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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 Téahtinen 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 CO, concentration in naturally ventilated
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bedrooms of teenagers in Polland, by correlating bedroom door opening during the night with CO,
concentration and thermal comfort. In the study ‘Cooking/Window Opening and Associated Increases of
Indoor PM2.5 and NO, 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 PMj 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 CO,, CO, PM10, NO, 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]. 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)-p-p-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, MDPL

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 PM, 5 and with
pollution at 25.1 pg/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 pg/m®) and 2.5 times higher than the World Health
Organization (WHO)’s annual average recommended concentration (10 pug/m?). Based on Korea’s PM
forecast, the number of “bad” (36-75 ug/m3) and “very bad” (more than 76 ug/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 (PM; 5 with a time-averaged
concentration of more than 75 pg/m3 for 2 h) and 2 days (March 5 and 6) with an alert level (an average
PM, 5 of more than 150 },Lg/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

Appl. Sci. 2019, 9, 3660; doi:10.3390/app9183660 5 www.mdpi.com/journal/applsci



Appl. Sci. 2019, 9, 3660

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 PV, 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 PMjy and PM; 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 PM;g in
Seoul was 53.8 ug/m3 and the average annual concentration of PM; 5 was 27.2 p.g/m3 [3]. The average
annual concentration of PMjg decreased from 76 pug/m® in 2002 to 41 pg/m? 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 PM, 5 of 35 pug/m? 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 PM;g of 150 pg/m3 ora PMy5 of 75 }Lg/m3 for more
than 2 h, a warning is issued. If there is a PMjq of 300 pg/m> or a PM, 5 of 150 pg/m® 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.
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Figure 2. High PM concentration days: (a) days exceeding a PMj 5 of 35 ug/m> 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 1g/m? on average for 24 h and below 25 pg/m? on average per year. Korea’s
levels exceed these standard values in all seasons except summer.
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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 ug/m3 far exceeds the WHO's
recommended level of an annual average PMjg of 20 ug/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 PM;, 5 and PM;( was very low at 4%
and 10.7% respectively.

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

PM Standards Standard Achievement

Category Standard Time

Korea WHO USA EU Rate (2015)
R yearly 15 10 12,15 25 65.0%
PMy 5 (1g/m”) 24h 35 25 35 ; 4.0%
3 yearly 50 20 - 40 65.6%
PMiq (ug/m”) 24h 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 (ug/m?, Average for24h)  Good Normal Bad Very Bad

PMjo 0-30 31-80 81-150 over 151
PM; 5 0-15 16-35 36-75 over 76

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

Category Warning Issuing Alarm Issuing
PM PM; o hourly average concentration over ~ PM; hourly average concentration over
10 150 pg/m?® for 2 h 300 pg/m? for 2 h
PM PM, 5 hourly average concentration over ~ PM), 5 hourly average concentration over
25 75 ug/m3 for2h 150 },Lg/m3 for2h

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

”ou

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.
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Table 4. Responsive behaviors to particulate matter.

Question: What do you do when Particulate Matter Occurs?

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

Mitigating
behavior

AB1 Checking the levels of particulate matter concentration every day

AB2 Wearing a particulate matter mask on high particulate matter density days
Adaptive  AB3 Refraining from going out when the concentration of particulate matter is high
behavior  AB4 Turning on an air purifiers to reduce particulate matter concentration

ABS5 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

BI1 Being ready to suffer immediate damage or inconvenience to reduce particulate matter
concentrations.

Behavioral ~BI2 Being willing to participate in actions to reduce particulate matter

intentions  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?

1. Contact with particulate matter is a health hazard

o Likelihood 2. If I continue to be exposed to particulate matter, I will be damaged in a few years
»

.: Susceptibilit 3. Particulate matter is an important problem for me

g P Y 4 Tam more affected by the risk of particulate matter than other risks

[0}

= Severity 5. The risks of particulate matter for health are very serious

g 6. Even short-term contact with particulate matter can increase the likelihood of

cancer and early death

10
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Table 5. Cont.

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

Geographicand 7. The particulate matter condition is more serious in Korea than in other countries

&7 Temporal 8. The risk of particulate matter is present very often or constantly
g5
s 5 . 9. Particulate matter will have a significant impact on me and my family
22 Social . . . .
® 8 10. Particulate matter is sure to be a serious social problem

.

8 11. Tam very concerned about particulate matter

= Awareness . . .

12. I am interested in issues related to particulate matter
Information 13. I cannot trust the information about particulate matter
distrust 14. The risk of particulate matter is greatly exaggerated
§ Externalizing 15. The problem of particulate matter is beyond my ability to solve
== responsibility ~ 16. The solution to the excess of particulate matter should be provided by the
gfb government rather than individuals
o

17. The damage caused by particulate matter is unclear
Uncertainty 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” (O) 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
asemantic 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

11
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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
very bad very good 3.26 091
Indoor air  alot of particulate matter little particulate matter 2.94 0.98
quality stuffy refreshed 2.93 1.02
unpleasant comfortable 3.25 0.92
Satisfacti dissatisfaction satisfaction 3.21 1.10
austaction 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
5h 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
512h 3.43 5.07h 5.49 3.20h 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

12
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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.

Mean
Perceived F (p-Value)
Group1l Group2 Group3  Total

Suffering from cough, hoarseness,

bronchitis, respiratory distress and 3.54 3.50 4.08 3.69 3.33(0.038 %)
8 difficulty breathing
g.. Experiencing clogged nose, rhinitis,
s sneezing, allergy and atopic symptoms, 3.51 3.43 4.10 3.66 3.76 (0.025 *)
&  such asitchy or swollen skin or dry eyes
2 - o
'g_ Suffering from headache, arthritis and 261 20 338 202 438 (0,014 %)
5 other pain
Experiencing the deter{oratlon of a0 288 338 284 757 (0.001 )
an already present illness
o Suffering increased stress and fatigue 3.34 3.50 4.14 3.62 7.23 (0.001 **)
E-: Feeling worried and anxious 3.18 3.60 4.30 3.63  12.84 (0.000 ***)
[
2 Thinking that particulate matter has .
P a negative effect on my health 421 4.27 478 4.39 8.5 (0.000**%)
»
E Thinking that particulate matter causes 371 3.68 47 400 17.55 (0.000 **¥)
< problems in my life ’ ' ' ’ ’ ’
S
2 Thinking that particulate matter recfiuces 3.20 331 402 347 6.80 (0.001 *¥)
my performance and concentration
I have recently been to the hospital for 1.94 215 3.00 231 8.96 (0.000 **¥)
= any of the above symptoms
[} . . .
E I'have recently been taking medication 212 231 3.04 245 6.19 (0.003 **)
& for some of the above symptoms
T'have recently taken a break at home 251 239 3.42 274 7.80 (0.001 *)

because of some of the above symptoms

*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.

Objective symptom 3.18
Subjective symptom 3.67
Remedy 2.28
0 1 2 3

5
Mean
mGroup 3 OGroup 2 WGroup 1

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.

Mean
Behavior Type F (p-Value)
Group1l Group2 Group3  Total
MB1 4.04 2.82 2.60 3.25 19.63 (0.000 ***)
Mitigating behavior =~ MB2 2.80 3.00 3.00 291 0.49 (0.613)
MB3 2.55 2.94 3.12 2.83 2.91 (0.057)
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 ***)
Adaptive behavior 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 291 3.35 3.98 3.35 13.37 (0.000 ***)
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 *)
Behavioral intentions ~ BI3 ! -2.72 —2.82 -1.82 —249  12.44 (0.000 ***)
Bi4! —2.54 -2.82 -2.12 -2.50 4.88 (0.009 **)
BI5! -3.05 -2.94 -2.86 -2.96 0.42 (0.657)

*p <0.05,* p <0.01, *** p < 0.001, ! 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.

29|
Mitigating behavior 2.92
)
Adaptative behavior 36
446
Intentions_positive 3.65
Intentions_negative -2 86
-4 -3 -2 -1 0 1 2 3 4 5
Mean

m Group 3 Group 2 mGroup 1

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.

Number of Correct

Knowledge Answers (%)

1. The influx of particulate matter is mainly caused by artificial actors, such as boilers,

. ) o 138 (80.7)
automobiles and power generation facilities
2. More than 80% of particulate matter is from abroad, as a result of the yellow dust

. 39 (22.8)

and smog from China
3. Preliminary reduction measures against emissions of particulate matter are 43 (25.1)
implemented nationwide and are targeted based on particulate matter concentration ’
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 118 (69.0)
navigation
5. When there is a particulate matter alarm, schools can prohibit outdoor classes, adjust 151 (88.3)
the times of travel to and from school and temporarily shut down ’
6. Domestic particulate matter concentrations are similar to those in major cities of 141 (82.5)
other OECD countries, such as New York and London ’
7. Even when exposure occurs for only a short time, particulate matter can penetrate 119 (69.6)
directly into the alveoli, resulting in asthma, lung disease and even death ’
8. The mask is a quasi-drug certified by the Food and Drug Administration that can 133 (77.8)
only prevent exposure to particulate matter if the product is marked “KF94” or “KF80” '
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 152 (88.9)

combat the effects of high dust concentrations

point 10 - 1.8
o I s
¢ I ;2
7 [ 2:.7

+ I
3 2
0 5 10 15 20 25 30 35%

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.

) : Mean
Psychological Attributes F (p-Value)
Groupl Group2 Group3  Total
. 1 408 433 4.74 435 8.58(0.000 ***)
e Likelihood 4.44 429 482 450 6.22(0.002*)
a8 =
2 . 3 4.10 4.19 462 428 5.11(0.007*)
el tibil
g Susceptibility 2.84 3.07 3.68 315 6.70 (0.002 %)
=]
Severity 5 4.10 415 458 427 469(0.010%)
6 3.34 341 3.86 351 3.10 (0.048 *)
o Geographic 7 418 419 4.60 430 2.99 (0.053)
%’ % and temporal 8 441 425 4.80 447 8.13 (0.000 ***)
=
2 g Social 9 3.92 419 470 423 11.01 (0.000 ***)
@, oca 10 4.44 443 492 457 10.55 (0.000 ***)
(e}
= A 11 4.02 413 4.76 427 9.96(0.000 ***)
Wareness 12 3.70 4.00 4.60 405  11.86 (0.000 ***)
Information 13 —2.97 -3.62 -380  —3.40  10.84 (0.000 **¥)
. distrust 14 -2.40 243 152  -215  13.65 (0.000 **¥)
O m
5 § Externalizing 15 -4.04 -3.96 -4.08 -4.02 0.30 (0.741)
sz responsibility 16 -3.98 -452 470  -435  11.91(0.000 **¥)
12)
- 17 —2.68 288 278 277 0.36(0.692)
Uncertainty 18 297 -3.01 288  -295 0.15 (0.857)
19 —2.40 -2.50 -1.88 228  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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4.38
Risk perception 3.91
3.81
Psychological distance 4.2
-3.09
Perceived concerns -3.28
-3.06
-4 -3 -2 -1 0 1 2 3 4 5

mGroup 3 OGroup 2 mGroup 1 Mean

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  f 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, R? = 0.31, Adj. R? = 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
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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 facade
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
Fagade 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,
CO,, other pollutant, relative humidity)
Local—Manual (on/off)
Local—Clock/Local—Demand control
(temperature, CO,, 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

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

Overall Comfort

11 t
Temperature Overall temperature

Too hot/too cold temperature

Temperature variation
Air movement

Air quality Overall air quality
Humid/dry air
Stuffy or fresh air
Odor
Light Overall light
Natural
Artificial
Glare
Noise Overall noise
Outside noise
Noise from building systems
Noise within the building
Vibration
Amount of privacy
Office layout

Office decoration
View from the windows

From “-3, too much” to “+3, not enough”
From “-3, too draughty” to “+3, too still”
Seven-point Likert-like scale
From “-3, too humid” to “+3, too dry”
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
Seven-point Likert-like scale
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

25



Appl. Sci. 2019, 9, 3227

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, 3545, 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.
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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).
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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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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 (1 = 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.
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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.
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Figure 7. Perceived control over temperature vs. availability of operable windows (11 is the number of
office buildings).
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Figure 8. Perceived control over ventilation vs. availability of operable windows (1 is the number of

office buildings).
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Figure 9. Perceived control over light vs. availability of operable windows (1 is the number of
office buildings).
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Figure 10. Perceived control over noise vs. availability of operable windows (1 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).
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Figure 11. Perceived control over temperature vs. availability of solar shading devices (1 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
Facades with adjacent buildings
2 facades (vs. 1 fagade) 1932/4664 37/102 0.6 (0.38-0.95) 0.030
3 fagades (vs. 1 facade) 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 (m?2)

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
Fagades with adjacent buildings
2 facades (vs. 1 fagade) 0.65 (0.44-0.97) 0.033
3 fagades (vs. 1 facade) 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 02/PCV (%) 0.42/10
Building level 62/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 (v = 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 (» = 0.370). Moreover, artificial light perception showed correlation with
the perceived control over light (v = 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 (1 = 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.
overall comfort.

Relations between perceived control in low and high control groups and perceived

Parameters— o Parameters— o o
Low Control Group OR C1(95%) p-Value High Control Group OR C1(95%) CLB5%)
Perceived control 4 51 (115 997)  p<ogor  Ferceivedcontrol oy 4n 3 143 p <0001
over noise over noise
Perceived control 4 14 1 11917)  p<ogor  Ferceivedcontrol -y 5y 125130 p<0.001
over lighting over lighting
Perceived control 4 (1 06 115)  p<ooor  Ferceivedeontrol 020131 p <0001
over temperature over temperature
Perceived control 4 11 07 113)  p<ooor  Ferceivedeontrol 09 414905 p <0001
over shade over shade
Perceived control 4 o9 (95 104y 05 Perceivedeontrol g 00 0a112)  p <0001

over ventilation over ventilation

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:

e The perceived combined control over all studied parameters is positive on the overall comfort

e  The combined control over all parameters seems to have a stronger effect on overall comfort
than the single controls

e  Temperature variation seems to be more related to the combined control of temperature and
shading from the sun control

e  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

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

e 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.

Central nervous system
Environment Sensory organ Cognitions
(Thermal —{ (Warm/Cold || (thermal sensation) Arousal
stimulus) spots of skin) Affects level
(comfort sensation)
Responses

(Sensation vote)

. K ’—{ Locomotive organ |‘J | Autonomic nervous system |
(Facial expression)

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= 4.4 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.

e  Condition A: The indoor ambient temperature was maintained at 27 °C.

e  Condition B: The indoor ambient temperature was decreased from 27 °C to 20 °C, and then
increased from 20 °C to 27 °C.

e  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.

Duration of tasks

Attaching: pre Pre 1 2 3 4 5 6 7
Sensors set set set set set set set set set
-60 ) 10 20 30 40 50 60
Time[min]
8 Temperature set for each condition
27 Condition A
2 TSR B
£ Condition
£20 BRESS Condition C_
[2 0 10 20 30 40 50 60
Time[min]

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 (wWhere —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 (VLE, 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 (LTS8, GRAM Co., Japan). Finally, the mean skin
temperature was calculated using following Equation (1):

MST = 0.07 Ty +0.14 T + 0.05 T3 + 0.35 Ty + 0.19 T + 0.13 Tg + 0.07 T, Q)

where MST is the mean skin temperature based on the Hardy-DuBois method [16], and T1, T, T3,
T4, Ts, Te, 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.

51



Appl. Sci. 2019, 9, 899

Respiration
sensor

) e

Skin Temperature
logger
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 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.
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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.
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Figure 7. Result of MATH score.
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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 Mobhri 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 =57,7>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 aresult 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.

e 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).

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

e 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 Xd; +2.520 Xd, + 0.088 Xd3 — 0.268 Xd4 + 0.271 Xd; ()

where Xdy, Xdy, Xd3, Xdy, and Xds 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
R? 0.7495 data N 57
Adjusted R? 0.7249
Index Coefficient Std.Error t p-value
Intercept -3.3123 0.4959 —4.6631 228 x 1075
T7_High-alpha 0.1338 0.0201 6.6478 1.96 x 1078
F7_Beta/Alpha 2.5196 0.3073 8.1996 7.09 x 101
F3_Beta 0.0878 0.0245 3.5817 0.0008
F7_Low beta —0.2684 0.0481 —5.5791 9.29 x 1077
Fpl_Alpha 0.2708 0.0315 8.5969 1.72 x 1071

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,
R?, in relation to Yc was 0.528.

Ye = —23.372 +0.697 Xcy + 0.172 Xcp + 0.142 Xcs 3)

where Xc1, Xcp, and Xcj 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
R? 0.5276 data N 98
Adjusted R? 0.5125

Index Coefficient Std.Error t p-value
Intercept —23.3721 2.5461 —9.1795 1.02 x 1074
MST 0.6967 0.0765 9.1119 1.42 x 10714

C4_Alpha/HB 0.1718 0.0586 2.9295 0.0043
P4_Alpha/HB —0.1418 0.0296 —4.7885 6.25 x 1076

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)
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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).
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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.
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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.
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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:

e 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.

e 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.

Author Contributions: Conceptualization, ].G., M.S. and M.K.; methodology, ].G., M.S., K.U. and M.K; software,
J.G.; validation, ].G.; formal analysis, ].G.; investigation, ].G.; resources, M.S., K.U. and M.K.; data curation, ].G.;
writing—original draft preparation, J.G.; writing—review and editing, ].G., M.S., K.U. and M.K; visualization,
J.G.; supervision, M.S. and M.K.; project administration, M.S. and M.K_; funding acquisition, M.S. and M.K.

Funding: This research received no external funding.

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

Formula Symbols

Index Meaning Unit

MST  Mean skin temperature °C
Ty Temperature of the forehead °C
T, Temperature of the forearms °C
T3 Temperature of the hands °C
Ty Temperature of the abdomen °C
Ts Temperature of the thighs °C
Te Temperature of the legs °C
Ty Temperature of the feet °C
Yc Index of thermal comfort
Yd Index of drowsiness level

Xdy High alpha content of T7

Xd, Beta content per alpha content of F7

Xds Beta content of F3

Xdy Low beta content of F7

Xds  Alpha content of Fpl

Xcq Mean skin temperature °C
Xcy Alpha content per high beta content of C4

Xcz  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 m?), 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

64



Appl. Sci. 2019, 9, 99

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).

Buikding, wetiabon and
1AQ investgeton plan

Urgency of measures:
Assessment of probability of abnormal IA exposure
Health and i i ion from users of premises

and
Indoor air questionnaire results

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.

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

Unlikely 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.

Mould-damaged structure type is not widespread in building and repairs are easily
definable (less than 1 m?). 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.!
Concrete floor has extensive moisture, which can cause water vapour damage to
permeable floor coating (emissions).! 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.!

Possible

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.! 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.!

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 facade 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

Very likely values or the guidelines set for the premises, and an indoor air impurity source has
been identified.! 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
guiclelines.1 Dust sample tests have found asbestos fibres in the premises, and the
pollution source has been defined.! Indoor radon concentrations exceed the set
national values and guidelines (400 Bq/m? [26]).!

! 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 Orebro’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 Lifespan of .
Abnormal IA Exposure Ventilation Insufficient .MMVF (.M an-Made ansture P ro.b lem
. o1 P Vitreous Fibres) Source in Ventilation
on/in Building Floors or ~ System Had Been Ventilation . o
Sections Exceeded n (%) in Ventilation System System
(= 95) 1 (%) n (%) 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).

Work environment-related weekly symptoms

Reference value  =—=9% of complaints %

Fatigue
0

Muscular pain

Joint pain Concentration difficulties

Fever or chills Irritation of the eyes

Wheezing Irritation of the nose

Shorthness of breath Hoarse throat

Irrtiation of skin on hands

Irritation of skin on face Coughing at night

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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Figure 3. Perceived work environment-related symptoms of users of premises in assessment of

probability of abnormal IA exposure categories,

(n = 61), (b) possible (n = 618), (c) likely (n = 760),

Table 3.
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Fever or chills Irritation of the eyes

Wheezing Irritation of the nose
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Irrtiation of skin of
hands

Irritation of skin on face Coughing at night

(b)
% of complaints in category of very likely
abnormal 1A exposure
——Reference value

——% of complaints %

Fatigue
0

Muscular pain Headache

Concentration

Joint pain difficulties

Fever or chills Irritation of the eyes

Wheezing Irritation of the nose

Shorthness of breath Hoarse throat

Irrtiation of skin of
hands

Irritation of skin on face
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(d)

compared to FIOH reference data [28] (a) unlikely
(d) very likely (n = 118).

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.

Unlikely 1

Possible 2 Likely 3

Variable (Weekly Symptoms) n=2 n=16 n=18 Very L:l;ely 4
(p-Value) (p-Value) (p-Value) n=
Fatigue 1vs. 2(0.673) 2 vs. 3 (0.220) 3 vs. 4 (0.609)
1vs. 3(0.257) 2 vs. 4 (0.570)
1 vs. 4 (0.355)
Headache 1vs. 2(0.778) 2vs. 3(0.157) 3vs. 4(0.481)
1vs. 3 (0.208) 2vs. 4(0.777)
1 vs. 4 (0.643)
Concentration difficulties 1vs. 2(0.672) 2 vs. 3(0.233) 3 vs. 4 (1.000)
1vs. 3 (0.165) 2 vs. 4 (0.507)
1 vs. 4 (0.064)
Irritation of the eyes 1vs. 2(0.888) 2vs. 3(0.262) 3vs. 4(0.125)
1vs. 3 (0.378) 2vs. 4 (0.777)
1vs. 4(0.814)
Irritation of the nose 1vs. 2(0.779) 2vs. 3 (0.073) 3 vs. 4(0.061)
1 vs. 3 (0.130) 2vs. 4 (0.925)
1vs. 4(0.643)
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Table 3. Cont.

Unlikely 1 Possible 2 Likely 3 .
Variable (Weekly Symptoms) n=2 n=16 n=18 Very Lilzely 4
(p-Value) (p-Value) (p-Value) n=
Hoarse, dry throat 1vs. 2(0.399) 2vs. 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) 2vs. 3(0.147) 3 vs. 4(0.287)
1vs. 3(0.378) 2 vs. 4 (0.636)
1 vs. 4 (0.355)
Coughing at night 1vs. 2(0.941) 2vs. 3(0.652) 3 vs. 4(0.237)
1vs. 3(0.792) 2 vs. 4 (0.289)
1vs. 4(0.411)
Irritation of skin on face 1 vs. 2(0.260) 2vs. 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) 2vs. 3(0.152) 3 vs. 4(0.349)
1vs. 3(0.378) 2 vs. 4 (0.705)
1 vs. 4 (1.000)
Shortness of breath 1vs. 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 1vs. 2(0.374) 2vs. 3(0.342) 3 vs. 4(0.275)
1vs. 3(0.178) 2 vs. 4 (0.600)
1 vs. 4 (0.480)
Fever or chills 1vs. 2(0.352) 2 vs. 3(0.308) 3 vs. 4 (1.000)
1 vs. 3(0.736) 2 vs. 4 (0.562)
1vs. 4(0.623)
Muscular pain 1 vs. 2 (1.000) 2vs. 3(0.161) 3 vs. 4(0.932)
1vs. 3(0.44) 2 vs. 4 (0.298)
1 vs. 4 (1.000)
Joint pain 1vs. 2(0.324) 2vs. 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- 1vs.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 Unlikely Possible Likely Very Likely RgeorI:nsce
Psychosocial Work n=61 n =619 n="763 n=118 Value
Environment (%) (%) (%) (%) o,
o
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.

Unlikely Possible Likely Very likely
IAQ-Related Health Information n=2 n=16 n =20 n=>5
(%) (%) (%) (%)
Some employees have new asthma or aggravation of previous asthma !
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 !
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 !
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 !
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 TA 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.

. Insufficient
Technical Moisture Ventilation or
Perceived Work Respondents Lifespan of . MMVF Source S,
. S Problem in . e Ventilation System
Environment-Related N =1558 Ventilation P in Ventilation .
Ventilation Did Not Match
Symptoms Weekly n System Had System
System Purposes of
Been Exceeded e
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 75 0.005 NS 0.001 0.027
symptoms

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: Unlikely Possible Likely Very Likely
Number of Cases (n=2) (n =16) (n=18) (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 JAQ- 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 TAQ.
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: indoor environment quality; IEQ; PPD; IAQ; TVOC; BREEAM assessment; occupant satisfaction

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 101/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.
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Figure 1. Overview of the physical and chemical processes of potential pollution sources in the indoor
environment of a building. (VOCs—Volatile Organic Compounds, SVOCs—semi Volatile Organic Compounds).

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, CO, 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
cjare related to the ELVs (exposure limit values) concentration ¢ gry-

€j

IAQindeX (]) = I] = CiELV (1)
ji

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 TAQ.
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 I,g¢ = I; + I, ambiguity creates a false alarm and in the aggregation
model Ipge = 1/2(I1 + I3), 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 }.IAQjn4.x 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, CO, 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, IAQjndex
(in %)). The authors looked for physical equations for the IAQ,4.,'s subcomponents and dependencies
for their predicted occupant satisfaction functions with a pollutant concentration ¢j (PD = f (¢;) 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 CO,, 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 IEQj,qex Where IAQ index is a subcomponent/part of the IEQ;,gex 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
Y 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 ) TAQingex representing both comfort and health (seven sub-indices)

called “comfort/health”.

= IAQcomfort/health

= IAQcomfort VOC (non-
e — — odorous)
> |AQquaIity "E
[ - | x(high PM,s| CO
CO, enthalpy) O3
TVOC et cetera
HIEIE) | VOCdorous | PM+g
|

Figure 3. Y. 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 ). TAQomfort 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., CO,, 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 Y 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 IAQcomforthealth 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(VOCyon-odorous) 0 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 IAQguaiity and IAQcomfort) OT 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 CO,, TVOC, and formaldehyde
HCHO, as recommended by References [5,10,21,22];

ii. In the }(IAQ)comfort model, thepreviously provided simplified IAQquality sSubcomponents for the
three main pollutants were extended with a set of selected compounds VOCoqorous, related to the
collection of IAQ sub-indices (VOCqgorous) 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 (PM;y and PM; 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 (PM;,, PM, 5) or without this factor;

iii. In the overall Y, JAQ model, comfort (IAQ)comfort and health risk (IAQ)pealtn 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 (PM;y and PM; 5), carbon monoxide
CO, sulfur dioxide SO,, and nitrogen dioxide NO,. 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,
(TAQ)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 }.TAQ model.

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

2.3. Y.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,
¢j, 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 Ny 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 VOC; compounds arises only from emissions due to the presence of construction or finishing
materials (forj =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:

G 1
Cnj—Cno €

Qn @

where Qj, is the ventilation rate required for dilution in m® per second, Gy, is the emission rate of the
substance in micrograms per second, Cy,; is the guideline value of the substance in micrograms per
m?, Cj,, is the concentration of the substance in the supply air in micrograms per m3, and ¢, 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 }.¢j = f(7)), at constant values of
air change rate per hour ACH (h™!). Such ventilation rate calculations for CO, 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.

€0,
concentration
(ppm(v)) Pl
0.45ACH ,
e 0{75 ACH
1800 ‘ ; o —
2.0 ACH
1200 / = e
Y/ 0.5 ACH 4.0ACH
600 &7 casil 15 ACH"
/ 2.0 ACH*
0!
0 10 20 30 4.0 5.0 6.0
Time (hours)

Figure 4. Of CO, 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 }.c;. 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/nV-(1-eNY) 3

where c is the pollution concentration in the space (or in the room) with perfect mixing (m3/m?) 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 (m?) or (kg), e is the number 2.72, and t is time (h). If the
initial concentration (at ¢ = 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 =1and a volume of space V = 1, shows the values of }.c;, 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 PIDtyoc
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:

o) =+ (g)fr-eF) = 4 () -e) @
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Finally, Equation (5) can be expressed with one unknown parameter, the air exchange rate N as:

Cu _C’)) — Nt 5)

1 P
Og(cs, —C(t

The initial concentration ¢; 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 Cs+ 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 R; for a given pollutant C; has the
formula: y;

R =2,

] I],

where J; 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 R; is dimensionless, since y; is the gas-phase concentration for the jth compound in
ug~m‘3, I; is the lowest concentration of interest (LCI) [41] for the jth compound in ug~m‘3 and m is the
number of all elected compounds. The weight coefficients W; are used as the weights of the equations
in the IAQ index, according to:

i=12..m (6)

R; _
Wi = i=1,2,...... m 7)

m
L R

j=1

The authors of Reference [35] justified adjusting the coefficients where }'R; < 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 IAQ;; 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 VOC,qorous and VOCron-odorous
categories. The rules of adjustment with boundary conditions will be provided and justified in the
follow-up article to this report.

2.4. Y. IAQ Model Scheme Morphology

According to the new proposal, for models with air quality sub-indices IAQ(P;) (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, Py, ... j, the combined
YIAQindex €quation is:

2IAQingex = Wp1-TAQ(P1)index + Wp2lAQ(P2)index, - - - » WpITAQ(P})index ®)

where the Wpy, ... 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 Ac; between the observed concentration of
pollutant ¢; and the reference concentration ¢ (ceLv or crcy), which is below the current concentration
in contaminated rooms. Thus, the excess concentration is:

A = Cj = Cpf )

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

A 10
Y. Acig (10)
j=1.7

Wj(IAQcamfnrt/health) =

where the sum of the adjusted weights W; of all ventilated pollutants described with sub-indices should
be unity. The weight values for a given IAQ model, (e.g., IAQcomfrt) 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 P;. In the case of the ZIAQqWI,-ty submodel as
part of the IEQj4., model, weights should be used for the VOC,oro1s HCHO and TVOC) reference
threshold concentrations of odors. The weights in the weighting system should be adjusted to unity
according to the Equation (11):

Ac; (¢ = Cref)

j j T Cref

Whcro = = 11
‘ 223 Aczz  (eTvoc = Cref) + (CHCHO — Cref)
=2,

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 ¢y, According to the WHO [7], the admissible value ¢, is also higher than the concentration
in the building. In this case, the authors recommend taking the reference value as zero. Then, the
weight Wycpo 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, W;)
should contain synergy effects of environmental parameters included in the subcomponents and their
sensory perceptions.

Figure 5 shows the extended IAQjnqex model with its sub-indices treated as components of the
TEQjindex, but also with sub-indices of the TAQ comfortmeattn 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, ¢j, 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. XIAQjpgex model with weighting scheme.

From the dependencies, expressed as the curves for PD(CO,) or PD(VOC,dorous), the equations of
the models are derived Equations (12)—(14):

ZIAQquaiity = W1 TAQ(COz)+ W2 TAQ(TVOC) + W3- IAQHCHO) (12)

YIAQcomfort = W1 TAQ(CO,) + W TAQ(TVOC) + W3- TAQ(HCHO)

+ W4 TAQ(VOC ogorous) + W5 TAQ(h) (13)

ZIAQcomfort/health = Wl 'IAQ(COZ) + WZ'IAQ(TVOC) + WS'IAQ(HCHO) + W4'IAQ(VOCod0raus)

14
+ W5 1AQ(h) + W TAQ(PM, 5, PM19)+ W7, TAQ(VOC 0n-0dorous) + W7b TAQ(CO) + W7 TAQ(NO,) ( )

The scheme of the Y IAQcomforyhealth Model consists of seven (or more) components or IAQ
submodels and these are models for the various types of pollutants: IAQ(CO;), IAQ(TVOC),
TAQHCHO), IAQ(VOC odorous), IAQ(h), TAQ (PM, 5, PMj), and the selected TAQ(VOChon-odorous)-
The IAQ(VOC sdorous) and TAQ(VOC on-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,¢; (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 ¢jin ugwater/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 Wy, .. 5 for
the model Y TAQcomfort 0r W1, .., 7 for the model Y IAQcomfort/health (in @ 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 ¢; relative to the reference
concentration of Ciorefs 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(c;) 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 Y 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 Zc]- 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 m? of volume (which can be read after
multiplication by V (m®) 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 }.JAQjngex combined model and the weights of individual TAQ
submodels to be determined.

Additional assumptions were as follows:

i Thesum Y Acy, .. 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 (c;)), was derived from the literature
or direct experiments.
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Values of weights Wy, . _; in sets of three, five or more components of the three }.1AQjndex models

(see Equations (12)—(14), were adjusted to a value of unity by dividing Acy, ... j of each component by
the sum of excess concentrations }.Acy, . jin u/m3. We proposed the use of ¢y, values, apart from the
values of cr ¢y [18], cgry, and the threshold values cy, for odorous compounds, were as follows.

i
ii.

ii.

ii.

For IAQ(CO;) and TAQ(HCHO), the cgy concentrations were derived from EN 16798-1:2019 [10];
For IAQ(TVOC) and TAQ(VOC,yqorous), the threshold concentrations, cy,, for identified odorous
compounds or mixtures are from Reference [44];

For the IAQ(h), the water-vapor concentration H (gw/m?’), recalculated from the moisture
content x (gw/kgdry air) using the gas constant for the water vapor and the actual temperature,
the value of / up to the critical value for “high enthalpy of humid air” was evaluated using

the formula:
i = 1.006t, + x-(2501 + 1.805t,) (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 ¢ value in gw/m3).

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

For IAQ(PM; 5, PMyy), the cgry 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 ccy, 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 cycy 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 = {(¢)) 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 ¢; to I; (in the converted scale index I; will be PD;, Equation (16)
is used.

Ii= ((Ihigll - Ilow)/(chigh = Clow)) * (¢p = Clow) + Lioww (16)

where J; is the air quality index I in the PD*% scale, cjo;, is the pollutant concentration break point,
which is <cj, chigh is the pollutant concentration break point, which is >¢j, I is the index break point
corresponding to ciow, Inign is the index break point corresponding to cpg; and ¢y 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 AQIL.

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 ZIAQingex Calculation

After selection of the IAQ model type (Y.IAQquality OF ZIAQcomfort), the IAQingex €valuation was
carried out using the complex model Y. 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 m?, 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 IAQjngqex model shape from the models defined by Equations (12)-(14), with the
provision that due to the multiplication of the submodels for IAQ(VOC,dorous), the number of
subcomponents of the [AQ.mfort model will be more than five.

(c) Processing the input data of the submodels to obtain the concentration value gj, e.g., converting
the measured OI value into a concentration value for a given pollutant ¢; in pg/m?.
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(d)
(e
(®

(8)

(h)

Calculation of the excess concentration values for each identified contaminant (Table 2)
AGj = ¢j=Cref.

Calculation of the sum of excess concentrations (see Table 2), Y Ac;.

Calculation of adjusted weights Wj for the selected model equations. IAQguality and IAQcomfort,
are determined on the basis of arithmetic means or by adjusting all the values of Ac; in a given
model using Equation (10), only for groups of pollutants with similar concentration values.
Calculation of the value of the ventilating air flow for the environment described in the IAQjnqex
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].

Calculation of given IAQ environmental input parameters, including concentrations of pollutants
¢j 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.

Selection of the ZIAQquality model equation (with weights Wy, W5, and W3) or the IAQcomfort
model equation (with weights Wy, ... W5 or more) and calculation from Equation (13) of the
value with adjusted weights, followed by multiplication of JAQ submodels (Equation (8)) and
insertion as a term of the IEQj; 4., in Equation (18) [34].

When selecting the Y. IAQcomfort/heaith model type, an IAQjnqex evaluation is carried out using the

combined model }.TAQ from Figure 5, which should contain the following steps.

(@)

(b)

(©
(d
(©)
(®)

()

(h)

)

Calculation of the total concentration of pollutants }'c; in the ventilated space or the total mass of
air pollutants per m?, 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).

Choosing the IAQjygex model (12) from among the models defined by Equations (12)—(14), with the
provision that by multiplying the IAQ(VOC,,.-odorous) Submodels, the number of subcomponents
of the IAQcomfortealtn model will be more than seven.

Processing of submodel input data to obtain concentration values ¢; in pg/m=3.

Calculation of excess concentration values for each pollutant identified (Table 2) using Acj = ¢j—Cref-
Calculation of the sum of excess concentration values for submodels 1-7 via ), Ac; . 7
Determination of the adjusted weights Wy, 7 for the equation of the IAQ omfort/health model on
the basis of arithmetic means or by adjusting all the values of Ac; in a given model using Equation
(10), only for groups of pollutants with similar concentration values.

Calculation of the values of the ventilating air stream from the total concentration of indoor air
pollutants ch (for instance, Reference [42]), for the environment described by the Y. IAQjndex
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.

Calculation of the given IAQ input parameters, including concentrations of all pollutants, c;,
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.

Development of IAQpp2.5, IAQpmio, and IAQ on-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(c;) all IAQI
values for the determined (measured) VOC,,o,,-pdorous cONcentration values and using the converted
scale calibration curve, PD = f(IAQI), by reading from the recalibration curve (Equation (16)),
the PD = f(c;) values on the dissatisfaction rating scale from zero to 100 in %, according to Footnote
7 in Table 3.
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()  Calculation of IAQ values for Pj pollutant submodels from Equation (8) and insertion into the
model equation Y, JAQcomfort/health (14) (with weights Wy, W, ..., 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 IAQj,dex and to determine
other subcomponents TCjpgex—thermal comfort, ACcj,gex—acoustic comfort and Lipgex—Ilight 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].

VOCs (TVOC), CO2, HCHO Thermal comfort Acoustic tests in Daylight measurement
sampling measurment in each selected points in selected points
15O 16000-6, IS0 16000-3 testing point ACtUBlsang prasare tevel S
150 16000-26 in each testing point
150 7730

)
VOCs and HCHO
guantitative analysis in
laboratory and summary .

AcCingex calculation Lindex calculation based

v TCotxcalculation based on the on the theoretical
1AQuncex calculation with with theoretical theoretical model model provided by Hunt
provided theoretical model En:::;;f Fanger by AS/NZS 2107

\ \ [ ]

IEQ:1qe. calculation for case study building based on Piasecki-Kostyrko model with crude weighting scheme

Figure 6. The research steps necessary to determine the IEQjngex 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—IEQjnqex. 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 IEQingex is composed of the following subcomponents (SI;): thermal comfort
(TCingex), indoor air quality (IAQjndex), acoustics (ACcj,gex), and lighting quality (Lj,gex). Multiplying
their weights, W;, leads to Equation (17).

IEQingex = Z W;iSl; (17)

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

IEQingex = 0.25 - TCjpgex + 0.25 - ZIAQinger + 0.25 - ACCinger + 0.25 - Lipgex (18)
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As a consequence of the equation, the subcomponents SI; (the predicted percentage of those
satisfied) can be calculated using Equation (19).

SI; = 100 — PD(SI;) (19)

where PD is the predicted percentage dissatisfied (PPD) and PD(SI;) is the percentage of persons
dissatisfied with the IEQ subcomponent (SI;) level. The authors’ simulations for IEQjngex 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(SI;) = SD(PD(SI;)) (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,
CO,, 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
CO; 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 ; oA
Buildi Facade View Indoor View  Life-Stage ~ Number  NetArea Q Assessed
e g of Floors (m?) Number
i ;
Certificate Area (m?)
of Floors
BREEA Ini

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 CO, 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 dm?/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 pg/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 pug/m?3.

Other IEQjngex 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: Briiel&Kjeer 4231 acoustic calibrator (Briiel&Kjeer,
Neerum, Denmark), Nor-121 analyzer (Norsonic, Tranby, Norway), Briiel&Kjeer 4165 measuring
microphones (Briiel&Kjeer, Neerum, 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, Niirnberg, Germany),
in accordance with EN 12464 provisions.

2.11. Additional Explanations

The adaptation of the JAQ 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 thelAQjngex and IEQiygex 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 Y .IAQ index.
The combined model of the }.TAQjnqex presented in this paper had not yet been previously developed,
and we were limited in determining the IEQjpqex, thus we only took into account two of the most
well-known pollutants (i.e., CO, 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 IEQjngex. The input values for the case
study are presented in Table 5, which provides the input data for determining the IEQj,qex sub-indices
of thermal comfort (TCingex), indoor air quality (IAQjndex), 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 ! and IEQjqex results calculated using Equation (9) separately for an
TAQjndex With internal air pollution of CO; and an IAQjngex 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 (Satisfied)

Sub-Index Sub-Index PD(SI;) Models Input Values and +SD
I 0.55 clo
PMV (Fanger-CBE-ISO 7730) i“ ;i'g g
TCindex PMV = f(tﬂr tr, Va, Pa, M, Icl,) ! 0 1.5 / 90% = 3.2%
PDrc = f(PMV) Oa J-10 /S
RH 45%
M 1.1 met
PDiaq(co,) =
450 85.2% = 0.6%
IAQindex 395-exp(~15.15-Ccop~025) ppm *
PDjaqrvoc) = 3
2.0% + 18.0%
405-exp(~11.3-Cryoc %) 787 pg/m 52.0% + 18.0%
PDpce =
2'(Ad:ualSound_Pressure_Level(dB(A))
ACindex _DeSIgnSound_Pressure_Level(dB(A))) 80% + 6.7%
Actual (background) noise level
Design sound level 55dB(A)
45 dB(A)
PD; =-0.0175 + 1.0361/{1 +
Lindex exp(+4.0835 - (1og10(Ein) — 450 lux 98.4% +9.0%

1.8223)))

IEQ(co,) First variant with ccoz as an IAQjngex parameter IEQco, = 92.2% + 5.8% 1

IEQrvoc Second variant with cryoc as an IAQjpgex parameter  IEQryoc = 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 t, is the air temperature (°C), t, is the mean radiant temperature (°C), v, is
the relative air velocity (m/s), p, is the water-vapor partial pressure (Pa), M is the metabolic rate (met), and I, is

the clothing insulation (clo). In addition, cco, is the concentration in ppm, cryoc is the highest observed TVOC

concentration in pg/m?, actual noise is in dB(A), and E,;, is the minimum daylight illuminance (lux).

3.2. Results for the ZIAQjydex and IEQjy e Assessment Including Identified Pollutants (CO,, TVOC, and HCHO)

The example of a modified calculation of the collective submodel ZIAQquamy 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, CO, 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 Y 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 Y IAQguality model, the submodel weights are calculated as follows.

Wco, for the submodel IAQ(CO,) = 0.5 is a component of the polynomial:

ZIAQquahtY = 0.5TAQ(CO,) + 0.5IAQ(VOC) 1)
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Wyoc for submodel IAQ(VOC) = 0.5 is a weight for combined submodel of the polynomial:
TAQ(VOC) = Wryoc TAQ(TVOC) + Wycho TAQHCHO) (22)

with the terms Wryoc and Wycpo calculated from Equation (14) using the measured values ¢; (actual
concentration of TVOC and HCHO) and the reference values c;s (Table 6).

Table 6. Calculation of the weights of the Wryoc and Wycpo values for the two sub-indices of the
combined TAQ(VOC) model.

Excess
. . 1 .
Sub-Index Input Value ¢; Input ! Value cef Concentration Ac; W;
IAQ(TVOC) 787 ug/m® 300 pg/m3 487 pg/m’ 0.96
TAQ(HCHO) 18 pg/m3 0 18 pg/m? 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 ¢,,r. However, formaldehyde is an
unusual pollutant because, although it belongs to VOCogorous compounds, the concentrations found in
buildings are many times lower than the HCHO threshold cy, = 300 ug/m3 according to the WHO [7]
and lower than the threshold concentrations of HCHO from 60 pg/m? to 70 ug/m? issued in 2013 by the
American Industrial Hygiene Association [44]. The permissible value of ¢, = 100 pg/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
Acj), the value modelling the reference should be taken as zero. Then, the form of the adjusted Wycho
weight in the model described by Equation (11) for air with three pollutants, would be as follows.

Ac; (c -0)
j HCHO
Whcho = = (23)
HEHO = - Acz.3 (ervoc = ceLv) + (cacrHo = 0)
j=2...

The results of the weights assessment for the two variants of the ZIAQquahty 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 ) TAQ’s first variant includes the following:

1.  TheIAQ submodels used so far in References [22,33] for CO, 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, ¢y, for its odor, i.e., above 60 or even 300 ug/m3, can be
used to create IAQ submodels for rooms with volatile and aromatic VOC compounds as well as
for the HCHO equation [50].

exp (2.14-OI - 3.81)
exp (2.14-01-3.81) + 1

PDycno = (24)

However, in the case study building, the maximum concentration of HCHO was 18 pg/m? and,
therefore, its concentration in the air was several times lower than the concentration of the odor
threshold, ¢y, [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”.

PMVicro = ZIOgCg%’iO 25)

This equation links the value of the new unit “the effect of formaldehyde on human comfort”,

called PMVycpo, with its cpycpo concentration (ug/mS) in the air. It covers the range from 10 ug/m3 to

320 ug/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].

PDpicro = 100 — 95-exp(=0.03353-PMV* — 0.2179-PMV?) (26)
The submodel )} TAQ’s second variant includes the following.

i The IAQ(CO,) submodel used so far for CO; 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

(@) The reference curves of IAQI = f(c;) [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 ¢; values
are presented.

(b) Inaccordance with the measured values of cryoc and cycyo, the values IAQItyoc and IAQIycHo
are determined from the functions IAQIryoc = f(c) and IAQIycho = £(¢).

(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 IAQIycHo 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 IAQItyoc
and IAQIycHo 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, crcHo
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 TAQI Value Evaluation crvoc-TVOC (1 h) cucuo-HCHO (1 h)
% - - ppm ug/m? ppm pg/m’
0 0 No risk 0 0 0 0
25 50 Good 031 300 0.012 123
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

! Conversion factors TVOC: 0.3 ppm corresponds to 300 pg/m? [44]. 2 Conversion factors HCHO: 1 ppm corresponds
to 1228 pg/m® [44].
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Figure 7. The percentage of persons dissatisfied function of TVOC (blue line) and HCHO (brown line)
versus concentration.
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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
CO, and TVOC separately, we present in Table 8a the transformed IEQ calculations with the sub-indices
2. IAQ. The results for the individual case study building IAQ subcomponents are taken from Table 5
(for cryoc = 787 pg/m3 and cycpo = 18 }Lg/m3 [22]). The IEQ index with ZIAQquahty 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 Y 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 },TAQ 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(c;), 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 IAQ;,gex, 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 Y. TAQjndex, 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 Wy
for all three models by adjusting the weights based on the concentration values of excess air pollutants
to a value <1.0 for each IAQjngex model. The Ac; 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., cgry or cicr), and in the case of VOC,yqorous, the odor threshold cy, 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 ¢; 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(cTyoc) 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. PD7yoc 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, CO,, 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*ryoc values obtained with both calculation
methodswere very similar. The first variant of Y.IAQ calculation used %PD = f(c;) 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 CO, concentration cannot be used separately for the IAQjngex 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 ) TAQjngex 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 IEQjingex(1) (for Variant 1) were within the interval of combined overall uncertainty,+16.24%,
and the results of the IEQjngex(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 pg/m? (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
Y 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
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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.

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

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

e  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.

e  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.

e AnLGLD 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.

e  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.

e  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.

e  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.

Control Algorithms
Set Points

v
T —
Actuators Sensors

Controlled Measured
Variables -_ Variables

Controlled Process

B — ————
Process Inputs /F Process Outputs
Disturbances

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 x (WM — HL1 — HL2 — HL3 — HL4 — HL5 — HL6) 1)

PPD = 100 — 95 x ¢ 0.03353x PMV*-02179x PMV? ?)

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.

Accident

I'4

Harm

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;
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.

1. Control input or external

information wrong or missing
Controller v

2. Inadequate Control | 3. Process Model
Algorithm (Flaws in creation, | inconsistent,

Inappropriate, process changes, incorrect |  incomplete, or
ineffective or missing modification or adaptation) incorrect

Inadequate or
missing feedback

control action

Feedback delays

3.Inadequate
operation
Incorrect or no
information provided

Actuator

4. Inadequate
operation

Delayed
operation Controlled Process Measurement

inaccuracies
Conflicting 4. Component failures
Controller 2
— P
Process input T Process output
missing or wrong contributes to
Unidentified or system hazard

out-of-range
disturbance

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.
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Requirement

Reliability
Requirement

Scenarios

Safety
Requirement

Scenarios

Reliability
Requirement

l Scenarios

Safety
Requirement
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Reliability
Requirement
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Safety
Requirement

Wrong timing
or order

Scenarios
Stopped too soon

Reliability or applied too long

Requirement
Scenarios

Stopped too soon
or applied too long

Scenarios

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.
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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.

control inputs
from occupants

v

set to X°C

set Fan mode
set Dry mode
set Warm mode
set Cool mode

Performers

indoor
temperature

Sensors

Home Environment

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.
“set OFF” should be provided when the indoor temperature

belongs to (25,28] °C and the Performers System is working in the
Warm mode

Not providing [UCA-1: “set OFF” ot provided when the indoor temperature belongs
to (25,28 °C and the Performers System is working in the Warm mode

1) The Home Gateway is unaware of issuing “set OFF” command

2) Old people or very young people are ot sensitive to
temperature change

3) Occupants do not know how to send “set OFF” command

4) Occupants are careless

“set OFF” should not be provided when the Performers System is
working in the Cool mode and the indoor temperature belongs to
(25,28] °C

Providing [UCA-2: “set OFF" provided when the Performers System is working
in the Cool mode and the indoor temperature belongs to (25,28] °C

“set OFF” should be provided when the indoor temperature increases to

approach 25 °C and the Performers System is working in the Warm mode 1) The Home Gateway mistakenly issued “set OFF” command

2) Occupants are careless

Not providing [ IGA-1: “set OFF" not provided when the indoor temperature increases to

approach 25 °C and the Performers System is working in the Warm mode “set OFF" should be provided immediately when the indoor

temperature belongs to (25,28] °C and the Performers System is
working in the Warm mode

1) The Home Gateway is unaware of issuing “set OFF” command

2) Old people or very young people are not sensitive to temperature
change

3) Occupants do not know how to send “set OFF” command

4) Occupants are careless

UCA-3: “set OFF" provided after the Performers System has been
Wrong fiming | working in the Warm mode for some time when the indoor
‘or order | temperature belongs to (25,28] °C

1) The Home Gateway is unaware of issuing “set OFF” command
at the right time
2) Occupants are careless

Stopped too soon
or applied too fon
“set OFF" should not provided when the indoor temperature increases to P 9
approach 25 °C and the Performers System is working in the Cool mode
“set Cool mode” should be provided when the indoor temperature belongs
t0 (25,28] °C and the Performers System is working in the Warm mode

Providing [|CA-2: “set OFF” provided when the indoor temperature increases to
approach 25 °C and the Performers System is working in the Cool mode
Not providing| UCA-4: “set Cool mode” not provided when the indoor temperature belongs

to (25.28] °C and the Performers System is working in the Warm mode

1) The Home Gateway mistakenly issued “set OFF” command
2) Ocoupants are careless 1) The Home Gateway is unaware of issuing “set Cool mode” command
2) OId people o very young people are not sensitive to temperature
change
3) Occupants do not know how to send “set Cool mode” command
4) Ocoupants are careless

“set OFF” should be provided when the indoor .
increases to approach 25 °C and the Performers System works in the Providing
Warm model set Cool mode Not hazardous

“set Cool mode” should be provided immediately when the Performers
System is working in the Warm mode and the indoor temperature
belongs to (25,28] °C

Wrong fiming| ICA-3: “set OFF" provided after the Performers System has been working
‘or order | in the Warm mode for some time when the indoor temperature increases
to approach 25 °C

1) The Home Gateway is unaware of issuing “set OFF” command at UGAS: “set Cool mode" provided after the Performers System has
the right time

2) Occupants are careless

or order| temperature belongs to (25.28] °C

1) The Home Gateway is unaware of issuing “set Cool mode” command
Stopped & at the right time
e s o 2) Occupants are careless

or applied too long

Stopped too soon
or applied too long

Figure 8. The analysis results for the control action “set OFF”.
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“set to X °C” should be provided when the indoor temperature
increases to approach 25 °C and the Performers System is
working in the Fan mode

“set to X °C” should be provided when the indoor temperature
belongs to (25,28] °C and the Performers System is working in
the Fan mode

ICA-1: “set to X °C” not provided when the indoor temperature
Not providing |increases to approach 25 °C and the Performers System is
working in the Fan mode

UCA-1*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 providing

1) The Home Gateway is unaware of issuing “set to X °C”
command

2) Old people and very young people is not sensitive to
temperature change

3) Occupants do not know how to send *set to X °C” command

4) Occupants are careless

Not inappropriate
Wrong timing| Not inappropriate
or order

Stopped too soon
or applied too long

1) The Home Gateway is unaware of issuing “set to X °C”
command

2) Occupants do not know how to send *set to X °C” command

3) Occupants are careless

settoX °C | Providing| nos hazardous

Not hazardous

Providing

settoX °C

Wrong timing

Stopped too soon
or applied too long

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
The Performers System is capable of adjusting the indoor

Design constraint 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:

e “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:

e  The Performers System should be accurately aware of the indoor temperature change;
e “set OFF” should be provided when needed.
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Table 5. UCAs for the control action “set OFF”.

Hazard: Indoor WBGT temperature is over 28 °C

Stopped Too Soon

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

UCA-3: “set OFF” provided after the

UCA-L: “set OFF" not provided when  UCA-2: “set OFF" provided when the o 0o (0 BEL 0

et OFF the md(:or temperature belongs to Performers System is working working in the Warm mode for some  N/A
(25,28] °C and the Performers System  in the Cool mode and the indoor X .
N . o time when the indoor temperature
is working in the Warm mode temperature belongs to (25,28] °C

belongs to (25,28] °C

Table 6. UCAs for the control action “set to X°C”.

Hazard: Indoor WBGT Temperature Is over 28 °C

Wrong Timing  Stopped Too Soon

Control Action  Not Providing Providing or Order or Applied Too Long

UCA-4: “set to X °C” not provided when the
set to X °C indoor temperature belongs to (25,28] °C and Not hazardous Not hazardous N/A
the Performers System is working in the Fan mode

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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