± 0.2
Room E (155) 317.0 ± 427.0 3.3 ± 5.3 7.3 ± 3.2 0.1 ± 0.0 0.3 ± 0.5 0.1 ± 0.2
Room F (723) 66.7 ± 75.8 0.4 ± 1.1 11.1 ± 4.8 1.3 ± 0.8 0.0 ± 0.0 20.6 ± 24.1
Room G (377) 220.5 ± 232.5 1.7 ± 1.7 5.2 ± 2.6 0.9 ± 0.3 0.0 ± 0.0 0.1 ± 0.2

Washing area clean 78.3 ± 2.4 19.3 ± 13.6 7.4 ± 1.8 1.3 ± 0.7 0.4 ± 0.0

Washing area dirty 211.1 ± 175.0 107.8 ± 63.1 16.7 ± 4.7 1.6 ± 0.9 61.5 ± 0.0

Storage area * 266.7 ±36.1 112.5 ± 76.4 124.2 ± 102.8 3.9 ± 1.7 1.5 ± 0.8

Offices 308.0 ± 91.2 60.0 ± 25.9 2.4 ± 0.8 1.4 ± 1.1

* Mean concentrations measured in the storage area refer to samplings performed the morning and in the afternoon.

3.3. Effect of the Working Activities

One of our main questions was whether or not specific working tasks may cause an increased risk
of biological exposure for personnel working in animal facilities. The hypothesis that the airborne
concentration of biocontaminants could increase during the changing cages was tested. To point out
the increase in level of (1,3)-β-d-glucan the time was considered a two-level factor: sampling during
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the changing cages was compared to the sampling before and after. The β-glucans concentration
“during” increases on average by a factor of 1.3 with respect to the concentration “before” and “after”
and the difference is statistically significant (p = 0.04). For endotoxins, a mixed effect linear regression
model was used in which animal room was introduced as a random effect variable. The concentrations
increased on average by a factor of 1.8 with respect to the levels before or after (p = 0.04). The highest
mean concentrations of endotoxin (210.7 EU/m3) and (1,3)-β-d-glucan (4.3 ng/m3) were measured in
the afternoon during the preparation of bedding and distribution of feed (storage area) (See Table 4).

The allergenic concentration was treated as a continuous variable. As in the case of endotoxin,
to increase the statistics, the time was considered a two-level factor and a mixed effect linear regression
model was used with the animal room treated as a random effect variable. The concentration level
of the mouse allergenic contaminant increases on average by a factor of 9.3 with respect to the levels
before or after the changing cages (p = 0.037).

Table 4. Concentrations (mean value and standard deviation) of inhalable endotoxin, (1,3)-β-d-glucan,
Rat n 1 and Mus m 1 by working activities.

Workplace
Endotoxin

(EU/m3)
(1,3)-β-d-glucan

(ng/m3)
Rat n 1
(ng/m3)

Mus m 1
(ng/m3)

Animal rooms
Before 5.2 ± 3.7 0.8 ± 0.5 0.1 ± 0.1
During 7.1 ± 3.8 2.4 ± 1.9 0.4 ± 0.6 10.5 ± 17.4
After 5.4 ± 3.5 1.4 ± 0.6 2.2 ± 5.3

Storage area
Morning 37.8 ± 37.3 3.5 ± 2.4 0.9 ± 0.0

Afternoon 210.7 ± 20.0 4.3 ± 1.6 2.2 ± 0.0

3.4. Effect of Animal Strains and Changing Cages Frequency

In order to determine the effect of the animal strains on environmental biocontamination,
the concentration measured in animal rooms was normalized according to the number of animals.
This normalized quantity was related to the strain treated as a two level factor. In the case of the
mesophilic bacteria and endotoxin, the average level was lowered in the case of mice with respect to
the case of rats by a factor of −0.5070 (p = 0.020) and by a factor of −0.032 (p = 1.5·10-8) respectively.
The result was not statistically significant for Gram-negative bacteria, fungi and (1,3)-β-d-glucan.

To test if animal species have an effect on the allergenic pollutants concentration, a Pearson’s
Chi-squared with Yates’ continuity correction test was applied. The test was statistically significant in
the case of the Mus m 1 and Fel d 1 (p = 0.004 and p = 0.045 respectively). The positive result of the
Mus m 1 is statistically associated with the mouse species whilst the Fel d 1 is statistically associated
with the rat.

In regards to the cage changing frequency, the concentrations normalized to the number of animals
have been compared with once per week and twice per week cage changing frequency, treated as
a two-level factor. A statistically significant difference has been found only in the case of mesophilic
bacteria concentration. The twice per week frequency has on average a bacteria concentration reduced
by a factor of 0.13 with respect to the level of rooms with a once per week frequency (p = 0.019).

4. Discussion

To the best of our knowledge, this is the first Italian study which assesses the exposure to
biological agents in a conventional animal facility, taking into account the biocontamination of different
occupational areas in conjunction with the effect of specific working tasks, cage changing frequency
and animal strains on it.

The most frequent genera identified in this study are common skin inhabitants and are thus easily
shed into the environment on desquamated epithelial skin cells. Some bacterial species have been
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reported to cause a variety of diseases, ranging from pneumonia (Acinetobacter) to intestinal infections
(E. coli) (https://www.cdc.gov). Other microorganisms, such as Enterobacter and Pseudomonas, exhibit
a high degree of biological activity, are producers of endotoxin, and often show strong allergenic
properties that increase the risk of disease in workers [46,47]. However, colonies of bacterial species
belonging to risk group 2, according to the Italian Legislative Decrees 81/2008 and 106/2009 [44,45],
have been isolated in some animal rooms during the changing cages. With regard to endotoxin,
no regulatory value is currently available, but various recommendations are available. Among them,
Dutch Expert Committee on Occupational Standards recommends an occupational exposure limit
of 90 EU/m3 [48]. Endotoxin concentrations measured in this study were below this standard in
all settings except for the storage area during activities where a mean value of 210.6 EU/m3 was
observed. Our data confirm what was reported by Kaliste et al., 2002 [33], that bedding material
could be a significant source of accumulation and release of bacterial endotoxins. This evidence was
demonstrated also by Whiteside et al., 2010 [49] who measured a range of endotoxins between 3121
and 5401 EU/g in hardwood rodent bedding.

Endotoxin concentrations measured in this study are higher than those reported by Hwang et al.,
2016 [50], who found a mean value of 0.14 EU/m3 (range = 0.03–0.60 EU/m3) in an animal laboratory
housing mice, where the main tasks were feeding/weighing with air exchange rates comparable to ours,
and then those reported by Pacheco et al., 2006 [13] who measured a mean endotoxin concentration
of 315 pg/m3 (about 3.15 EU/m3) with a peak value of 678 pg/m3 (corresponding about 6.78 EU/m3)
during the changing cages in a mouse facility.

Our data are also slightly higher than those reported by Ooms et al., 2008 [39] (mean value
= 4.7 EU/m3; range = 3.4–6.3 EU/m3) in rabbit rooms; this difference may be attributed to higher
mechanical air-change rates (30.3 air changes/h) in the animal housing space. Finally, results of the
present study are quite lower than those shown by Lieutier-Colas et al., 2001 [15], who found the
highest concentration (15.4 ng/m3 = 154.7 EU/m3) associated with cage cleaning and feeding in animal
rooms housing rats.

The detection of endotoxin in the technician’s office (mean value = 2.3 EU/m3) suggests that these
components may be carried on clothes and shoes or on airborne particles like allergens.

The highest levels of (1,3)-β-d-glucan were found in the storage area, indicating that activities
performed in this environment were also associated with an increased exposure to fungi, some of
which belong to strongly allergenic and mycotoxin producers genera (Alternaria spp., Penicillium spp.).

Regarding animal allergens, no occupational environmental limits are available, partly due to
the lack of standardized measurement methods and partly because of complex exposure-response
relationships and the influence of genetic susceptibility; it is important to keep the allergen exposure as
low as possible.

We found the highest concentration for Mus m 1 in the dirty washing area (mean value = 61.5 ng/m3)
and its concentrations increased significantly during the changing cages on average by a factor of 9.3 with
respect to the levels before or after (p = 0.037). Straumfors et al., [16] in a recent paper report that cage
emptying and cage washing in the cage washroom represented the highest exposure with a median value of
3.0 ng/m3 for Mus m 1. The lower concentration found by these authors could be explained by the use of
individually ventilated cages in respect to cage-rack systems and by the different sampling methodologies
(stationary versus personal monitoring).

Our data regarding the highest values of Mus m 1 in respect to Rat n 1 in animal facilities are in
agreement with the ones reported in literature (range: 17–564 ng/m3 for Mus m 1; 0.43–27.36 ng/m3 for
Rat n 1) [1,15,51].

For cat allergens (Fel d 1), limit values between 2 and 8 μg/g Fel d 1 for sensitization and above
8 μg/g for the development of acute asthma attacks, respectively, have been proposed [52]. In this work
we measured concentrations at risk of sensitization (>2 μg/g) in two rat rooms.

The detection of cat allergens (Fel d 1) in animal rooms is unexpected, along with the presence of
rat and mouse allergens (Figure 1), showing a cross-contamination likely due to the passive transport
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by operators themselves; this highlights their role as vehicle between occupational areas and living
environments [53–56].

Figure 1. Aeroallergen levels over three consecutive days in mouse and rat rooms: before, during and
after changing cages (Each circle represents the observed value and dimension/diameter indicates the
concentration).

5. Conclusions

The environmental monitoring of airborne biocontaminants has been confirmed as a valid tool to
identify the working tasks more critical in terms of exposure to biological agents in animal facilities.

Statistical analysis proves that the changing of cages is a determinant factor in increasing the
concentration of all the airborne biocontaminants and in releasing biological agents that could risk the
health of workers. It can also be pointed out that the concentrations of the biocontaminants increase
significantly during this task with respect to the other days, but return to the background levels
indicating the effectiveness of the ventilation system. Our data also identify the preparation of bedding
and distribution of feed performed in the storage area as critical working tasks in terms of exposure to
endotoxins, fungi and (1,3)-β-d-glucans.

The frequency of the changing of cages does not seem to affect the microbiological contamination;
a statistical difference has been found only in the case of mesophilic bacteria levels. In regard to the
animal strains, rats seem to influence only mesophilic bacteria and endotoxin levels.

Our data can be particularly useful for increasing knowledge about the biological risk in this
occupational sector and to support all actors of prevention, employers, health and safety representatives
and workers in all phases of risk management.

Simple preventive measures must be adopted to control the biological risk in this occupational setting.
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