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Abstract

Thermal comfort impacts occupant health and productivity and is responsible for a
significant portion of the total building energy consumption. However, the compliance criteria in
current standards to assess thermal comfort in a building’s operation phase are mostly based on
a theoretical thermal comfort model (predicted mean vote—PMV) derived from laboratory
studies and lack validation from data in real buildings. The research objective is to use field-based
data to systematically investigate whether current point-in-time and long-term compliance
criteria can reliably predict subjective evaluations of thermal environments. First, an extensive
bibliometric analysis of 146 post-occupancy evaluation (POE) projects introduces the state-of-
the-art and state-of-the-practice of approaches for field data collection. Then, an analysis of
ASHRAE Global Thermal Comfort Database Il demonstrates that tiered PMV classes are not
appropriate for thermal comfort assessment at a point of time, and we proposed a new approach
to derive acceptable temperature ranges as the point-in-time compliance criteria. The derived
acceptable temperature ranges in real buildings using this new method are wider than the
current standards mandate. Last, using continuous thermal measurements and occupant
feedback in four air-conditioned office buildings in Sydney, an assessment of 23 existing and 36
new long-term thermal comfort indices (as the long-term compliance criteria) and their
correlation with the occupants’ long-term thermal satisfaction found that the majority of existing
indices, especially those based on PMV index, had a weak correlation with thermal satisfaction.
The percentage of time outside specified temperature ranges was the best-performing index
from the standards (r = —0.63). The newly proposed index based on the percentage of time that
daily temperature range is greater than a threshold reported the strongest correlation (r =
—0.8) with thermal satisfaction for the used dataset. The results suggest that occupants in real
buildings can accept a wider temperature range at a point of time than expected, and their long-
term thermal satisfaction with a space is dominated by the frequency and severity of
temperature excursions outside an acceptable range and beyond a daily variability threshold.
This research informs future amendments of the point-in-time and long-term compliance criteria

in international standards to reduce energy consumption in building operations.



Lay Summary

Thermal comfort impacts occupant health and productivity and is responsible for a
significant portion of the total building energy consumption. The compliance criteria to define
thermal comfort in current international standards lack validation from data in real buildings, and
this research used field-based data to systematically investigate the validity of these thermal
comfort compliance criteria. The dissertation provided a review of approaches for field data
collection, provided evidence that indicate the invalidity of current compliance criteria, and
proposed new compliance criteria. This research adjusts previous misunderstanding regarding
thermal comfort, and the suggested amendments of the thermal comfort standards can help

minimize unnecessary energy use.
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Chapter 1: Introduction
1.1 Topic

There is an increasing interest in building performance due to an increasing concern for
two important factors: energy consumption and human comfort. Building operations and
building construction combined account for 36% of global final energy consumption and nearly
40% of total direct and indirect CO, emissions [1], 80-90% of which comes from the operating
phase over the buildings’ life cycle [2]. This, together with the increasing ratio of existing buildings
to new constructions, invites particular scrutiny of the operation of existing buildings. In addition
to energy efficiency concerns, there is growing emphasis on buildings that better serve people,
the inhabitants, who spend up to 90% of their time indoors [3]. There is mounting evidence that
indoor environmental quality (IEQ) impacts the occupants’ health, well-being and productivity
[4]. This has driven increasing academic and industry efforts to investigate the relationship

between buildings’ actual performance and human health and comfort.

One of the key methodological tools used to investigate the quality of indoor
environments for building occupants is post-occupancy evaluation (POE), which is defined as
“any activity that originates out of an interest in learning how a building performs once it is built
(if and how it has met expectations) and how satisfied building users are with the environment
that has been created” [5]. IEQ is one of the main evaluation aspects of a POE not only because
health and well-being is relevant to every individual but also because discomfort is likely to cause
lower productivity. In a typical business case, staff costs, including salaries and benefits, account
for about 90% of a business’ operating costs, while energy costs account for 1% and rental costs
account for 9% [4]. This determines that anything that impacts the employees’ ability to be

productive will be a major concern for the managers in commercial buildings.

As one of the main components of IEQ, thermal comfort, defined as “the condition of
mind that expresses satisfaction with the thermal environment” [6], is known to be a key
determinant in the overall evaluation of indoor environments. While its ranked importance
relative to other IEQ factors is debated, it is usually considered as one of the most important [7].

Yet 40% of occupants in office buildings in the US are dissatisfied with their thermal environment
1



[8]. Thermal comfort has been classified as a “basic” requirement for occupants, meaning it
contributes overwhelmingly to dissatisfaction when it is lacking but little to positive satisfaction
when it is acceptable [9]. Thermal comfort is also known to interact with other IEQ factors such

as indoor air quality [10,11].

The provision of thermal comfort by the heating, ventilation and air conditioning (HVAC)
system accounts for a significant proportion of the total building energy consumption, e.g., 39%
in Australian office buildings [12], 44% in U.S. commercial buildings [13], 48% in U.S. homes [14],
and 61% in Canadian residential and commercial buildings [15]. The demand for air conditioning
is predicted to increase as a result of global warming, economic growth, and swelling populations
in emerging economies in hot climates such as India—the International Energy Agency predicts
the number of air-conditioners worldwide to total 5.6 billion units by 2050 from 1.6 billion units
today [16]. In light of all the evidence above, it is clear that thermal comfort plays an important

role in efforts to improve IEQ and reduce energy consumption.

To achieve thermal comfort, buildings are designed with envelope systems (roof, walls,
windows, and doors) that aim to provide relatively stable indoor climates compared to the
outdoor environments. The principle of Passive House is to use continuous highly-insulated
envelopes to minimize heat losses and achieve energy-efficiency [17]. While the Passive House
approach is gaining interest, not many buildings in Canada have been certified as Passive House.
Most of current Canadian buildings continue to rely heavily on the HVAC systems to regulate

indoor temperature, humidity, and air quality.

In practice, building managers control the HVAC systems to provide an indoor
environment that is predicted to satisfy the majority of the occupants. Thermal comfort
standards, such as ASHRAE 55 [6], ISO 7730 [18], and EN 16798 [19], have set compliance criteria
to assess an acceptable thermal environment based on physical parameters as a proxy for the
subjective comfort, which in general can be classified as two types—point-in-time compliance
criteria and long-term compliance criteria. The majority of these compliance criteria are based
on the dominant steady-state heat balance thermal comfort model—the predicted mean vote

(PMV) proposed by Fanger in 1970 [20].



The PMV model considers six input variables—air temperature, mean radiant
temperature, air velocity, relative humidity, clothing insulation, and metabolic rate—to
determine the predicted mean thermal sensation vote (TSV) of a group of people on a seven-
point scale (-3 = Cold, -2 = Cool, -1 = Slightly cool, 0 = Neutral, 1 = Slightly warm, 2 = Warm, 3 =
Hot). Most standards bodies consider occupants voting cold, cool, warm or hot as thermally
dissatisfied. This relationship between sensation and satisfaction is captured by the predicted
percentage of people dissatisfied (PPD), which is calculated using PMV. The PMV model was
developed using data collected in climate chamber studies where human subjects were surveyed
under controlled thermal environments. However, difficulties in estimating the personal factors
(metabolic rate and clothing insulation), the variances in environmental factors (air temperature,
mean radiant temperature, air velocity, and relative humidity), and the fact that steady state
rarely occurs in daily life, led to observed inaccuracies of PMV model in predicting people’s
thermal sensation in real buildings over the past decades [21,22]. The discrepancy between the
predicted and the actual TSV is particularly large in non-air-conditioned buildings, i.e., naturally
ventilated buildings. This observation led to an extension of the PMV model by including an
expectancy factor for use in non-air-conditioned buildings in warm climates [23] and the proposal
of the adaptive comfort model [24-26] for use in naturally ventilated buildings. The adaptive
comfort model suggests a range of acceptable indoor operative temperatures based on
prevailing mean outdoor temperatures with the theory that occupants can adapt to their
environment. Current thermal comfort standards generally suggest using the PMV model for air-
conditioned building design and the adaptive comfort model for naturally ventilated building
design. For mix-mode buildings with mechanical heating and cooling systems and operable
windows, there is no explicit rule in current standards, but in practice, the PMV model is often

used for their HVAC design.

The point-in-time compliance criteria are used to assess the level of thermal comfort at
a single point of time in post-occupancy phase. The Analytical Comfort Zone Method in ASHRAE
55:2017 [6] sets the comfort range as -0.5 < PMV < 0.5, corresponding to 80% acceptability based

on 10% whole body dissatisfaction from PPD, plus an assumed additional 10% local



dissatisfaction. ISO standard 7730:2005 [18] prescribes three classes of thermal comfort as the
compliance criteria: Class A (PMV %0.2), Class B (PMV %0.5), and Class C (PMV 0.7). EN
16798:2019 [19] adopts the same three classes (but named Class |, I, and Il respectively) for

mechanically conditioned buildings.

The long-term compliance criteria are a number of long-term comfort evaluation indices
that can be calculated from either physical measurements or simulated conditions to assess a
thermal environment over time e.g. a year and estimate occupant satisfaction. Most of these
indices are based on the PMV model, e.g. the percentage of time that PMV is outside the specified
range, weighted PPD, average PPD, etc. Current thermal comfort standards do not mandate
continuous monitoring of the existing buildings and suggest the long-term comfort indices to be
informative only. However, with the aforehand mentioned concerns of energy consumption and
human comfort, evaluation in the operation phase—specifically physical long-term monitoring

of built environments—has become imperative.

1.2 Problem

A general problem of these compliance criteria is that they were based on the theoretical
PMV model derived from laboratory studies and they lack validation from data in real buildings.
Inappropriate compliance criteria may lead to profligate operating energy use without
necessarily ensuring occupant satisfaction. Scrutinizing how we define acceptable thermal

environments is as important as, if not more important than, improving technology efficiencies.

The tiered PMV classes imply that a narrower PMV range ensures higher thermal
satisfaction. Yet the comprehensive analysis of three databases of field studies by Arens et al.
[27] showed that Class A (1) does not ensure any satisfaction benefit in office buildings. In fact,
pursuing narrower PMV ranges in offices promotes the widespread use of air-conditioning,
leading to a higher chance of sick building syndrome and increased energy costs and greenhouse
gas emissions [28]. d’Ambrosio Alfano et al. identified one of the challenges in operationalizing
the tiered PMV classification to be that the widths of PMV ranges required in ISO 7730 and EN

16798 are close to the measurement uncertainty of common sensors, making classification a



random operation in many instances [29]. Despite these concerns and evidence, the tiered PMV

classes remain in use for point-in-time assessment.

The long-term compliance criteria in standards have gained less attention compared to
the point-in-time compliance criteria. One of the main reasons is that the prohibitive cost of
installing and maintaining environmental sensors for continuous monitoring has limited the main
application of long-term indices to the outputs of building performance simulations performed
during the design phase. Existing long-term indices were proposed in line with the PMV model to
increase their robustness and usefulness, but surprisingly, these long-term indices have never
been validated using continuous monitoring data from real buildings nor occupant feedback. If
the long-term indices in standards are not effective predictors of actual long-term thermal
comfort, they will not be able to assess the true long-term thermal performance of a building.
There is a need to validate their usefulness to ensure they do not promote wasteful HVAC

operation strategies without meaningfully improving occupant comfort.

1.3 Research questions

The question of the validity of current thermal comfort compliance criteria echoes the
fundamental question in thermal comfort research: what thermal conditions are acceptable or
desirable to occupants in real buildings? The following three research questions are needed to

answer the fundamental question.
1. How do we collect data in post-occupancy phase to assess thermal comfort?
a. What is the place of thermal comfort measurements in POE?
b. What are the current practices for thermal comfort measurements?

2. How should we assess thermal comfort at a point of time in post-occupancy phase

based on collected physical measurements?
a. Are PMV classes appropriate point-in-time compliance criteria?

b. If not, what are other potential point-in-time compliance criteria?



3. How should we assess the general thermal comfort over a long period in post-

occupancy phase based on collected physical measurements?

a. Are the existing long-term indices able to reliably predict long-term subjective

evaluations of thermal environments?

b. If not, are there other indices that could be proposed to improve long-term

performance metrics?

Although studies exist that assess thermal comfort only, in more cases, thermal comfort
is assessed as part of IEQ, which is also one aspect of POE. Therefore, to answer the first research
guestion, a review of POE was conducted to provide a more thorough background for thermal
comfort assessment. To answer the other two research questions, secondary data analyses were
conducted using the thermal measurements in real buildings to assess the relevant compliance

criteria.

1.4 Dissertation structure and methodology

This dissertation follows a manuscript format: the body of the thesis is comprised of three
published or submitted peer-reviewed journal papers. Each paper forms a stand-alone research
activity towards the aims of the larger research project. The introduction chapter of the
dissertation briefly outlines the research topic, problem, and objective, and provides an overview
of the dissertation. Each subsequent chapter describes the details of the stand-alone research
activity following the structure of introduction, methods, results, discussion, and conclusion;
these are slight modifications from the published versions. Finally, the conclusion chapter
summarizes the findings from the three papers and clarifies the contributions and impact of this

doctoral research.

The three main chapters of this dissertation (i.e. the three journal papers) are thematically
related by their shared objective of investigating thermal comfort compliance criteria (Figure 1-1).
Compliance criteria define whether the thermal environment of an indoor space is acceptable
based on physical measurements. Post-occupancy evaluations involve collecting the requisite

physical and subjective data to conduct this assessment of thermal comfort in buildings.

6



Therefore, POE datasets can be used to determine the accuracy of thermal comfort compliance
criteria found in international standards. Paper 1, the review of POE, sets up the background for

Paper 2 and Paper 3.

Literature Review
Bibliometric Analysis

Post-Occupancy Evaluation

Paper 1 i
assy (Paper 1) validate Point-in-time
(Paper 2)

Acceptable defifie
Thermal Compliance Criteria Secondary Data Analyses
Environment
Long-term
(Paper 3)

Figure 1-1 Conceptual relationships between the body of work

Paper 1 starts with a qualitative literature review and a quantitative bibliometric analysis
of POE to provide a thorough background of the research activity during the post-occupancy
phase of buildings. This review includes the history, geographic distribution, purpose, and tools
used in previous POE projects, as well as a summary of emerging POE topics and a discussion of
future trends. In particular, this paper introduces the methods used to measure thermal comfort
in real buildings which helps understand the data collection process in Paper 2 and Paper 3. In
most IEQ-related POE projects, researchers place measurement instruments in real buildings for
a few minutes (point-in-time measurement) and simultaneously ask occupants at the
measurement location about their right-now satisfaction with the indoor environment (snapshot
survey). Another emerging practice is to develop integrated IEQ sensors and place them in
various locations for at least one year. The sensors measure |EQ factors including thermal
parameters at a-few-minute intervals and transmit the data to a cloud database. There are also

standardized occupant survey to ask occupants’ general satisfaction with IEQ factors.



The matched point-in-time physical measurements and subjective evaluations can be
used to investigate the validity of thermal comfort point-in-time compliance criteria. Paper 2
applies data analysis techniques to the open-source ASHRAE Global Thermal Comfort Database
11 [30] of over 100,000 field measurements in 23 countries and demonstrates that the tiered PMV
classes are not appropriate point-in-time compliance criteria. Then, it recommends a new data-
driven method for deriving new point-in-time compliance criteria—acceptable temperature
ranges—after comparing two methods from a methodological perspective. Finally, the newly
derived acceptable temperature ranges are compared with the comfort temperature ranges
recommended by ISO 7730 and EN 16798 standards. Beyond the investigation of point-in-time
compliance criteria, this work attempted to understand what environments in real buildings are

acceptable to occupants at a single point of time.

Any investigation of long-term compliance criteria requires continuous long-term thermal
measurements and retrospective surveys. Paper 3 conducted correlation analyses between the
calculated long-term thermal comfort indices (23 existing indices and 36 newly proposed indices)
from continuous IEQ data and the subjective metrics calculated from a POE survey to test the
validity of existing long-term compliance criteria and propose new long-term compliance criteria.
This analysis was done in collaboration with the IEQ laboratory at The University of Sydney who
provided access to their Sentient Ambient Monitoring of Buildings in Australia (SAMBA) database
[31] and Building Occupants Survey System Australia (BOSSA) database [32], both of which will
be introduced in detail in a later chapter. Issues observed during the data analysis and the
implication of the results are discussed as well. This work not only informs standards’
amendments but also helps to understand what conditions leave lasting impressions on

occupants’ sense of general thermal comfort over time.

The three papers answer the three research questions respectively and together answer

that what thermal conditions are acceptable or desirable to occupants in real buildings.



Chapter 2: Paper 1—Review of Post-Occupancy Evaluation
2.1 Introduction

Energy consumed in the building sector accounts for 20.1% of the total delivered energy
consumed worldwide and is expected to increase by an average of 1.5% per year from 2012 to
2040 [33]. This impact is much higher in the U.S., where the building sector is estimated to
account for approximately 40% of total U.S. energy consumption [34]. In addition, people spend
almost 90% of their time indoors [3], and there is overwhelming evidence which demonstrates
that the indoor environment impacts the health, wellbeing and productivity of the occupants
(summarized in [4]). Post-Occupancy Evaluation (POE) is a general approach of obtaining
feedback about a building’s performance in use, including energy performance, indoor
environment quality (IEQ), occupants’ satisfaction, productivity, etc. Previous work has
introduced and reviewed POE [35-40] but has lacked a quantitative analysis of POE
characteristics, applications, and trends. This chapter presents a comprehensive and critical
review to provide both a qualitative and a quantitative assessment of the state-of-the-art of POE
projects and methodologies, including an evaluation of current research and potential future

trends.

2.2 Methods

The methods involved in this chapter include a traditional literature review to understand
the background of POE and a bibliometric analysis of 146 POE projects, including a descriptive
statistical analysis of the types and countries of the buildings assessed to show the focuses of
POE research, a content analysis of the purposes of the projects to develop a taxonomy, and a

descriptive statistical analysis of the methods used to show the trends.

During the bibliometric analysis phase, searching “post-occupancy evaluation” in the topic
field (which includes title, abstract, and key words) in the Web of Science index generated 382
results as of September 2017. The blue line in Figure 2-1 shows that the number of POE-related
publications increased dramatically around 2010. Therefore, we decided to review the 269

publications from 2010 to 2017, which represent the majority and more recent POE studies. Out
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of the 269 publications, we identified 146 POE projects (the orange line in Figure 2-1) and
recorded the key information of those POE projects in Excel for later statistical analysis in
Tableau. A “POE project” refers to a research project or practitioner investigation of building(s)
in the real world using POE methods. We excluded publications that were reviews rather than
original research, not in English, not available online, or not for buildings (e.g., landscape, park,
garden, a single system, etc.). A “POE project” can investigate more than one building and can be
described in more than one publication. As long as the publications described the same POE
results of the same building(s) (but perhaps from different perspectives), we counted those
publications as one project. In any project where questionnaires were distributed to a large set
of people without specifying how many buildings were assessed, we attributed only one building

to this project.

POE Literature Search
(Web of Science Search Results,
"Post-occupancy evaluation", as of Sept. 25th, 2017)

60
50
40
30
20
10

0

1975 1980 1985 1990 1995 2000 2005 2010 2015

—8— No. of Publications  —®—No. of Projects

Figure 2-1 Number of POE publications and POE projects

2.3 Results
2.3.1 Relationship between POE and green building certification systems

To a large degree, the building industry’s transition towards energy savings and better
indoor environments has been driven by the increasing adoption of green building certification

systems, or at the very least, by the way in which these systems impact design conversations
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(whether or not certification is actually pursued). Worldwide, at least 150 tools (i.e., green
building rating systems) and methodologies for building assessment and benchmarking have
been reported to date [41]. However, the questions of whether certified buildings save energy
or not [42-45] and whether certified buildings provide better IEQ or not [46-51] are being
debated at length in the literature. Towards this end, POE has taken on increasing importance in

the context of studying buildings that have pursued various green building certification.

For the most part, certification systems are primarily used in the design phase, even
though some certifications require on-going measurement and verification during the operation
phase. However, the most important indicators of whether a building is green or not should be
its actual performance, not simply design intent, but this is only addressed in a few of the rating
systems. POE is therefore an essential tool to help verify whether these buildings are performing

as intended.

There are several examples of certification systems based on actual performance, rather
than modeled or anticipated performance, where some aspects of POE play a role in their
process. The Living Building Challenge is particularly noteworthy for this; projects must be
operational for at least 12 consecutive months prior to the final audit for certification [52]. The
WELL Building Standard also has large parts based on in-use building conditions. An authorized
WELL Assessor will usually spend one to three days in the building to validate the project’s design
documentation and to complete a series of performance tests, spot-checks and measurements
spanning all WELL Concepts [53]. BOMA BEST, a voluntary program designed by industry for
industry, is Canada’s largest environmental assessment and certification program for existing
commercial real estate [54]. After the applicant completes a self-assessment questionnaire
online, a third-party will conduct an on-site visit to verify the answers and review the energy and
water data, as well as other documents; however, they are not required to conduct any on-site
measurements. The Sustainability Tracking, Assessment & Rating System™ (STARS®) is a
transparent, self-reporting framework for colleges and universities to measure their
sustainability performance, created by Higher Education for Higher Education in the US beginning

in 2010 [55]. An institution completes the STARS report online and submits it to the Association
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for the Advancement of Sustainability in Higher Education (AASHE), and then an AASHE staff
reviews portions of each report for accuracy and consistency. No further third-party verification
or on-site visit is required. The National Australian Built Environment Rating Scheme (NABERS) is
a national initiative managed by the Australian government that addresses the in-use energy
efficiency, water usage, waste management and indoor environment quality of a building or
tenancy and its impact on the environment [56]. The users can either use the free online
calculator to get an idea of how well their building is performing or seek an accredited NABERS
rating by finding a NABERS Accredited Assessor, who will collect and verify all the data for a rating

according to the NABERS rules or validation protocols.

As noted, only a few rating systems involve the measurement of actual performance and
the requirement of third-party verification is varied and limited. Thus, POE is important and
necessary to capture the actual performance of the buildings. While POE can be a part of a green
building certification system or can be used in conjunction with certification systems, it is a

distinct approach and set of techniques and it can be used for non-green buildings as well.

2.3.2 History, definition and benefits of POE

An extensive literature review [57] stated that the history of modern-day POE methods
dates back to the 1960s, although not all the studies conducted then were called POE. In the
1960s, Sim Van der Ryn of the University of California, Berkeley, and Victor Hsia of the University
of Utah conducted a systematic assessment of university dormitories from the occupants’ point
of view. Around the same time in England, Peter Manning of the University of Liverpool
conducted a study of the physical environment and emotional sensations experienced by people
within office buildings [58]. The first publication with the term “POE” in the title was authored by
Herb McLaughlin of KMD Architecture in San Francisco in the AlA Journal issue of January 1975.
Other pioneers in the 1960s-1980s include Thomas A. Markus [59] of the University of
Strathclyde, the UK, David Kernohan and his colleagues [60] at the Architecture Research Group,
Victoria University of Wellington, New Zealand, and Gerald Davis [61] at the International Centre
for Facilities in Ottawa, Canada. The concept and terminology became more mainstream when,

in 1988, Preiser, Rabinowitz and White wrote a POE textbook, where POE was defined as “the
12



process of evaluating buildings in a systematic and rigorous manner after they have been built
and occupied for some time” [62]. Book “Building Evaluation Techniques” by George Baird et. al.
in 1996 introduced 120 evaluation concepts, techniques and tools in terms of “how to do” POEs
[63]. As POEs become broader in scope and purpose, in 2002 an industry-accepted definition of
POE was stated as “any activity that originates out of an interest in learning how a building
performs once it is built (if and how it has met expectations) and how satisfied building users are

with the environment that has been created” [5].

In 1997, the concept of POE was expanded upon, when Preiser and Schramm proposed
an integrated framework of building performance evaluation (BPE). In this framework, POE
represents only one of the six internal review loops (Figure 2-2). BPE focuses on the entire life of
the building, from planning, programming, design, construction, occupancy, to adaptive re-use
or recycling. Although there is a trend to regard BPE as a new name for POE (and in some
literature the definition of BPE is exactly the definition of POE), we acknowledge the difference
between POE and BPE and will only focus on POE in this paper (i.e., the occupancy phase of a

building’s life cycle).

Demgn
evnew

Blilding|performancelEValuationl(BRE)Jerocessiviodel

Figure 2-2 Building Performance Evaluation (BPE) process model (Source: Preiser 2005 [57])

13



POE plays an important role in the life-cycle of a building: feedback. It offers a wide range
of activities and benefits, including: assessment of building performance, exploration of
relationships between inhabitant behavior and building resource use, optimization of the indoor
environment for inhabitants, more informed decisions about future building design, and

opportunities to enhance the dialogue within design teams and their partners [64,65].

2.3.3  Analysis of POE Projects

This section describes the quantitative and qualitative analysis of the 146 POE projects.

2.3.3.1 Buildings assessed: types and countries

Starting with the list of building types on Wikipedia, we modified the categories slightly
(e.g., separated offices from the more general category of commercial buildings) with the aim of

showing the research focuses clearly. In this paper, building types are defined as follows:

e Commercial building: including supermarkets, clubs, convention centers, etc.

e Office: including office buildings and those mixed-use commercial buildings where the
focus of the POE research was the office area.

e University building: including sport center, canteen, cafeteria, and others with
multiple functions in universities.

e Educational building: including kindergarten, school, preschool, childcare, library, and
gallery.

e Medical building: including hospital, healthcare, and cancer support center.

e Residential building: including house, apartment, flat, dwelling unit, villa, and
dormitory.

e Transport building: including railway station and airport terminal building.

e Government building: including court, museum, and post office.

In many cases, a POE project evaluated more than one building. Thus, Figure 2-3 shows
both the number of projects and number of buildings, organized by building type. We found that

residential buildings were the most popular research targets, followed by office, university
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buildings and educational buildings. This is not a surprise since these buildings are where people

spend most of their time: living, working, and studying.

Building Type
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Figure 2-3 Number of POE projects and number of buildings per type of building

POEs for different types of building are often very different in terms of both their purpose
and methodology. POEs of residential buildings often focus on occupants’ experience and use of
facilities, and therefore, almost every project would use an occupant survey or interview as the
research method. POEs of office buildings are typically interested in occupants’ comfort and
productivity, and the more sophisticated of these would utilize both a survey and physical
measurements of IEQ. POEs of university building are variable but, depending on the objective,

could be similar to the POEs of either office or residential buildings. POEs of kindergartens and
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schools usually focus on the efficiency of teaching activities, sometime including the analysis of
children’s behaviors, and thus, observation is the key component of the methodology. POEs of
medical buildings are typically quite distinct from other POEs: on one hand, they use variable
methods to evaluate the general user experience (e.g., accessibility and wayfinding); on the other
hand, medical buildings have strict requirements on IEQ (e.g., sound insulation and indoor air

quality (IAQ) of wards, which would require in-situ physical measurement of IEQ).

We also recorded the country in which the buildings were assessed, again in terms of both
number of projects and number of buildings. Figure 2-4 and Figure 2-5 show that the UK, the US,

China, Australia, Canada and Malaysia are more active in POE research.

Figure 2-4 Number of POE projects per country
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Figure 2-5 Number of buildings assessed per country

2.3.3.2 Purposes

POE projects are conducted for numerous purposes. Preiser, in 1995, classified three
levels of POE: indicative, investigative and diagnostic [66]. In 2008, Hadjri and Crozier stated that
“the overarching notion of the purpose of POE is to facilitate the accumulation of
information/knowledge that can be subsequently utilized to improve the procurement of
buildings to the benefit of all the stakeholders involved” [38]. Although much has been written

about POE, the literature still lacks a systematic review and nuanced typology of the purposes.

We used voyant-tools.org to analyze the word frequency of the recorded purposes of the
146 projects (Table 2-1). The word frequency test shows that POE projects aim to evaluate,
assess, or investigate the buildings’ performance, for the purpose of learning about occupant
response, energy use, physical IEQ, performance of specific design features, etc. Some of these

words were simply describing the process, while others were more focused on what the
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investigators were trying to learn. In making this distinction, we propose a hierarchy to categorize

the POE purposes as summarized in Table 2-2, and described further below.

Table 2-1 Top 20 frequent words in the purposes of POE projects

Frequency Rank Word Count Frequency Rank Word Count
1 building(s) 46 11 use 14
2 performance 27 12 design 13
3 occupant(s) 24 13 investigate 13
4  evaluate 20 14 comfort 12
5 energy 19 15 quality 12
6 environment(al) 19 16 green 10
7 user(s) 19 17 IEQ 10
8 satisfaction 18 18 post 10
9 assess 14 19 occupancy 10

10 indoor 14 20 thermal 9

Table 2-2 Classification of POE Purposes

Purposes Description with examples from the literature

Level 1: Direct Purposes

Evaluate Design To examine design innovations [67], design features for certain group of occupants [68—

70], or the design process of a project [71].

Evaluate Occupants  To evaluate occupants’ comfort, satisfaction, well-being, or health [72-76]; investigate
the factors that affect their satisfaction [77—80]; understand their opinions or experiences
of a space [81-84]; assess their productivity [85,86]; understand occupant behavior [87-
91]; assess occupant opinions of green building rating tools [92,93]; or evaluate the

sociality of occupants [94].

Evaluate Energy To understand the energy use, usually in a case with energy retrofit, renovation, or
Performance energy-saving strategy [95—97]; or for benchmarking [98].
Evaluate IEQ To measure one or more physical characteristics of IEQ: thermal condition [99,100],

lighting [101,102], indoor air quality [103], acoustics [104].

Evaluate Facility To assess the quality and functionality of facilities [105—-108], safety performance [109],

or to inform the maintenance management [110,111].
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Purposes

Description with examples from the literature

Level 2: Indirect Purposes

Identify issues

To find functional failures or defects [112,113], investigate overheating risk [114-116],

expose issues related to occupant control [117], etc.

Inform future

To provide suggestions for future refurbishment/retrofitting projects [118] or design

projects [119].

Improve POE To inform the development of a POE methodology/software [120,121] or the
method development of a component of POE such as questionnaire [122,123]

Impact To provide basis for guidelines/standards for IEQ such as lighting design [124-127] or to

standard/criteria

test the existing green building standards [128,129]

Evaluate Technology

To assess the effectiveness of certain technology, i.e., mixed-mode air conditioning [130],
‘passive downdraught evaporative cooling’ [131], mechanical ventilation systems with

heat recovery [132], natural ventilation [133], an integrated facade [134], etc.

Validate models

Use actual data to validate thermal comfort model [135], glare probability model [136],

energy model [137], etc.

Level 1, “Direct Purpose”, includes the direct evaluation, measurement, or assessment of

the topic in question, including the design, occupants, energy performance, IEQ and facilities. A

POE project could, and usually does, have several level 1 purposes, e.g., investigate effects of IEQ

on occupants’ comfort [138,139], reveal relationships between human factors and IEQ

satisfaction [140], evaluate the impact of design features on well-being outcomes [141], etc.

Figure 2-6 shows the concurrence of level 1 purposes, where the area of the circles and

intersections indicate the relative number of projects found in this literature review. The most

common focus of a POE evaluation is on the occupant, followed by IEQ, energy, design and

facility.
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Figure 2-6 Venn Diagram of POE Direct Purposes

Level 2, "Indirect purpose”, relates to the question “why POE”, or what ultimate impact is
one trying to have. A project could have more than one indirect purposes as well. By evaluating
one or more aspects of a building, a POE project usually aims to contribute to a body of
knowledge about the individual building or, ideally, to generalize lessons learned for a broader
application. These could include identifying issues, design strategies, or problems that affect
building performance, influencing future projects by helping design teams and owners make
more informed decisions, improving future POE methods, impacting building standards or green

rating systems, evaluating the effectiveness of technologies, or validating predictive models.

Of the projects we investigated, nearly 30% were intended for some sort of comparison,
although we did not categorize comparison as its own separate purpose. Of these: 12 projects
compared the actual performance to predicted performance from models, simulation or targets;
16 projects involved comparison between green building performance and non-green building
performance (including specific features such as natural ventilation); six projects compared
occupants’ satisfaction to benchmark results; and five projects compared IEQ measurements to
standard requirements. Other comparisons included pre- vs. post-retrofit, and new vs. old homes

or facilities.
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2.3.3.3 Methods

POE methods can broadly include energy and water assessment, IEQ physical
measurements, occupant survey questionnaires, focus group meetings, structured interviews,
visual records, walkthroughs, and technical measurement of building structure, services and
systems [35,37]. A few projects used window opening sensors or GPS-enabled mobility tracking
to study occupant behaviors. For the 146 projects studied, we used the following categories to

track the use of the most common methods:

e Subjective methods

a. Occupant survey: including standardized occupant satisfaction survey,
thermal comfort survey, visual comfort survey, and in most of the cases,
customized surveys. These can include questions that inquire about “how
do you feel right now” or “general satisfaction”.

b. Interview: including structured or semi-structured interviews and focus
group meetings, usually with occupants, sometimes with experts.

c. Walkthrough: including expert tours meant to identify issues, usually along
with photo/video recording, design/condition checklists, and observation
forms.

e Physical measurements

a. |EQ in-situ measurements:

i. Thermal condition (infrared thermal imaging, sensors/meters for
temperature, relative humidity, air velocity, etc.)

ii. Lighting (illuminance and luminance meters, high dynamic range
(HDR) imaging cameras)

iii. 1AQ (sensors for CO, TVOC, formaldehyde, CO, respirable particles,
etc.)

iv. Acoustics (sound level meters, reverberation test)

b. Energy: assessed via audit, sensors, meters or bills.

Water: assessed via meters or bills.
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Figure 2-7 Percentage of projects that used certain method (note that most projects used more than one method)

As Figure 2-7 shows, occupant survey is the most widely used method (81.51% of
projects), probably because it could help quantify subjective opinions through the use of
guestions with scaled responses, and then benchmark the results. In general, subjective methods
like walkthrough, interviews and surveys (which might include qualitative, open-ended
guestions) are more commonly used because they are inexpensive (no need for equipment
associated with physical measurements) and they can help identify problems quickly. When the
researchers walk through the building, they can better relate and understand the occupants’
perspective to the context for which they are responding to a survey. But challenges do exist for
these subjective methods, e.g. incomplete surveys, participants’ misunderstanding of the
guestions, potential recall biases in answers, etc. In terms of IEQ in-situ measurements, 42.47%
of the projects measured thermal conditions, while only 13.70% of the projects measured
acoustic condition, which substantiates a common understanding in the industry that acoustics
is a relatively “ignored” area of IEQ. However, even fewer projects (less than 10%) measured
water consumption, and there is not much attention paid to energy (only 26% of projects
calculated energy consumption). This is most likely simply a result of the literature review

methods, where we used “post-occupancy evaluation” as the key word, and many research
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projects that evaluate energy performance separate from occupant issues will not likely use that

phrase.

In order to explore the trends in the use of these methods, we plotted the percentage of
projects that used each of the methods every year (Figure 2-8). No explicit trends were
recognized except for energy measurement and survey. As Figure 2-8 shows, energy is fading
from POE research, again perhaps just representing a trend in the term “POE” being used for such
research. In contrast, the occupant survey is gradually becoming a must for a POE project,
confirming that there is increasing attention being paid in the building industry on issues of
occupant health and wellbeing. In addition, while water and acoustics measurements are the
least used methods, it seems that the attention on acoustics is increasing in recent years while
that on water is decreasing. Nevertheless, these trends are not statistically significant, and this

variability may relate largely to the sets of keywords selected for this literature review.
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Figure 2-8 Trends of the usage of POE methods
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Ethics and privacy are serious concerns in POEs, especially with the subjective POE
methods that are human participants-related. An ethical review is necessary before any human-
related research. The ethical review processes differ across countries and institutions, but a book
by Wagner et al. [142] provided general guidance for ethical review applications including issues
in recruitment, risk identifications, data storage, informed consent, etc. Anonymous
guestionnaire is common practice to protect participants’ privacy but anonymous data collection
can be difficult in research that needs to identify participants, e.g. pre and post comparisons,

effects on or of gender and age, etc.

2.3.3.4 POE protocols

Some of the papers we reviewed examined the overall performance of the building—
including energy, occupants, IEQ and more—with a systematic methodology. For these studies,

III

we call the package of POE methods a “protocol”, and Table 2-3 provides a brief comparison of
16 existing POE protocols we found from the literature and in practice. The “year” either means
the year in which the protocol was first developed or the year of the first related publication (if

the year of development is unknown).
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Table 2-3 A comparison of current POE protocols

POE protocol Ref. Year Developer Country Building Aspects Evaluated Notes
Type
Post-Occupancy  [143- 1995 Energy for UK Office, e Energy audit by Office Assessment Method e Methods used may
Review of 145] Sustainable University, (OAM) be different for the
Building Development, Educational, BUS occupant survey 23 case studies.
Engineering William Bordass Medical, Design and Construction e One report for one
(PROBE) Associates, Government Maintainability case study.
Building Use Control Issues
Studies, Target Review of performance
Energy Services
CBE Building [146], 2000 Center for the us Office, Occupant IEQ satisfaction survey about e Web-based survey
Performance [147] Built University, thermal comfort, air quality, acoustics, with online reporting
Evaluation (BPE) Environment Government lighting, cleanliness, spatial layout, and e Software and
toolkit (CBE) at UC office furnishings hardware to support
Berkeley Indoor Climate Monitor (ICM): device with PMP-based IEQ
sensors for COy, illuminance, globe analysis
temperature, air velocity, dry bulb e GlIS-enabled floor
temperature, and RH plan maps
Portable UFAD Commissioning Cart (PUCC): e Scorecard and report
measure T at many levels for a space that is generation tool
conditioned by a stratified system such as
an underfloor air distribution system
(UFAD)
Sound level pressure meter
Cost- effective [148, 2000 National Canada Office A cart-and-chair system to measure sound e 779 workstations in
Open-Plan 149] Research Council level, T, RH, air movement, CO, CO, total nine buildings

Environments
(COPE)

Canada

Followed by many
reports and analyses
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POE protocol Ref. Year Developer Country  Building Aspects Evaluated Notes
Type
hydrocarbons, methane, and illuminance
for about 10 minutes
e Night measurement of illuminance and
Speech Intelligibility Index
e A 27-item occupant satisfaction survey
Health [150, 2002 14 organizations  Europe Office, e Inspection checklist e The database of 164
Optimization 151] in nine European Residential e Interviews with building managers buildings, conclusions
Protocol for countries e Occupant IEQ satisfaction survey and guidelines are
Energy-efficient e Measurements of chemical, biological and available on its
buildings (HOPE) physical parameters website.
NEAT [127, 2003 Center for us Office o Electricity and gas bills o NEAT cart provides
1521 Building o |EQ snap-shot: NEAT cart to measure T, RH, automatic data
53] Performance and CO,, CO, PM and TVOC; hand-held sensors logging.

Diagnostics at
Carnegie Mellon
University

to measure light levels, radiant
temperature, air velocity, and noise level
Occupant: Cost-effective Open-Plan
Environments (COPE) environmental
satisfaction questionnaire, a long-term
survey, and interviews

Technical Attributes of Building Systems
documenting

Thermal envelope evaluated by
thermographic camera

e NEAT interface has
been developed.
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POE protocol Ref. Year Developer Country  Building Aspects Evaluated Notes
Type
Whole Building [154] 2005 Pacific us Office e Water e Published the second
Cost and Northwest (federal e Energy version in 2009
Performance National buildings) e Maintenance & Operations e Recommend data
Measurement Laboratory ¢ Waste Generation and Recycling visualization charts
e |[EQ ¢ Disclose the selection
e Transportation criteria of the metrics
e For each aspect above, metrics are
identified as required and optional.
o Building and Site Characteristics are
collected first to filter buildings, allowing a
valid comparison.
EcoSmart [155] 2005 Stantec Canada Office e 14 Components: e Available in Excel

Consulting Ltd.
(formerly Keen
Engineering)

Kick-off discussion with Owner, Kick-off
discussion with design team, Energy
Consumption, Water Consumption,
Information from building operator,
Information from Occupants (web-based
survey), Information from Occupants
(Qualitative), Washroom and Washroom
Fixture Evaluation, Indoor Air Quality
Measurements, Lighting Measurements,
Acoustic Measurements, Thermal Comfort
Measurements, Wrap-up discussion with
design team and occupant representatives,
Process Reflection and Conclusions.

format

e For each component,
the protocol defines
whether it is required
or optional, explains
the purpose, the
evaluator skills,
participants in
discussion, time
required, and cost.

e CBE occupant
satisfaction survey
and CBE operator
survey are
recommended.
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POE protocol Ref. Year Developer Country  Building Aspects Evaluated Notes
Type
Performance [156] 2010 ASHRAE, USGBC, US Office, e Energy and water use e Articulates what
Measurement CIBSE Commercial e |IEQ measurements: thermal comfort, should be measured,
Protocol (PMP) acoustics, IAQ, lighting/daylight measurement
e Occupant surveys: CBE survey is methods and their
recommended. cost, recommended
e Three levels—Basic (indicative), indicators, industry
Intermediate (diagnostic), and Advanced standards, and
(investigative). Each level measures the six benchmarks.
aspects to different details.
Creative Energy  [121, 2010 University of UK Residential e Electricity (individual power circuits and Every CEH house has
Homes (CEH) 157] Nottingham appliance meters), water use, energy and smart monitor system
heat meters and display screens
e |EQ monitoring: sensors for T, RH, air installed.
quality Developed software
e Occupancy patterns and space use to process data
monitoring using a real-time location
tracking system (ultra-wideband radio
frequency)
Building [32] 2011 University of Australia  Office e |IEQ snap-shot: BOSSA Nova cart to measure Online survey results
Occupants Sydney, T, air velocity, RH, CO, CO2, TVOC, populated the BOSSA
Survey System University of formaldehyde, ambient sound, and database.
Australia Technology illuminance
(BOSSA) Sydney e Occupant: BOSSA Time-lapse survey, BOSSA
Snap-shot surveys, about 9 IEQ dimensions
NRC [49,1 2012 National Canada Office e Energy: whole building utility bills (sub- 12 pairs of green and
58] Research Council systems & water, if available) non-green buildings

Canada

e |[EQ snap-shot: HDR photography and the
NICE (National Research Council Indoor
Climate Evaluator) cart to measure T, air

were matched based
on building
characteristics.
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POE protocol Ref. Year Developer Country  Building Aspects Evaluated Notes
Type
velocity, RH, formaldehyde, CO, CO, PM,
illuminance, luminance and sound pressure
o |[EQ monitoring: the “Pyramids” to collect a
subset of IEQ parameters collected by the
cart for several days
e On-line questionnaire about environmental
satisfaction, job satisfaction, health,
absenteeism, environmental attitudes,
commuting patterns
e Interview with building manager
Tsinghua [159, 2013 Key Laboratory China Office e Energy metering e Measured energy
protocol 160] of Eco Planning ¢ |EQ monitoring: T, RH, CO2 consumption of 31
& Green ¢ [EQ snap-shot: illuminance, sound intensity green and 481 non-
Building, e Occupant: IEQ satisfaction survey green buildings
Tsinghua IEQ measurement in
University 10 green buildings
International [161, 2014 Ryerson Canada Office, e Energy and water bills or meters For each aspect,
Institute for a 162] University, University, o IEQ snap-shot of lighting, thermal, acoustics three types of
Sustainable Built University of Educational and air quality performance data

Environment
(iiSBE) protocol

British Columbia,
University of
Manitoba

e Occupant survey based on the survey of
NRC

e Interviews with owners/managers

e Structured walkthrough with building
managers

e Design documents review

were collected:
Actual, Predicted, and
Reference values or
benchmarks for
typical buildings of
similar use in the
region.
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POE protocol

Ref.

Year Developer Country

Building
Type

Aspects Evaluated

Notes

A Diagnostic
POE Model for
an Emergency
Department

[120]

2014 Guinther, us
Lindsey; Carll-
White, Allison;
Real, Kevin

Medical

IEQ snap-shot: sound and lighting level
meters

Occupant: Behavioral Mapping, Occupancy
counts, Staff Questionnaire, Patient and
Visitor Questionnaire, Focus groups,
Interviews

Use of space: Walkability Studies, Waiting
Times, the frequency of using equipment,
etc.

e Phase 1 and Phase 2
data collection, each
with a set of
methods.

POE framework
for higher
education
residence halls

[163]

2015 Alborz, Nakisa; us,
Berardi, Canada
Umberto

Residential

Electricity, water, gas consumption via
meters/bills

IEQ: building automation controls reading
of T and RH, student survey of indoor
sound insulation

Occupant satisfaction survey about the
controllability of IAQ parameters and about
building controls ease of use
Commissioning, maintenance program, use
of building automation control systems or
Building Energy Management Systems, and
end-user education efforts were evaluated
by documentation and survey of FM
personnel.

e Concluded 12 POE
indicators with data
collection methods

Post-Occupancy
Evaluation for
Multi-Unit
Residential
Buildings

[164]

2016 Open Green Canada
Building Society

Residential

Required steps: Kick-off meeting and basic
information gathering, Building Manager
Survey, Occupant survey, Energy and water
use (ENERGY STAR® Portfolio Manager is
recommended)

Optional: Interviews with residents

e Informative guide for
administrators,
without specifying
tools/devices
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A landmark protocol is the PROBE (Post Occupancy Review of Building Engineering) study,
in which three series of 23 case studies in total were evaluated using standardized methodology
(evolving slightly from the first to the last case study), from 1995 to 2002 in the UK. The BUS
(Building Use Studies) survey used in the PROBE studies has been used to evaluate over 700
buildings worldwide to date [165]. The BUS survey provides both a domestic (housing) version
and a non-domestic version, and has become an integral part of many programs such as NABERS

in Australia and Arup Appraise.

The Center for the Built Environment (CBE) at UC Berkeley is another pioneer in POE
studies. The CBE occupant IEQ satisfaction survey is a web-based questionnaire and reporting
tool developed in 2000 that has been implemented in over 1,200 buildings, with over 100,000
individual occupant responses (as of November 2017) [166]. Some protocols such as EcoSmart
and ASHRAE’s Performance Measurement Protocol (PMP) (described below) recommend using
the CBE survey. CBE was also the first to use an IEQ mobile measurement cart (in the 1980s),
which will be introduced with more details later. After the release of the PMP protocol, CBE

adjusted their toolkit to better support the PMP protocol with both hardware and software [147].

Another well-developed protocol is NEAT (National Environmental Assessment Toolkit),
developed in 2003 by a research team at Carnegie Mellon University in partnership with the U.S.
General Services Administration for POE of 20 commercial office buildings. The core components
of the NEAT toolkit include both hardware and software, including the IEQ cart, occupant survey,
and Technical Attributes of Building Systems documenting. Later, NEAT was used for many other

projects and in some cases included energy and thermal envelope evaluation.

Another remarkable protocol is the PMP (Performance Measurement Protocols for
Commercial Buildings), jointly developed by ASHRAE (American Society of Heating, Refrigerating,
and Air-Conditioning Engineers), USGBC (The U.S. Green Building Council) and CIBSE (The
Chartered Institution of Building Services Engineers, U.K.). PMP is the only protocol that classifies
three levels of measurement and has the most published details: it specifies what should be
measured, measurement methods and their cost, recommended indicators, industry standards,

and benchmarks. An application of the basic level of PMP can be found in [167].
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The protocols in Canada are correlated with each other. As part of the COPE project
sponsored by National Research Council Canada (NRC), a field study of IEQ was conducted in
2000-2002 to examine the relationships between measured physical conditions and occupant
satisfaction. The methodology evolved into the NRC protocol in 2012. In the industry, Keen
Engineering (now Stantec) developed the EcoSmart protocol in 2005 and tested it in six Canadian
buildings in 2006. Some of the researchers involved in the development of the EcoSmart protocol
later created the International Initiative for a Sustainable Built Environment (iiSBE) protocol. The
iiSBE project was funded by National Sciences and Engineering Research Council of Canada, iiSBE
Canada, Stantec, and Ryerson University. Nine Canadian buildings were evaluated using the iiSBE
protocol in 2014. The occupant survey used in the iiSBE project was based on the survey of NRC
protocol in 2012. Recently, some researchers involved in the iiSBE project helped develop an

open-source POE template for multi-unit residential buildings in British Columbia, Canada.

As noted from Figure 2-4, POE projects in Asia are booming, but few protocols have been
proposed. This could be because Asian projects are highly case-dependent and often use
subjective methods only, especially in Malaysia and Turkey. In China, projects use variant
methods and some protocols are emerging. For example, Tsinghua University’s protocol has been

applied to many green and non-green buildings.

Table 2-3 indicates that the current protocols are mostly aimed at residential buildings
and office buildings. POE of medical buildings is more complicated. Rather than developing a
protocol, the government of Alberta, Canada proposed a 10-step methodology to guide how to
develop a BPE scorecard for healthcare facilities [168]. So far, academia has been the main
practitioners of POE while the industry has shown increasing interests and efforts in either

applying existing, or developing their own, POE protocols.

Most of the POE protocols summarized here include IEQ measurement, which generally
includes numerous sensors and equipment. UC Berkeley created the first mobile instrumented
cart in 1985 (described in [169]), which then evolved to a more sophisticated wireless cart, first
used as a portable wireless monitoring system (PWMS) to support commissioning of underfloor
air distribution systems [170] (Figure 2-9). The idea of an IEQ cart has been widely adopted later
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in many studies and protocols (Figure 2-10). In addition to saving measurement time, a major
benefit of an IEQ cart is to enable consistent measurement of different levels of temperature.

The mobile cart is usually placed in a location for several minutes as a snapshot of IEQ, i.e. the

short-term/point-in-time measurements of IEQ.

0.1 mfrom ceiling
temperature

1.7 m temperature

1.2 m temperature

Netbook

Battery pack

0.6 m temperature

025 m temperature

0.1 m temperature

1st of it’s kind New & improved UFAD Wireless with real-time
(1985) (1990) Commissioning monitoring
(2006) (2012)

Figure 2-9 Evolution of CBE carts (Sources: [147,169-172])
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Figure 2-10 Examples of other IEQ carts (Sources: [32,49,153])
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As opposed to point-in-time measurements, there is increasing interest in long-term
measurements of IEQ. Although there is no explicit, widely-acknowledged definition of the length
of “long-term”, in practice, it usually means at least three months. In building certification
systems such as LEED and WELL, “long-term” mostly refers to one year. Long-term monitoring of
IEQrequires sensors installed on the walls or devices placed on desks for months and years, which
has historically been expensive but recently been affordable as sensor technologies developed

(over 60% drop in sensor costs from 2004 to 2016 [173]).

The University of Sydney has developed SAMBA [31] which is an integrated IEQ sensor
device with a low-cost suite of sensors and modest data-processing capabilities to autonomously
measure key IEQ indicators: air temperature, globe temperature, relative humidity, air speed,
sound pressure level, illuminance, carbon dioxide (CO;), carbon monoxide (CO), Formaldehyde,
and total volatile organic compounds (TVOC). SAMBA data are autonomously transmitted to a
cloud database, and a web service called IEQAnalytics provides a dashboard of real-time
visualization of all measured IEQ parameters and calculated indices. The SAMBA project was
initiated in 2012 and collected data in real buildings starting 2016. Over 200 SAMBA devices have
been installed in 46 office buildings in Australia as of July 2019. The SAMBA database was used
and introduced further in Chapter 4. About the same time of SAMBA project, Tsinghua University
also developed an integrated IEQ sensor device called IBEM together with cloud server, database,
website platform and an application on mobile phone that enable measurements and
visualization of five IEQ parameters: air temperature, relative humidity, CO, concentration, PM3s
concentration and illuminance data. The research team have put 198 IBEM devices in 41 green
office buildings to collect continuous IEQ data from June 2017 to August 2018 [174]. SAMBA and
IBEM were created by academic groups to continuously monitor IEQ for research purposes, but
it is recognized that there has emerged large-scale long-term monitoring initiative in the industry

using commercialized IEQ sensors that are usually with lower measurement accuracy.
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Figure 2-11 Examples of long-term IEQ monitoring framework (Sources: [31,174])

Another critical component of a POE protocol is an occupant survey. BUS and CBE IEQ
survey are the most widely used standardized surveys. They ask the respondents to rate various
aspects of performance on a 7-point satisfaction scale to quantify occupants’ general satisfaction.
Their huge databases enable benchmarking, comparison and further analysis of buildings. Other
standardized questionnaires include DQI (Design Quality Indicators), OLS (Overall Liking Score),
REF (Ratings of Environmental Features), SCATs (Smart Controls and Thermal Comfort), COPE
(Cost-effective Open-Plan Environments), HOPE (Health Optimization Protocol for Energy-
efficient Building), BASE (Building Assessment Survey and Evaluation), PWESQ (Physical Work

Environment Questionnaire), NEP (New ecological paradigm), etc. Previous research has
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provided reviews of the questionnaire-based methods [175-177]. Gupta and Chandiwala
summarized short-term and long-term techniques to collect occupant feedback, with a focus on
applications for housing [178]. A review from CBE discussed the subjective and objective IEQ

measurement methods together [11].

2.4 Discussion
2.4.1 Emerging POE research topics

In addition to evaluating the ways in which POE is used to evaluate a building’s
performance, this review also identified some broader, emerging research topics related to this

field.
1. Visualization of POE

POE is a critical investigative methodology for understanding building performance. But it
could be vastly more effective with improvements in how the results are analyzed, presented,
and interpreted. POE results are often shown by charts in a report. To enhance the feedback to
owner and occupants, BIM (Building Information Modelling) and GIS (Geographic Information
Systems) are sometimes used to show the spatial mapping of occupant satisfaction and IEQ
[176,179]. EnViz is a 3D-model-based software application that was developed to visualize IEQ
data [180,181]. CBE at UC Berkeley also developed two interactive tools that allow users to
explore the large sets of thermal comfort field data that combine both surveys and physical

measurements [182].
2. Analyses of Occupant Survey Databases

In the last 5-10 years, researchers have been statistically analyzing POE databases to
address novel questions about the performance of buildings from the perspective of human
response, particularly in light of changes we are seeing in workplace design, such as a greater
attention to green building strategies, and the prevalence of open plan offices. Examples of these

studies, using subsets of BUS, CBE or other occupant survey databases include:
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e Performance of green vs. conventional buildings [46,183—-185];

e The advantages and disadvantages of a variety of forms of benchmarks for IEQ
satisfaction [186];

e The effect of spatial configuration (open-plan office vs. enclosed office) on IEQ
satisfaction [187];

e Gender differences in office occupant perception of IEQ [188,189];

e The relationships between occupant satisfaction and indoor environmental
parameters and building feature [190];

e The relationships between individual IEQ factors and overall workspace satisfaction
[9];

e Influence of non-lIEQ factors (office type, spatial layout, distance from window,
building size, gender, age, type of work, time at workspace, and weekly working hours)

on occupant satisfaction [191].
3. Measurement of Occupancy

Measurement and verification of energy savings is an important component of green
building certification as well as of energy retrofit projects. In many cases, however, the energy
simulation during the design phase does not reflect the actual use patterns of the building,
resulting in large gaps between the predicted and the actual energy use [162]. To solve this gap
problem, the energy model should be revised to better match occupant density patterns. Yang
et. al. considered the variability of daily occupancy and the additional occupancy due to visitors
in institutional buildings to better predict the energy performance [192]. Using simplified
baseline models to illustrate the effect, Liang et. al. incorporated an occupancy variable to a
simple regression model developed by Lawrence Berkeley National Laboratory (LBNL) model that
used just outdoor air temperature and time [193]. Niu et. al. developed a virtual reality (VR)
integrated approach to help building designers collect occupancy information, and then used that
to identify design strategies that could guide occupants to behave in the most energy-efficient
way [194]. This is a unique approach for integrating occupancy information more effectively into

the building design process.
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As we move towards evaluating actual performance, as opposed to predicted
performance, it becomes increasingly important to use actual occupancy data. There have been
ongoing conversations in the building industry about whether the conventional metric of Energy
Use Intensity (EUI, kBtu/sq.ft) should be expressed in terms of energy used per person. Vale and
Vale [195] took this idea even further, and said that future residential POE should connect the
performance of the building with the inhabitants’ lifestyle by linking the overall building/site
consumption to the number of occupants, so that we could measure the resource use per person,

waste production per person, transport, income, etc.

A simple way to calculate the actual occupancy is based on records of human resources,
class enrolment numbers, class schedules, and recreational schedules [161], but this is not
necessarily accurate. Techniques are available to measure the actual occupancy data [196], or
proxies for occupancy (i.e., using questionnaire and interviews, radio frequency, infrared,
ultrasound, video cameras, CO;, GPS (global positioning system), cellular data, WLAN (wireless
local area network), Bluetooth, etc.). Researchers at University of Nottingham [197] tested three
unobtrusive occupancy measuring technologies (i.e., Passive Infra-Red (PIR), Carbon Dioxide
(CO2), and Device-free Localization (DfL)), and found that windows and occupants’ metabolic
rates had significant impacts on the reliability of the PIR and CO; data. DfL estimates the location
and the activity of a person by analyzing its shadowing effect on surrounding wireless links. By
applying a deep learning approach, Wang et. al proved that the DfL system could achieve 85% or
higher accuracy based on experiments in laboratory and experiments in an apartment [198]. In
addition, Sensible Building Science, a start-up company from the University of British Columbia,
is engaged in one of the early efforts to leverage existing real-time Wi-Fi activity data to produce
occupancy data for building automation system optimization [199]. Aftab et. al. [200] recently
developed an occupancy-recognition algorithm to count the number of people crossing a virtual
reference line (near the entrance) in the video captured by a fisheye camera. The real-time video

processing can provide 80-90% accuracy of occupancy recognition.
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2.4.2 Status and future research

Although POE has not become a norm in the building industry, it has developed rapidly
over the past decade and will continue growing as more people realize the importance of

evaluating actual real-time performance and the important role of occupant feedback.

The methodology of POE has been sufficiently well developed that many POE protocols
are in widespread use in the UK, the US, Canada, Australia and other countries. But no
standardized POE protocol has gained worldwide or nation-wide dominance. It might be that the
inherent nature of POE—i.e., that its purpose and associated methods are highly case-
dependent—makes it difficult to have a dominant standardized protocol for all the POE projects.
Notwithstanding, one prevailing protocol for one type of buildings is highly possible, especially
for residential buildings and office/commercial buildings where most of the research efforts have

been devoted.

From a closer perspective, it is inspiring that occupant feedback has become the major
focus of POE studies, beyond the domain of social scientists. An occupant survey has become an
essential piece of most POE methodologies, even by studies within the building sciences, which
have traditionally focused on the physical performance of the building. This reflects that a wider
range of researchers now acknowledge that it is the people who occupy the spaces that have the
power to determine the success or failure of a building. However, researchers should be aware
of the nuanced challenges to assessing users’ experience of the built environment, including
“defining users, agreeing on the meaning of experience, and organizing if not delimiting what is

included in the notion of built environment” [201].

Current POE studies also have limitations. Despite the large number of POE studies that
have been conducted, because POE results are largely context-based, the knowledge gained can
be difficult to generalize and then feed back to the whole building industry. Moreover, because
of the frequent lack of integration between the design, construction and operation phases of a
building, many POE projects are limited in terms of linking their evaluation back to the phases
that were most responsible for the relative successes and failures. Pati and Pati [202] argue that

designers have not fully benefitted from POEs. Integrated Project Delivery (IPD) might help avoid
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this, by bringing POE experts to the table where designers could pre-identify design decisions

that need to be supported by POE.

If we regard POE as a “technology” and refer to the technology adoption lifecycle
proposed by Rogers [203] (Figure 2-12), where the adopters are categorized into innovators,
early adopters, early majority, late majority, and laggards, we might argue that POE is just at the
first stage—only innovators adopt POE. Some of the barriers to more widespread adoption of POE
include the ambiguity of who pays for POE, defending professional territory, split incentives
within the procurement and operation processes, lack of agreed-upon and reliable indicators,
potential liability issues, exclusion from current delivery expectations, and exclusion from

professional curricula, etc. [204,205].

Moore [206] states that there is a chasm between the early adopters (Figure 2-12) where
many technologies fail to be adopted by the mainstream. Rating systems for green building
design (e.g., LEED, etc.) have already crossed the chasm—they are in the early majority stage. If
we want POE to cross the chasm, we need to create a bandwagon effect in which enough
momentum builds, and then POE becomes a de facto standard. The momentum can be internally
driven (i.e., from building owners, operators, and occupants), or externally driven (i.e., from

regulations, policies, LEED requirements, etc.).
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Figure 2-12 Technology Adoption Lifecycle (Source: Wikipedia Commons)
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In our opinion, POE can be more useful if the following transitions are made:

1. From one-off to continuing

Most of the POEs are one-off studies. However, in many cases, the studies found some
problems that could not be fully explained, or on the contrary, no problems were identified. In
some cases, this could be because the scope and methodology were not well defined. Thus, a
more effective strategy would be to have a continuing POE with a phased approach to the level-
of-detail in the methods; i.e., use relatively inexpensive and easy methods to evaluate broad
aspects in the first phase, and then use those findings to decide which areas of the building or
performance issues require further in-depth study in subsequent phases. Vischer [204] also
mentioned the need for a few, carefully selected indicators of environmental quality and,
considering the cost of instrument measurements, she suggested to “use the analysis of user
responses to indicate where and when follow-up instrument measures might clarify the nature

of the problems identified and indicate possible solutions”.

2. From high-level to detailed

Some high-level POE methods are standardized, while the more nuanced details of POE
methods are less so and may need to be standardized as well to render more reliable
interpretation of the results. For example, high-level whole-building energy performance is easily
measured via bills and meters. But we need more standardized methods to understand detailed
end-use patterns, or to collect more accurate occupancy data to recalibrate the energy model
and, thus, to enable a more fair and accurate comparison between the predicted and the actual

performance.

3. From researchers-oriented to owners/occupants-oriented

The POE results are often compiled in a report or a paper with all the technical figures and
charts. However, non-professionals like the owners and occupants also need to understand the
buildings” performance. Research is needed on how to provide more vivid visualization of POE

results.
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4. From academia to industry

Right now, academic researchers are the main developers and users of POE. Learning from
the success of green building certifications worldwide, industry should play a stronger role in

driving the development and implementation of POE.

5. From independent to integrated

POE is often a discrete activity, independent from the ongoing building management. But
to exploit the effectiveness of the evaluation, it is better to regard POE as an integrated part of
the building management. For example, one might continuously feed the results of occupant
satisfaction surveys to the building automation control system, or feed the assessed facility
conditions to the facility management system, etc. Although it was not a continuous process, an
attempt was made by Cao et. al., who used a survey to quantify occupant satisfaction and then
developed an agent-based model to prioritize maintenance work to achieve maximum occupant

satisfaction [207].

2.5 Conclusion

The evaluation of building performance and occupant satisfaction in the post-occupancy
phase is relatively under-developed compared to evaluation methods applied during a building’s
design phase. Yet POE has continued to attract increasing research attention over the past
decade. The analysis of 146 POE projects since 2010 shows that residential buildings and office
buildings are the most popular research targets, occupant satisfaction is the most common focus,
and occupant surveys are the most frequently used method. Many POE protocols have been
proposed in the UK, the US, Canada, and other countries, but no singular POE protocol has gained
worldwide or nation-wide dominance. Some emerging research topics related to POE include
visualization of POE results, analyses of occupant survey databases, and measurement of
occupancy patterns. Based on the literature review, we suggest five directions for future POE
development and applications: from one-off to continuing, from high-level to detailed, from
researchers-oriented to owners/occupants-oriented, from academia to industry, and from

independent to integrated. This chapter provides a thorough introduction of POE to the
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beginners in this area, as well as informing more seasoned investigators about the trends, gaps,

and potential future directions in POE research.
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Chapter 3: Paper 2—Investigation of Point-in-Time Thermal Comfort Compliance
Criteria

3.1 Introduction

Building upon the knowledge from the previous chapter about how data is collected in
POEs, this chapter uses data collected in real buildings to investigate the point-int-time thermal
comfort compliance criteria (Table 3-1), which are used to assess the thermal comfort level of a
space at a single point of time. I1SO standard 7730:2005 [18] prescribes three classes of thermal
comfort: Class A (PMV 10.2), Class B (PMV %0.5), and Class C (PMV %0.7). EN 16798:2019 [19]
adopts the same three classes (but named Class I, Il, and Ill respectively) for mechanically
conditioned buildings. An implicit assumption of the tiered compliance criteria is that a narrower
PMV range ensures higher thermal acceptability among the occupants i.e. lower predicted
percentage of dissatisfied (PPD) in Table 3-1. However, pursuing narrower PMV ranges in offices
promotes increased energy consumption and costs and may lead to a higher chance of sick
building syndrome [28] without really ensuring any satisfaction benefit in office buildings [27]. In
addition to concerns around the energy costs and comfort implications, there are significant
challenges in operationalizing the tiered PMV classification because the narrow range of

environmental conditions is close to the measurement uncertainty of common sensors [29].

In an acknowledgment of the effect of measurement accuracy of the PMV input variables,
both ISO 7730 and EN 16798 also recommend operative temperature ranges based on the PMV
model with assumptions of the activity level (met) and clothing (clo) in different building types.
For a typical office in summer, the recommended temperature ranges for three classes are 2 °C,
3 °C, and 5 °C (Table 3-1), assuming air temperature is equal to operative temperature, 0.5 clo
(thermal insulation for a typical combination of garments in summer), 1.2 met (sedentary office
activity), and 60% relative humidity (moderate environment). Although these assumptions are
likely to differ from what is experienced in most office buildings, expressing the compliance
criteria as a temperature range has the advantage of being more readily understood and

implemented by practitioners. Whether these recommended temperature ranges, derived from
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their equivalent PMV ranges, actually represent the comfortable range of conditions for building

occupants is still unclear.

Table 3-1 Three classes of indoor thermal environment in ISO 7730

Class PMV range Temperature range (°C) for a typical office in summer PPD (%)
A —0.2<PMV <+0.2 245+1 <6

B -0.5<PMV < +0.5 245+15 <10

C —0.7<PMV < +0.7 245+25 <15

Increasing criticism of the accuracy of the PMV model to predict comfort in real buildings
served as a backdrop for the development of alternative methods to derive comfort temperature
ranges from field studies rather than laboratory studies. Most notable are the adaptive comfort
models [24—26] which regress neutral operative temperatures with the prevailing mean outdoor
temperature. The development of the adaptive models involved the use of occupant survey
responses to determine the neutral temperature (either at the building or individual level), and
the resulting tool is a predictive model requiring outdoor air temperature as the sole input
variable. There is no doubt that much of the success of the adaptive model can be attributed to
its simplicity, as well as that it’s based on field data rather than the artificial laboratory conditions.
As such, we thought it would be valuable to explore the field data even further, to determine
acceptable indoor temperature ranges using occupant responses directly, rather than a

predictive model.

A large dataset of subjective evaluations of the indoor environment with
contemporaneous physical measurements across different contexts (e.g. climate, culture,
building types, etc.) is required to comprehensively explore the psychophysical relationship
between thermal acceptability and temperature. Such a resource is now available with the
release of the ASHRAE Global Thermal Comfort Database Il [30]. Combining the original ASHRAE
RP-884 database [208] with newly compiled data from field studies around the world, it is the

largest global database of thermal comfort field studies to date: 107,583 records contributed
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from 66 publications from 1982 to 2016 covering 98 cities in 28 countries across 16 Koppen

climate types.

One of the challenges of using a large database to define acceptable temperature ranges
is that different statistical methods, including the selection of input and output variables and
algorithms, will produce different outcomes with the same data. Such methodological
considerations have not been widely discussed in the research literature and are even less well-
understood when using occupant survey data compared to instrumental measurements. Arens
et al. [27] used different psychometric scales from three distinct databases to determine the
percentage of acceptability in binned operative temperatures. Zhang et al. [209] analyzed the
percentage of thermal acceptability votes compared to binned operative temperature
measurements. Ryu et al. [210] determined the comfort zone (indoor temperature and relative
humidity range) on the psychrometric chart using the criteria -1 < thermal sensation vote < 1, -3
< comfort sensation vote < 0, and 0% < percent dissatisfied < 20%. These slight differences
between studies highlight the hitherto unexplored implications of such decisions and the
sensitivity of the selected analytical procedure to the determination of acceptable comfort
temperature ranges. As the number of thermal comfort field studies continually increases, a
comparison of data-driven approaches is necessary to determine the most appropriate method

for deriving acceptable temperature ranges from psychometric data.

The aim of this chapter is to perform a metanalysis of the ASHRAE database to investigate
the current point-in-time compliance criteria and propose a new method of deriving acceptable

temperature ranges based on occupant responses. The specific objectives are:

1. Test the validity of tiered PMV classes as the compliance criteria by repeating the

analysis by Arens et al. [27] on a large, contemporary thermal comfort database;

2. Recommend a method for deriving acceptable temperature ranges from occupant
survey data and discuss the advantages of such an approach from a methodological

perspective;
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3. Compare the recommended comfort temperature ranges found in ISO 7730 and EN

16798 standards to the newly derived acceptable temperature ranges.

3.2 Methods

To achieve the three objectives above, we applied data analysis techniques to the ASHRAE
Global Thermal Comfort Database Il, referred to hereafter as the “ASHRAE database”, which
includes matched point-in-time thermal measurements and occupant responses about their
right-now experiences across a diversity of season, building type, building-level cooling strategy,
age, and gender (Table 3-2). Physical thermal measurements include air temperature, operative
temperature, relative humidity, air speed, PMV and PPD (provided by the original researchers).
Occupant responses are recorded with one or more of the four common psychometric scales:
thermal acceptability, thermal sensation, thermal preference, and thermal comfort. Table 3-3
summarizes responses to these questions from the database. No identifiable information is
available to each record in the ASHRAE database. As the ASHRAE database collated
measurements collected in different research projects by different researchers around the world,
not every record in the database contains values for every variable (complete list of variables in
[30]). The “Records” in Table 3-2 and Table 3-3 are the numbers of total records excluding the

missing values (NAs).

Table 3-2 Summary of basic parameters in ASHRAE database

Season Building type Building-level Cooling Age Gender
strategy
Autumn: 17,161 Classroom: 17,852 Air Conditioned: 32,372 Min.: 6 Female:
Spring: 12,680 Multifamily housing: 10,401  Mechanically Ventilated: 180 Median: 29 30,895
Summer: 40,876 Office: 67,755 Mixed Mode: 26,519 Mean: 32 Male: 36,140
Winter: 36,625 Others: 6,555 Naturally Ventilated: 47,285 Max.: 95 Records:
Records: Senior center: 821 Records: 106,356 Records: 67,035
107,342 Records: 103,384 43,576
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Table 3-3 Summary of subjective answers in ASHRAE database. Thermal sensation is a continuous scale from -3
(cold) to 3 (hot) with 0 being neutral. Thermal comfort is a continuous numeric scale from 1 (very uncomfortable)

to 6 (very comfortable).

Thermal acceptability Thermal sensation Thermal preference Thermal comfort
0 (unacceptable): 14,045 Min.: -3 Cooler: 27,725 Min.: 1
1 (acceptable): 48,399 Median: 0 No change: 43,256 Median: 5
Records: 62,444 Mean: 0.1679 Warmer: 14,518 Mean: 4.31
Max.: 3 Records: 85,499 Max.: 6
Records: 104,454 Records: 34,481

3.2.1 Analysis of current point-in-time compliance criteria

We first used the ASHRAE database to test the validity of the tiered PMV classes. Since
thermal comfort standards, as well as the PPD index, refer to “satisfaction”, but the above four
metrics don’t speak to this directly, we had to make the following assumptions to equate each of

the four different scales to “satisfaction”:

e “Acceptable” votes.

e “Thermal sensation” votes (TSV) between -1 and 1 (sometimes referred to as the
central points).

e “Thermal preference” votes of “no change”.

e “Thermal comfort” votes equal to or greater than 3.5 (between neutral and very

comfortable).

These assumptions are widely used in thermal comfort research, and whilst their
statistical validity may be challenged it is beyond the scope of this chapter to do so. For this
analysis, we dropped records without one of these four scale responses or a corresponding PMV
and used the resulting data to calculate the observed percentage of satisfaction in each PMV
class using the assumptions noted above. To further investigate the effect of the PMV class
thresholds themselves, we calculated the percentage of satisfaction for ten PMV ranges (from

+0.1 to +1.0).
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3.2.2 Methods to derive new point-in-time compliance criteria

The analysis of the PMV classes found that they are unhelpful in defining an acceptable
thermal environment and suggested that a new approach is required. Practically speaking,
methods to derive comfort ranges should limit the necessary input parameters to simplify the
measurement and implementation for practitioners utilising them in building operations. For
specifying comfort ranges, operative temperature has the advantage of combining the radiant
and convective heat exchanges that characterise non-uniform exposures in buildings. However,
the number of operative temperature measurements in the ASHRAE database (n = 37,963) is
much smaller than that of air temperature (n = 99,911). Moreover, preliminary comparative
analysis showed that using air temperature vs. operative temperature resulted in a difference of
less than 1 °C for the derived acceptable temperature range. For these reasons, the present
analysis expresses comfort ranges using air temperature, which has the additional advantage of
being the most commonly controlled parameter in buildings and routinely measured by building

management systems.

There are different ways to define what temperature ranges are “acceptable” statistically,
and these different statistical methods could result in very different temperature ranges. No
previous research has discussed this issue from a methodological perspective. We therefore
compared two statistical methods in their derived acceptable temperature range using occupant
survey data: one used in previous studies but rendered unrealistic results for the ASHRAE
database and a new method which rendered more realistic and stable results. Figure 3-1

illustrates the two methods.
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Figure 3-1 lllustrations of the two statistical methods used for deriving acceptable temperature ranges

Method 1: percentage of acceptability in temperature bins

Used in earlier studies [27,209], method 1 involves binning temperature into intervals of
1 °Cand using the “Acceptability” scale directly to calculate the percentage of acceptability within
each of those temperature bins. If more than 80% of occupants voted “acceptable” in a bin, that
temperature bin would be deemed as an acceptable temperature. The acceptable temperature

range is defined by the upper and lower temperature bins achieving such levels of acceptability.
Method 2: neutral temperature range

We propose a novel method which involves determining the neutral temperature
corresponding to each individual vote of neutrality on the thermal sensation scale (TSV = 0) and
defining the acceptable temperature range based on the population distribution. First, we
calculated the neutral temperature for each record in the ASHRAE database based on measured
air temperature and thermal sensation votes according to the Griffiths method [211] (see
Equation 3-1). Then, the range of air temperatures containing 80% of the populations’ neutral
temperatures defines the acceptable range. Neutral temperatures below the 10" percentile and
above the 90% percentile are considered outliers, i.e. occupants with extreme thermal
preferences. Humphreys and Nicol [212] suggested 0.4 to be an appropriate constant for the
Griffiths method but later used 0.5 when developing the European adaptive model [26]. Both
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constants were tested and 0.4 was selected because it derived temperature ranges closer to
those found when using method 1. An implicit assumption of method 2 is the equivalence of a
neutral sensation and thermal acceptability despite the fact that people may not necessarily

consider neutral as their preferred thermal comfort condition [213-215].

TSV

Theutrar = Ta — T (3'1)

where G is the Griffiths constant with a unit K'* and we took G = 0.4 in this analysis.
Performance measures of methods

The two methods above are not predictive models per se, so conventional metrics of
prediction accuracy are not applicable to evaluate their performances. However, we conducted
a test of the reliability of the two methods to compare their performance. The reliability test
involved randomly partitioning the database into training and testing sets (80% and 20% of
samples, respectively), using both method 1 and 2 to derive the acceptable temperature range
for different building types, and then calculating the absolute difference between the resulting
ranges found in the training and testing sets. This is somewhat representative of the systematic
error of the method in determining acceptable temperature ranges. The test was run 500 times

in order to achieve stable mean differences.
Building-level differences

After applying the two methods to derive acceptable temperature ranges for different
building types, we noticed the acceptable temperature range may vary between different
individual buildings. To further find out the differences between the two methods, we decided
to derive acceptable temperature ranges for each building. Since the ASHRAE database does not
identify buildings, we used heuristics to develop a proxy building-level unit of analysis based on
several different parameters. Records with a unique combination of publication source, city,
building type, and cooling strategy were classified as being from the same building. Although this

approach is coarse, we deemed it to be sufficient for the current analysis. Once buildings were
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identified, we used the two methods for deriving acceptable temperature ranges at the building

level, rather than by building type across the entire dataset.

3.2.3 Results compared to standards

After a comparison of the two statistical methods for deriving new compliance criteria,
method 2 was deemed to be more appropriate for deriving temperature ranges from the ASHRAE
dataset because its results are more realistic and stable. In order to compare the newly derived
acceptable temperature ranges with the temperature ranges recommended by ISO 7730 and EN
16798, we used method 2 to determine the acceptable air temperature ranges for different
building types and for summer and winter (swing seasons were dropped). It is recognised that a
binary classification of season is not necessarily a robust approach for considering the effects of
prevailing weather or climate. However, this coarse level of differentiation is what is used in the

standards and we felt was therefore applicable for such a comparison.

3.3 Results
3.3.1 Analysis of current point-in-time compliance criteria

Table 3-4 shows the percentage of votes corresponding with thermal satisfaction within
the three PMV classes. For thermal acceptability, even the narrowest PMV Class A does not
achieve acceptability levels above 80%. The table shows the same result for thermal sensation
and thermal preference. Satisfaction as expressed through thermal comfort votes was the only
metric to reach levels above the 80% threshold. Importantly, there was no significant difference
between the three PMV classes for any of the four psychometric scales tested. This confirms the
analysis by Arens et al. in 2010 [27] and supports the general critique by Roaf et al. [28] that PMV
classes only encourage greater energy expenditure without necessarily improving occupant
comfort. A limitation of this result is that only a small portion of records in the ASHRAE database
contain temperatures at different heights, making it impossible to consider the temperature
stratification. However, a follow-up analysis of the original ASHRAE RP-884 database by Richard

de Dear showed that after considering the local discomfort the resulted percentages of
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satisfaction only changed slightly and there remain no significant differences between the three

PMV classes.

Table 3-4 Observed percentage of satisfaction in three PMV classes

PMV Class (range)

A (00.2) B (00.5) € (0£0.7)
Thermal acceptability Sample size (inclusive) 11,200 21.650 26,853
% of acceptability 77.7 77.3 76.8
. Sample size (inclusive) 17,163 34,080 42,902
Thermal sensation
%of-1<TSV<1 79.0 78.6 78.2
Sample size (inclusive) 15,296 29,989 37,424
Thermal preference
% of no change 53.3 53.3 52.8
Thermal comfort Sample size (inclusive) 4,006 8,319 10,621
% of comfort (vote > 3.5) 81.4 80.8 80.6
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Figure 3-2 Observed percentage of satisfaction in PMV ranges (e.g. 0.1 means |[PMV|<0.1)
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Figure 3-2 shows the observed percentage of satisfaction in ten PMV ranges. As the PMV
range widens, the percentage of satisfaction only very slightly declines across all scales (about
1% decrease from PMV #0.1 to +1.0). This contradicts the claim made in the standards that one
will see a decrease of 9% in satisfaction (reciprocal of an increase of PPD) as the PMV ranges from
+0.2 to 0.7 (i.e., an association determined by the PMV-PPD relationship). The difference

between the scales will be discussed in a later section.

To further explore the validity of the PMV-PPD model, the observed percentage of
dissatisfied (OPD), the reciprocal of percentage of satisfaction, is shown in Figure 3-3. The classic
PMV-PPD curve is superimposed for reference. Each dot represents the percent dissatisfied for
the corresponding scale in the PMV bin (size = 0.1) and the smooth curves are quadratic
regression models weighted by sample size. The OPD is not as sensitive as PPD to PMV, shown
by the flatter slopes of the OPD-PMV curves compared to the PPD-PMV curve. This reinforces the
earlier finding that, for the purpose of creating PMV classes for comfort standards, narrower PMV

ranges around a neutral point do not provide greater levels of satisfaction.
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Figure 3-3 Observed vs. predicted percentage of dissatisfied
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It is interesting to note that in addition to the flatter slopes of the dissatisfaction curves
shown in Figure 3-3, the lowest OPD—based on any of the four subjective scales and in relation
to the PMV metric—is approximately 20%. This is much higher than the 5% minimum predicted
by the conventional PMV-PPD relationship. It is difficult to offer a conclusive explanation for this
finding given the diverse range of field studies contained in the ASHRAE database, but a related
analysis of the PMV-PPD model using the same database may shed more light on the discrepancy
[22]. There it was found that PMV may be a greater source of error than the PPD metric. That
study found that if the actual thermal sensation vote is known (or the PMV prediction is accurate)
then the predicted dissatisfaction level using the PPD curve is somewhat reliable. To conclude,
results in this section proved that the tiered PMV classes are not appropriate point-in-time

compliance criteria.

3.3.2 Methods to derive new point-in-time compliance criteria

To derive new point-in-time compliance criteria, two statistical methods were applied to
the entire database to derive acceptable temperature ranges for different building types. Figure
3-4 (a) shows the acceptable temperature ranges derived by method 1: 18 °C — 29 °C for
classroom, 16 °C— 31 °C for housing, 23 °C — 24 °C for office, and 19 °C — 29 °C for other building
types. The advantage of this method is that it strictly follows the conventional definition of an
acceptable thermal environment—over 80% of occupants deeming a given thermal environment
to be acceptable. However, the tight acceptable temperature range found for office buildings
(only 2 °C wide) seems to contradict the now-routine finding from field studies conducted around
the world that building occupants accept much wider temperatures than the PMV-PPD model
predicts. This raises the obvious question of whether 80% acceptability—as measured by the
binary Acceptable-Unacceptable scale—is an appropriate or realistic threshold for contested
spaces with limited controls such as an office. Whilst this might seem discouraging, it does lend
support for the uptake of personal comfort systems as a potential solution to the fallacious one-
size-fits-all approach that has dominated thermal comfort thinking. This will be discussed in a

later section of this chapter.
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Figure 3-4 (b) shows that method 2 derives wide ranges for classroom, housing and other
building types but they are generally narrower than the ranges from method 1. Most importantly,
the acceptable temperature range for offices (9.1 °C) is wider than the 2 °C found using method
1, and it is similar to the range for classrooms (9.4 °C). This is an encouraging result because
offices and classrooms are similar thermal contexts—contested spaces with fewer adaptive

options—compared to homes and other building types.
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Figure 3-4 Acceptable air temperature range derived by (a) method 1 and (b) method 2

The reliability test of the two methods found that the error (or the mean difference
between training set and testing set) using method 1 was 5.3 °C for classrooms, 2.6 °C for
multifamily housing, 0.5 °C for offices, and 2.6 °C for other building types. The errors were

substantially smaller using method 2, with 0.2 °C for classrooms, 0.2 °C for multifamily housing,
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0.04 °C for offices, and 0.2 °C for other building types. The test results show that the derived
temperature ranges from method 2 are more reliable than method 1, which appears to be highly
dependent upon the subset of data being used to derive the range. The error reported for office
buildings is the lowest of all building types regardless of the method used. This is likely due to the
large number of measurements available from offices compared to other building types,

underlining the importance of larger datasets when conducting metanalyses of subjective votes.
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Figure 3-5 Acceptable temperature range for each “building” using (a) method 1 and (b) method 2

Grey bars in Figure 3-5 display the number of buildings for each acceptable temperature
range using method 1 (left) and method 2 (right). The total number of buildings applicable to
method 1 is far smaller than those applicable to method 2 because of the fewer acceptability
votes than sensation votes in the ASHRAE database. The method 2 result is close to a normal
distribution while using method 1 the number of buildings decreases as the range widens. In fact,
23 out of the 37 “buildings” in Figure 3-5 (a) are office buildings. This explains why narrow ranges

dominated in Figure 3-5 (a).

The red lines in Figure 3-5 show the reverse cumulative percentage of buildings, indicating

the number of buildings (y%) in the database that would be deemed as having acceptable thermal
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environments if the temperature range threshold is set to be x °C. This may be helpful in the
discussion of an appropriate temperature range threshold. For instance, the cumulative
percentage of buildings in Figure 3-5 (b) with a > 6 °C air temperature range is nearly 80%, i.e.,
the number of buildings with range 6 °C, 7 °C, ..., and 14 °C accounts for 80% of the total number
of buildings. This may be interpreted practically by saying that a 6 °C acceptable temperature
range specified in the standards would correspond to 80% of building occupants expressing
satisfaction with that temperature range. However, for 80% of buildings to be deemed as
acceptable using method 1, the acceptable temperature range threshold should be 2 °C (see red

line in Figure 3-5 (a)).

The results in this section suggest that although method 1 is conceptually sound, the
results are greatly influenced by the dataset used, the sample size, and the building type. Method
2 uses a pragmatic statistical approach that leverages the larger sample size afforded by the more
widely used thermal sensation vote. The resulting temperature ranges show strong agreement
with method 1 for classrooms, residential houses, and other building types. The major difference
occurs in office buildings, but it is argued that the wider temperature ranges from method 2 are
more realistic and align with results reported in thermal comfort field studies. It is clear from
these findings that the approach to defining temperature ranges should depend on the features
of the dataset being used. Method 2 is therefore used in the following sections as it is more

suitable for use with large datasets comprised of diverse contexts.

3.3.3 Results compared to standards

The analysis first compared the derived ranges following method 2 with the middle class
(Class B/1l) of comfort temperature ranges given in ISO 7730 and EN 16798. The building type
classification in the ASHRAE database is not as detailed as what is published in the standards.
Therefore, Figure 3-6 only compares the temperature ranges for classrooms, multifamily housing,
and offices, and shows the acceptable temperature ranges by building type and season using

method 2 alongside those specified in the standards.
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Acceptable air temperature (method 2 applied to the entire database)
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Figure 3-6 Acceptable air temperature ranges by method 2 compared to the standards. ISO 7730 does not specify

temperature ranges for homes. n pubs = number of publications.

The figure shows that, for winter, there is relatively close agreement between the lower
limit of temperature ranges found in the standards and those determined through method 2
using the ASHRAE database. However, the upper limits for both summer and winter are too
conservative in the standards, with field study data showing much greater tolerance to warmer
temperatures by building occupants in both seasons. One possible explanation for this
discrepancy is that the temperature ranges in standards were developed using the PMV model
with assumptions of some physical and personal parameters. First, it was shown earlier in this
analysis that the PMV-PPD relationship does not correctly predict the observed satisfaction in
real buildings; there is very little change within the range of -1.0 < PMV < 1.0. Second, the
assumptions of both the environmental and personal input parameters into the PMV model used
in 1ISO 7730 and EN 16798 for their summer and winter designations appear to differ to those

observed in buildings.
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Figure 3-7 Clothing level (a) and air velocity (b) in different spaces and seasons. Pink dot is the mean. Boxplot

shows 25" percentile, median, and 75" percentile. Violin plot shows the density of records.

Uncertainty analyses have shown clothing insulation level and metabolic rate to be the
two largest sources of uncertainty in the inputs for PMV [215-219]. For the specification of
comfort temperature ranges in the standards, clothing level was assumed to be a fixed 0.5 clo in
summer and 1.0 clo in winter in the standards. Figure 3-7 (a) shows that although the mean and
median clothing level in summer in real buildings is close to 0.5 clo, there is large variance in
clothing across the database ranging from just above 0 clo to over 1 clo. In winter, people
generally dress below the 1.0 clo assumed by European standards, which may explain why
occupants were found to accept higher temperatures in winter than the standards suggest. The
metabolic rate of occupants in the ASHRAE database was found to be close to the assumed level

in the standards (1.2 met). This is likely to be attributable to the near universal use of lookup
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tables for met estimation due to the significant technical requirements to properly measure

metabolic rate.

While the fixed assumptions made by the European standards of the two personal PMV
inputs likely contribute to the discrepancy between the predicted and the observed comfort
temperatures, a similar issue for some environmental parameters may further compound those
errors. EN 16798 assumes a “low” air velocity and ISO 7730 specifies the maximum mean air
velocity to be 0.19 m/s in summer and 0.16 m/s in winter. The empirical basis for these
assumptions is unclear, but Figure 3-7 (b) shows that measured air velocity in real buildings can
be much higher than those speeds, particularly in classrooms and homes. Such elevated air
speeds could also help explain the higher acceptable temperatures found in all building types for
both summer and winter. Moreover, the large variance in relative humidity in all building types

will exert some influence over the range of acceptable temperatures.

It is understandably necessary for standards bodies to make assumptions about the PMV
input parameters in order to specify acceptable temperature ranges. Yet, the present analysis
has shown that discrepancies between those fixed assumptions and the thermal exposures
characterised by field studies in real buildings are likely to contribute to the determination of
different neutral temperatures for occupants. Whilst it is impossible to consider all possible
permutations within a single temperature range, our analysis suggests that there appears to be
a cultural bias in the assumptions of both personal and environmental parameters within the
standards. Both ISO 7730 and EN 16798, although prepared for the European contexts, are widely
used in other parts of the world. To investigate potential cultural differences in the field
measurements, Figure 3-8 shows the acceptable air temperature ranges using method 2 for
separate Asian and European subsets of the ASHRAE database. When compared with the analysis
of the full dataset in Figure 3-6, the European acceptable temperature ranges are shifted towards
the cooler side whilst the Asian subset is shifted towards the warmer side. This is unsurprising
given the predominant climates in the Europe cities in the database are temperate or cold, whilst
the entire database encompasses a variety of climate types particularly from tropical climates

(e.g. Asia). Interestingly, the lower temperature limits for homes and offices determined using
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method 2 are below the 20 °C suggested by the standards for the European subset. More
significant adaptive opportunities afforded to people in homes, such as different clothing levels,
are likely to substantially explain the cooler limits. Psychological factors associated with the
ability to utilise natural ventilation through operable windows, modify window furnishings to
influence connectedness to outdoors, or even the material and color selection of the interiors
may also affect thermal sensation. Unfortunately, the ASHRAE database does not contain the

requisite information to explore the relationship between these factors and thermal sensation.
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Figure 3-8 Acceptable air temperature ranges for Asian (top) and European (bottom) datasets compared to the

standards. ISO 7730 does not specify temperature ranges for homes. n pubs = number of publications.
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In summary, the recommended temperature ranges in ISO 7730 appear to be too narrow,
particularly when expanded beyond the European context. The widest compliance class (Class
C)—5 °C for summer and 6 °C for winter—is conservative compared to the 7.4 °C—-12.2 °C neutral
temperature ranges derived in this chapter based on field studies in different building types and
season (Figure 3-6). Possible reasons for these discrepancies include the inaccuracy of PMV-PPD
model, variance in the input variables of PMV model, and the generalization of a context-specific
model. These should all be considered before endorsing the universal use of such temperature

ranges for thermal comfort compliance assessments of buildings.

3.4 Discussion

The PMV-PPD model marked a significant step forward in thermal comfort understanding
by establishing an empirical relationship between thermal sensation and the associated
satisfaction. However, countless field studies have shown the shortcomings of this deterministic
approach in many different contexts [220-223]. Humphreys and Nicol attribute this failure to
three important factors: the uncertainties of input variables, the structure of the equation itself,
and its application to non-steady-state conditions [21]. These all indicate that a heat-balance
model in practice requires significant simplifications that reduce important contextual aspects of
thermal perception and ignore the adaptive processes of building occupants. The aim of this
chapter is not to simply demonstrate the inaccuracies of the PMV model itself, but instead to
argue that these shortcomings have flow-on effects to the specification of the thermal comfort
compliance requirements, and particularly the PMV classes, that falsely assume a narrower PMV
range leads to higher occupant satisfaction. Not only is this specious connection between tighter
indoor temperature tolerances and improved comfort untrue, it promotes energy-intensive

HVAC use that significantly contributes to the problems of greenhouse gas emissions.

In addition to the model uncertainties of PMV-PPD, the variant terms used in thermal
comfort field studies present challenges to determining the level of thermal satisfaction of
occupants that the PMV model aims to predict. ASHRAE Standard 55 uses “acceptability” as the
target outcome and “satisfaction” as part of the definition of comfort, but laboratory and field

studies have primarily used “thermal sensation” scales, leading to the PMV model having to use
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assumptions to equate specific thermal sensation responses with thermal satisfaction. This raises
important questions around the semantic equivalence of acceptability, satisfaction, and
sensation that have yet to be addressed adequately by the thermal comfort research community.
The same problem applies to other common psychometric scales like thermal preference and
thermal comfort, which similarly require assumptions and rule-of-thumb techniques when

converting to satisfaction.

It was anticipated that the percentage of thermal preference votes of “no change” would
be the lowest among the four common psychometric scales, and the percentage of acceptability
would be the highest. This was based on the assumption that preference represents the ideal
condition for the occupant while acceptability refers to a broader notion of tolerance [214]. In
the analysis of Figure 3-2, percentage of “no change” votes is indeed the lowest as anticipated,
but the percentage satisfied using the thermal acceptability scale is not the highest — it is lower
than the sensation and comfort scales, suggesting that TSV between -1 and 1 and comfort are
even broader requirements than thermal acceptability. However, this interpretation needs
further examination, since the reason why TSV between -1 and 1 seems to have broader meaning
than acceptability could partly be due to the fact that people may not perceive thermal sensation
scale as equidistant [224], and/or the effects of language and context on the interpretation of
words [225]. Clearly the choice of scales, and the widely used conversion rules, lead to different

outcomes and may not be directly translatable.

These considerations are an important acknowledgement of the challenges of using
psychometric scales for thermal comfort research and reinforce the importance of selecting the
appropriate scale for the research question. Rather than directing attention towards
understanding the nuanced semantic difference between scales, perhaps a more pragmatic
effort would be to standardise the use of scales for thermal comfort research. If the standards
continue to define comfort as an acceptable thermal environment, then “thermal acceptability”
scales should be used in field studies, particularly when focused on thermal comfort compliance
assessment. If a laboratory study is investigating a particular aspect of the human

thermoregulatory system, then the thermal sensation scale may be more appropriate. Thermal
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preference is more helpful in building control applications, with emerging technologies like
Comfy asking occupants’ thermal preference to appropriately adjust the HVAC system [226].
Carefully selecting the scale for the particular research question or practical application would

reduce the need to convert between metrics.

Based on the laboratory-derived relationship, the lowest PPD is 5% when PMV is neutral.
In the standards, the oft-cited aim is for greater than 80% thermal acceptability in offices—
accounting for 10% of occupants experiencing whole body discomfort (assumed to be thermal
sensations greater than +/-2), and 10% more are presumed to be uncomfortable due to local
discomfort (e.g., draft, asymmetry). However, the results presented in this chapter suggest that
office workers are generally difficult to satisfy (Figure 3-3), and 5% dissatisfaction is unlikely to
be achieved by any centrally-conditioned building. Luo et. al. found that occupants quickly
increase their thermal comfort expectations and rarely compromise once raised [227]. Occupants
becoming accustomed to, or even demanding, tighter temperature tolerances might explain why
tight temperature ranges do not necessarily improve thermal comfort. Thermal influences on
positive vs. negative overall environmental assessments can also vary. Kim and de Dear [9]
showed that the thermal environment has a clear negative impact on overall satisfaction when
occupants are unhappy with the conditions, but contributes less to positive evaluations when
conditions are satisfactory. These studies, along with the analysis presented here, raise the
question of the appropriateness of the 80% acceptability threshold for office buildings without
some type of personal control. The large inter-individual distribution of thermal preferences and
the physical constraints of centralized HVAC systems to deliver bespoke conditions effectively
preclude the provision of ideal thermal environments for all occupants. Continuing to encourage
unrealistic levels of thermal satisfaction using such systems seems certain to increase HVAC

energy use without any tangible improvement in occupant comfort.

Rather than the U-shape curve defining the PMV-PPD relationship, occupants in real
buildings appear to be more tolerant of non-neutral indoor environments as defined by the
standard-based PMV metric. The regression lines in Figure 3-3 have an almost-flat bottom and

gradually increase towards the ends of the thermal sensation scale. These lines indicate that the
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thermal satisfaction of a population is similar across a wide PMV range, and therefore a wide
range of air temperatures. This contradicts the popular idea of an optimum or ideal temperature
that has been promoted by the steady-state heat balance approach to thermal comfort, and in
turn the comfort standards. Rather than a single controlled body temperature with a fixed
setpoint, contemporary thermophysiological theory instead promotes the concept of a
thermoneutral zone where vasomotor tone is able to regulate against body temperature
fluctuations without initiating shivering or sweating [228,229]. Very few indoor environments
would push occupants’ thermoregulatory system beyond the thresholds of the thermoneutral
zone, and it is very likely that the comfort zone exists within this range of body temperatures
[230]. This conceptual model of human thermoregulation supports the observed flatter
dissatisfaction curves found in the present analysis, and further discourages the pursuit of an

optimum comfort temperature or even narrow temperature ranges.

The major finding of this analysis is that it is difficult to specify a universally-applicable
comfort temperature range for different contexts without resorting to heavy HVAC requirements
that promote profligate energy use. The results in Figure 3-8 suggest that for the European
context both the upper and lower temperature limits for offices can be relaxed by 2 °Ci.e. cooling
setpoint of 28 °Cinstead of 26 °C, and a heating setpoint of 18 °Cinstead of 20 °C. The recommend
temperature ranges for classrooms in EN 16798 appear to be in line with neutral temperatures
found using the ASHRAE database. While the results for residential housing in Figure 3-8 are
somewhat aligned with one residential comfort study [231] and appear to suggest a widening of
the temperature range, some caution should be taken when interpreting this due to the relatively
small sample size. Interestingly, Cheung et al. [22] tested a simple model that predicts thermal
sensation based solely on air temperature. The neutral temperature band of this simple model
ranged from 18 °C to 30 °C, similar to what was reported in Figure 3-6, and the overall prediction
accuracy was higher than the PMV-PPD model. So whilst a universal prescription of a comfort
temperature range is neither possible nor desirable [228], the current recommendations for

offices found in international standards such as ISO 7730 appear to be too narrow and could be

66



relaxed to still maintain comfort while avoiding encouraging unnecessary energy expenditure on

space conditioning.

Strategies to widen the permissible temperature ranges in offices are more likely to
succeed when coupled with the availability of local control options that recognise individual
differences [232] and allow for the creation of bespoke microclimates. The theoretical basis and
design solutions for such an approach to thermal comfort in buildings can be found in research
studies of thermal adaptation and personal control systems [233—-235]. Both chamber studies
[236] and field studies [237] have demonstrated the overwhelmingly positive effect of individual
control on thermal comfort whilst potentially reducing HVAC energy use by 32% - 73% [238].
Personal comfort systems such as desk fans or footwarmers can deliver comfort to occupants
whilst allowing for a relaxation of the room air temperature range to 18 °C — 29 °C [239-241].
Unfortunately, the ASHRAE database utilized here does not contain sufficient information on
personal controls to perform such an analysis. It is likely that the majority of buildings surveyed
in the database did not have personal comfort systems, so the derived temperature ranges in
Figure 3-6 and Figure 3-8 may even be conservative if the corrective potential of personal comfort
systems are considered [242]. Therefore, instead of demanding ever-increasing central control
over the environment, standards should aim to link performance criteria to thermal adaptation
opportunities, such as access to and degree of personal control [243]. This is particularly
important given the number of emerging technologies around personal comfort systems, such as
thermally responsive clothing fabric [244] or a heating and cooling robot [245]. Perhaps a more
promising approach is the development and use of personal comfort models based on physiology
or behaviour that can dynamically control HVAC setpoints based on occupants’ comfort profile

and energy use restrictions [246-249].

3.5 Conclusion

This chapter builds on data analyses of the largest-to-date global database of thermal
comfort field studies and focuses on the point-in-time compliance criteria of a thermal
environment. First, the observed thermal satisfaction (based on any of the four thermal scales)

showed no significant difference between the three PMV classes currently included in
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international standards, meaning that tiered PMV classes are not appropriate compliance
criteria. This demonstrates a need for other compliance criteria, such as the direct use of
temperature ranges given that air temperature is the most commonly controlled environmental
parameter in buildings. As the field-based global database becomes more widely utilized, data
should be able to inform the acceptable temperature range directly rather than predicting the
temperature range from traditional laboratory-based thermal comfort models. However, one
should exercise caution when using data-driven techniques as different statistical methods yield
different results. The methodological discussion led to our recommending method 2—using
individual neutral temperatures calculated from corresponding air temperature and TSV to
determine the acceptable temperature range from the 10t percentile to the 90t percentile—in
an attempt to standardize the data-driven methods of deriving acceptable air temperature range.
The resulting acceptable temperature ranges (7.4 °C—12.2 °C) are wider than the ISO 7730 (2 °C
— 6 °C) and EN 16798 (maximum 26 °C and minimum 20 °C) mandate, and the reason may be
three-fold: inaccuracy of PMV-PPD model, variance in the input variables of PMV model, and the
generalization of the European context where ISO was predominantly used. Wider acceptable
temperature ranges are not only valid in reality, but also favorable because of their energy
savings, particularly when combined with increasingly popular solutions to personal comfort
systems. Wider temperature ranges also acknowledge and better cater to the dynamics of indoor
thermal environments arising from synoptic-scale weather patterns, temporal and spatial
differences, individual physiological differences (including activity levels and clothing levels), and
differences in thermal preference between individuals. Researchers and practitioners are
encouraged to develop context-specific compliance criteria that are suitable for inclusion in

relevant comfort standards, i.e. in a specific region, for a specific type of building, etc.
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Chapter 4: Paper 3—Investigation of Long-term Thermal Comfort Compliance
Criteria

4.1 Introduction

In contrast to point-in-time compliance criteria, long-term compliance criteria are used to
assess a space’s thermal comfort level over a long period, e.g. a year. New standards highlight
the growing interest in long-term indoor environmental monitoring for understanding and
evaluating building performance. For example, version 2 of the WELL Building Standard [250]
now requires HVAC systems to both monitor and control air temperature, mean radiant
temperature, relative humidity, and air speed in all regularly occupied spaces for the purposes of
performance reporting and verification. A similar emphasis on long-term sensor monitoring can
be seenin the new RESET building performance standard [251] designed to certify buildings using

continuous IEQ data gathered over three months.

The existing long-term thermal comfort compliance criteria in thermal comfort standards
are a number of indices that can be calculated from physical measurements or simulations.
Because of the prohibitive cost of installing and maintaining environmental sensors for
continuous monitoring, previous application of long-term comfort indices has been limited to
design phase assessments using data from building performance simulations. This led the
majority of long-term comfort indices recommended by standards to be grafted with popular
thermal comfort models such as PMV in order to increase their robustness and usefulness, e.g.
percentage of time outside a PMV range, etc. (a list of indices is shown later in this chapter in
Table 4-3). While PMV [20] continues to be the dominant model used for thermal comfort
assessments, researchers have reported inaccuracies of PMV model in predicting people’s
thermal sensation in real buildings [21,22]. Researchers have proposed various new long-term
indices as summarized in [252], but those new indices are used for design trade-offs [253] or
summer overheating risk assessments [254-256]. The existing long-term indices in thermal
comfort standards for the evaluation of existing buildings’ operations have never been validated

against long-term physical monitoring data in actual buildings nor against occupant feedback.
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Given the observation in Paper 2 of the weakness of PMV classes in predicting point-in-
time thermal comfort, there is a further question of the efficacy of the existing long-term comfort
indices, as most of them are based on PMV/PPD indices as well. Do the existing long-term comfort
indices reliably predict long-term subjective evaluations of thermal environments? If so, which
index most closely corresponds with occupants’ actual levels of satisfaction? If not, are there

better indices to evaluate long-term thermal comfort?

The recent proliferation of low-cost sensors for building IEQ measurements and the rise
of smart buildings have dissolved the barriers to assessing building performance with in situ long-
term monitoring during the operational phase [31]. These new sensor technologies have
coincided with increasing awareness of the importance of long-term physical monitoring of built
environments. The average cost of industrial sensors has dropped from $1.3 in 2004 to $0.5 in
2016 according to a survey by Bank of America [173]. The low cost of sensor technology
promoted the evolution of Wireless Sensor Networks (WSN) towards the Internet of Things (loT)

[257], which is used for sensing and datafication of the physical built environments.

Along with the physical measurements, assessing thermal comfort over time in existing
buildings also requires subjective evaluations by occupants. Post-Occupancy Evaluation (POE) is
a general approach of obtaining feedback about a building’s performance once it is built [5,36—
40,258]. In commercial office buildings, it is common practice to assess the long-term satisfaction
of occupants using POE surveys (e.g. BUS survey [165], CBE survey [166], BOSSA survey [32], etc.).
Although these surveys are conducted at a point of time, their questions are often general and
applicable for longer term insights (three to six months or more as suggested in ASHRAE 55 [6]).
When combined with continuous IEQ sensor data, these POE responses can be used to examine

the accuracy of the physical comfort indices in evaluating thermal environments over time.

The results in Paper 2 showed that thermal comfort is particularly challenging in
commercial office buildings—building managers are motivated to minimise any disruption or
distraction resulting from thermal discomfort in the interest of employee productivity but there
is still a pretty large percentage of dissatisfaction in offices compared to other building types.
There is a clear need to investigate the accuracy of the long-term comfort indices from standards
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in evaluating long-term thermal comfort in commercial office buildings. The objectives of this
paper are 1) to evaluate the predictive skill of existing long-term thermal comfort indices from
standards and 2) to propose new indices based on continuous, in situ physical monitoring and

subjective evaluations from four air-conditioned office buildings.

4.2 Methods

To address the aim of this study, we conducted secondary data analyses using the Building
Occupants Survey System Australia (BOSSA) database [32] and the Sentient Ambient Monitoring
of Buildings in Australia (SAMBA) IEQ measurement database [31], both of which were developed
by the Indoor Environmental Quality Lab at The University of Sydney. Figure 4-1 outlines the
overall methodology of this study. The BOSSA survey is comprised of retrospective questions
regarding occupant long-term thermal satisfaction, and the SAMBA devices measure the relevant
thermal parameters continuously over time. We used responses to the BOSSA surveys to
estimate the true long-term thermal comfort expressed by the subjective index. A variety of
physical indices calculated from the SAMBA database were then compared to the subjective
index using Pearson correlation analysis. The stronger the correlation is, the better the physical
index predicts the true long-term thermal comfort. The following sections describe the databases

and data analyses in detail.

Retrospective Continuous
satisfaction thermal
survey & measurements
BOSSA SAMBA
— Pearson correlation —
Subjective index Physical indices

Predict

Figure 4-1 Methodology Diagram. The image on the right depicts the SAMBA IEQ Monitoring device.
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4.2.1 BOSSA survey database and subjective index

BOSSA is a POE survey tool designed to automate the process of collecting occupants’
subjective assessments of their indoor environment [32]. Respondents are asked to rate their
satisfaction with core building elements and functions such as overall design, physical
environments, building maintenance, etc. As of July 2019, 91 BOSSA survey campaigns have been
completed totalling 7974 questionnaires. A survey campaign is designed to collect responses over
a short period—often less than a month—but the questions in the survey reflect occupants’ long-

term thermal comfort.

The BOSSA Time-Lapse survey is comprised of 58 questions concerning occupants’
satisfaction with different aspects of their workspaces, including six questions on their thermal
experience—satisfaction with the indoor temperature in winter, indoor temperature in summer,
air movement, humidity, air movement control and temperature control. These questions use a
7-point Likert scale of satisfaction, ranging from Dissatisfied (1) to Neither (4) to Satisfied (7). A
preliminary correlation analysis between these retrospective answers and the physical
environment (measured Ty, Ty, air velocity and RH) rendered coefficients of nearly zero, meaning
that the recall questions were not biased by the right-now experience when occupants filled out

the surveys.

Different combinations of the six thermal questions in the BOSSA survey were used to
calculate a single subjective index. Our testing found the average score of the following two

guestions had the strongest correlation with the calculated physical indices.

1. Please rate the temperature conditions of your normal work area in winter.

2. Please rate the temperature conditions of your normal work area in summer.

For each individual response, we calculated the average of the summer and winter
satisfaction scores as occupants’ satisfaction with temperature throughout the year, named
“temp year score” (Figure 4-2). The final subjective index representing the overall evaluation of

a space was calculated as the mean of the temp year scores for all respondents located on the
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same floor of a building (the red diamond points in Figure 4-2). The inclusion criteria of the 33

datasets are described in section 4.2.3.
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Figure 4-2 Distribution of the temp year scores in the 33 datasets included in our analysis. One boxplot contains
the calculated temp year scores in one dataset (a certain floor of a building). The middle thick bar shows the
median. The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles).

The red diamond point shows the mean, i.e. the subjective index value for each dataset.

4.2.2 SAMBA IEQ monitoring database

SAMBA is a low-cost wireless sensor network designed to be placed on office work desks
for continuous monitoring of common IEQ parameters (see [31] for a detailed overview).
Measurement data for thermal comfort, lighting, acoustics and indoor air quality are collected
and transmitted back to base at five-minute intervals. The image in Figure 4-1 shows that the
SAMBA device is separated into two units, with the smaller unit measuring the four physical
thermal comfort parameters—air temperature, globe temperature, air velocity and relative
humidity. The two personal factors for PMV model—metabolic rate and clothing level—are
either fixed (1.1 met for office work) or estimated using the dynamic predictive clothing model
proposed by [259] and endorsed by ASHRAE 55-2017. These six factors are used to calculate the

PMV and PPD indices for every five-minute sample. Laboratory tests proved that the accuracy of
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the SAMBA device closely aligns with the ‘desired’ equipment classification in ISO 7726 (test
results summarized in Table 4-1, see [260] for more details). Over 200 SAMBA devices have been
installed in 46 office buildings in Australia, mostly within Sydney, since the phased roll-out began
in 2016. The monitored buildings were nominated by participating industry partners and are
generally representative of the premium-grade commercial building stock in Australia. By July
2019, the SAMBA database contained a total of 13.5 million observations of thermal comfort

parameters.

Table 4-1 Measurement accuracy of the SAMBA IEQ Monitoring device compared to the “desired” performance

level specified in 1ISO 7726 [261]

SAMBA .
- ISO 7726 desired
Tested range Average standard error of estimate
Air temperature 18-27 °C 0.26 °C 0.2 °C
Globe temperature 18-27 °C 0.16 °C +0.2 °C
Air speed 0.00-0.40 m/s 0.015m/s +0.02 m/s
Relative humidity 20-70% 1.04% +2%

4.2.3 Data preparation

Records from both the BOSSA and SAMBA databases are time-stamped and spatially
tagged to either a zone or a floor of a building to allow spatiotemporal pairing of subjective data
with physical measurements. For this study, we matched responses from BOSSA campaigns to
SAMBA measurements made on the same floor of the same building at close-to-or-during the
time of the BOSSA survey campaign. We identified 33 pairings of BOSSA campaigns and SAMBA
time series data (Table 4-2) in four office buildings in the central business district in Sydney,
Australia. To avoid any potential impact on the building owners and the companies that occupied
the buildings, we anonymized the building names and addresses by using generic labels. We used
a total of 970 individual survey responses and 2.3 million physical measurements of thermal
comfort parameters in our analysis. Table 4-2 summarizes the time of the BOSSA survey

campaign, number of responses for each survey campaign, periods of physical monitoring, and
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the number of workdays (excluding weekends) of monitoring. Four survey campaigns on level 28
in building D had less than ten responses, and subsequent analyses were designed to address the

statistical significance from such low numbers. This will be discussed further in the results section.

Comfort standards do not give clear guidelines to determine the minimum or ideal range
of continuous measurements to use for this type of analysis. Long-term assessment criteria found
in 1ISO 7730, EN 16798 and ASHRAE 55 simply state that the monitoring period should be
representative of the conditions overall. To best address this, we prioritised instances where
there was an entire year of SAMBA data (i.e. Building D) as the total variance in the thermal
environment is captured over the typical annual certification period used by most rating systems.
For buildings without a full year of measurements, we used any available SAMBA data beginning

or ending within one month of a BOSSA campaign (i.e. Building A, B, and C).

After data preparation, there was one year of measurements for Building A and D, 87
working days for Building B, and 108 workdays for Building C. We wondered if the shorter
monitoring periods in Building B and C would sufficiently characterize the long-term conditions
experienced by the occupants, and whether IEQ measurements collected after the BOSSA
campaign are useful given that the long-term satisfaction questions are retrospective. Visual
inspection of the SAMBA data from the building zones included in our analysis showed relatively
stable conditions throughout the monitoring period (T, variance of a dataset is 0.76 °C + 0.22 °C).
Comparing air temperature before and after the survey campaigns in the 10 pairs of datasets
where the BOSSA campaigns overlapped the SAMBA measurements, the average difference in
mean air temperature was 0.27 °C £ 0.26 °C (standard deviation). These small differences indicate
that the shorter datasets available in Buildings B and C are sufficient for characterising the low
temperature variance expected in premium-grade air-conditioned offices. They also suggest that
retrospective survey responses are likely to be just as relevant to prospective physical

measurements. We therefore included these 33 datasets in our analysis.
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Table 4-2 Matched BOSSA survey campaigns and SAMBA measurements included in our analyses

Building  Floor No. of survey = BOSSAstart BOSSAend SAMBAstart SAMBAend Workdays
responses of SAMBA

A Level 19 20 2017-03-23  2017-03-30 2017-04-03 2019-03-15 270
B Level 10 107 2018-04-20 2018-05-18 2018-07-16 2018-12-12 87
B Level 9 74 2018-04-20 2018-05-17 2018-07-16 2018-12-06 86
C Level 12 19 2018-02-22  2018-03-07 2018-01-26 2019-05-14 302
(o Level 2 31 2018-09-26  2018-10-08 2018-06-29 2019-04-29 217
C Level 21 48 2016-11-21  2016-12-01 2017-02-01 2018-02-01 262
C Level 21 45 2017-06-09  2017-06-22 2017-02-01 2018-02-01 262
C Level 6 39 2016-11-21  2016-11-30 2016-09-09 2017-05-17 108
C Level 6 44 2017-06-07 2017-11-27 2016-09-09 2017-05-17 108
D Level 25 20 2016-12-06  2016-12-15 2016-09-15 2017-09-29 261
D Level 25 11 2018-03-12  2018-03-14 2017-03-01 2018-03-20 186
D Level 25 14 2018-08-14  2018-09-06 2017-08-01 2018-09-10 180
D Level 25 18 2019-05-01  2019-05-08 2018-05-17 2019-07-02 287
D Level 26 19 2016-12-06  2016-12-19 2016-09-15 2017-09-29 266
D Level 26 15 2018-03-12  2018-03-15 2017-03-01 2018-03-20 275
D Level 26 21 2018-08-14  2018-08-22 2017-08-01 2018-08-30 258
D Level 26 22 2019-05-01  2019-05-20 2018-05-01 2019-07-16 230
D Level 27 30 2016-12-06  2016-12-19 2016-10-11 2017-09-29 233
D Level 27 19 2018-03-12  2018-03-16 2017-03-01 2018-03-20 257
D Level 27 30 2018-08-14  2018-09-03 2017-08-01 2018-09-06 235
D Level 27 10 2019-05-01  2019-05-06 2018-05-01 2019-07-17 219
D Level 28 2016-12-06  2016-12-19 2016-10-10 2017-09-29 249
D Level 28 2018-03-12 2018-03-14 2017-03-01 2018-03-20 275
D Level 28 2018-08-14  2018-09-06 2017-08-01 2018-09-10 290
D Level 28 2019-05-01  2019-05-06 2018-05-01 2019-07-16 316
D Level29 34 2016-12-06  2016-12-27 2016-10-10 2017-09-29 252
D Level 29 25 2018-03-12  2018-03-19 2017-03-01 2018-03-20 275
D Level29 29 2018-08-14  2018-09-10 2017-08-01 2018-09-10 262
D Level 29 23 2019-05-01  2019-05-06 2018-05-01 2019-07-16 272
D Level 30 49 2016-12-02  2016-12-19 2016-08-09 2017-09-29 298
D Level 30 40 2018-03-04  2018-03-19 2017-03-01 2018-03-20 275
D Level 30 46 2018-08-14  2018-08-27 2017-08-01 2018-09-10 289
D Level 30 47 2019-05-01  2019-05-27 2018-05-01 2019-07-16 315

To ensure reliable time series data from the SAMBA devices, the dataset was cleaned

following these steps:
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1. A subset of the SAMBA database was selected to include time series data from

buildings and floors with paired BOSSA surveys.

2. The SAMBA data was filtered, keeping records where 0 < T, < 50,0 <T; < 50,0 <
T, <50, —3 < PMV < 3 to remove erroneous measurements caused by device

malfunction.

3. For each record, the operative temperature T, was calculated as the average of T,
and T,.. ASHRAE 55 states that simple averaging is an appropriate method when air

speed is below 0.2 m/s, which was true in 95% of our dataset.

4. Cases where |T, — T,| = 4 were removed. Time series plots of |T, — T,| in each zone
showed occasional spikes over 4 ° Cand upto 10 ° C. Itis difficult to determine why
this occurred in each instance, but it is likely attributable to noise from equipment
error or highly localized perturbations near the device that was not representative of

the actual physical environment of the zone.

We performed additional filtering and calculations required to conduct later analyses. In
many cases, there are multiple SAMBA devices in different zones of a given floor, so the average
of all the zones was used to summarise the thermal environment of the entire floor. Then,
occupied hours (7:00 to 19:00 on weekdays) were determined by measured CO; level and used
to remove data outside of occupancy. The hourly mean of T,;, T,,, PMV, and PPD was calculated
because most of the indices require use of hourly values. Finally, seasons were assigned to the
dataset, with May to October labelled as winter and November to April as summer. Figure 4-3
shows an example of the time series plot of air temperature in one of the 33 datasets after data

preparation and cleaning.
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Figure 4-3 An example time series plot of the air temperature in a one-year dataset on Level 30 of Building D after

data cleaning

4.2.4 Long-term physical indices

ISO 7730, EN 16798, and ASHRAE 55 recommend a number of physical indices to evaluate
a thermal environment over time. For each of the 33 SAMBA datasets, we calculated existing
indices recommended by ISO 7730, EN 16798, and ASHRAE 55, and five new types of indices that

we brought to test (Table 4-3).

Table 4-3 Existing and new physical indices tested in this study for long-term thermal comfort evaluation

Index 1ISO 7730 EN 16798 ASHRAE 55
Percentage of time outside a PMV range . . o
Percentage of time outside an operative temperature range . o o
Degree-hours . .

PPD-weighted . .

Average PPD .

Sum PPD .

Mean temperature

New temperature ranges for percentage-hour and degree-hours

Temperature variance Newly proposed

Daily range outlier

Combined index
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4.2.4.1 Existing long-term physical indices

The six existing types of indices recommended by comfort standards contain a total of 23

individual physical indices. The calculation methods for them are given in Equations 4-1 — 4-10.
1) Percentage of time outside a PMV range

) number of hours that |PMV| > limit
index = - x 100 (4-1)
total number of occupied hours

ISO 7730 and EN 16798 prescribe three PMV classes (Table 3-1), leading to three indices
in this type: %|PMV| > 0.2, %|PMV| > 0.5, and %|PMV| > 0.7.

2) Percentage of time outside a specified operative temperature range

) number of hours that T, outside the range
index = - x 100 (4-2)
total number of occupied hours

ISO 7730 and EN 16798 recommend operative temperature ranges for different building
types (i.e. different activities) and seasons (i.e. different clothing level). Table 4-4 shows the
operative temperature ranges recommended for offices, and thus there are six indices

corresponding to six temperature ranges.

Table 4-4 Comfort classifications based on operative temperature ranges for office buildings in standards

Summer (°C) Winter (°C)
1SO 7730 class A 23.5-25.5, Ty optimar = 24.5 21-23, T, optimar = 22
1SO 7730 class B 2326, Ty optimar = 24.5 20-24, T, optimar = 22
1SO 7730 class C 22 =27, Ty optimar = 24.5 1925, Ty optimar = 22
EN 16798 class | <=25.5 >=21
EN 16798 class Il <=26 >=20
EN 16798 class Il <=27 >=19

3) Degree-hours

The degree-hours index is calculated as the product sum of the weighting factors and

exposure time (Equation 4-5). The weighting factor for each hour is associated with the
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exceedance magnitude of operative temperature beyond the specified range. The weighting
factor is calculated differently in ISO 7730 (Equation 4-3) and EN 16798 (Equation 4-4). This type

includes six indices corresponding to the six different ranges in Table 4-4.

|To - To limitl
_ 1+ ’ To = To.limit.upper or To < To.limit.lower 4-3
W/[ISO - |To.optimal - To.limitl ( - )
Or To.limit.lower < To < To.limit.upper
Wf _ {lTo - To.limitlf To > To.limit.upper or To < To.limit.lower (4 4)
EN — -
0» To.limit.lower < To < To.limit.upper
index = Z wf -t (4-5)

4) PPD-weighted

The hours during which PMV exceeds the range are summed and weighted by a factor
determined by PPD. The calculation of weighting factors is different between I1SO 7730 (Equation
4-6) and EN 16798 (Equation 4-7) but the formula for the PPD-weighted index is identical—
product sum of the weighting factors through time (Equation 4-8). There are three PMV classes

and two calculation formulae resulting in six indices for this type.

PPDPMV actual
_ PMYV, = |PMVyipmi
WfISO — PPDPMV.limit | actuall | llmltl (4-6)
O' |PMVactual| < |PMVlimit|
PPDPMV actual
_, PMYV, > |PMVimi
WfEN — PPDPMV.limit | actuall | llmltl (4_7)
0' |PMVactual| < |PMVlimit|
index = Z wf -t (4-8)

PPDpyy actuar 1S the PPD corresponding to the actual PMV. PPDpyy 1imit is the PPD

corresponding to PMV;,,;+ as listed in Table 3-1.

5) Average PPD

index = Y. PPD (4-9)
HEEX = total number of occupied hours )
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6) Sum PPD
index = Z PPD (4-10)

The different time series lengths of the 33 SAMBA datasets effects the calculation of the
time-dependent indices i.e. degree-hours, PPD-weighted, and Sum PPD. To address this, we

normalized those indices by dividing them by the total number of hours measured.

4.2.4.2 New long-term physical indices

We brainstormed and tested a variety of new physical indices grouped across five new
index types to determine the best-performing, practical measure. Existing indices found in
standards use operative temperature as an input, but air temperature is more readily available
in almost any building. For this reason, we decided to test the performance of the new indices

using both operative and air temperature. The calculation of the new indices are as follows.
1) Mean temperature
This type of indices uses the mean T, and mean T, of each SAMBA dataset.

: LT or YT,
index = - (4-11)
total number of occupied hours

2) New temperature ranges

In this category, percentage-hour and degree-hour indices are calculated using Equations
4-2, 4-4 and 4-5 but with different temperature ranges to those defined in ISO 7730 and EN
16798. A total of ten new temperature ranges for T, and T, are derived using percentiles, mean,
and standard deviation of the SAMBA time series data as shown in Table 4-5 with different
temperature ranges specified for summer and winter seasons. A total of 20 indices of this type
were calculated. It is interesting to note that measured temperatures were quite stable in the

monitored offices, so the derived temperature ranges are similar.
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Table 4-5 Temperature ranges derived from time series data for the calculation of the new comfort indices

Operative temperature °C Air temperature °C
Range name Meaning Summer Winter Summer Winter
P20 The 40th to 60th percentile 23.6-24.0 23.3-23.6 23.3-23.7 23.1-235
P40 The 30th to 70th percentile 23.4-24.2 23.1-23.8 23.1-23.9 22.9-23.7
P60 The 20th to 80th percentile 23.2-245 22.9-24.0 229-24.2 22.7-23.9
P80 The 10th to 90th percentile 22.9-25.0 22.6-24.4 22.6-24.8 22.4-243
1sd Mean t 1sd 22.9-25.0 22.7-24.2 22.6-24.8 22.5-24.2

3) Temperature variance

This index is based on the sample variance of the hourly average temperature for each

SAMBA dataset and calculates the metric as:

1 (Tai — Tp)? 21 (To; — T)?
or

4-12
n—1 n—1 ( )

index =

where n = total number of occupied hours; T, and T, are the sample mean temperatures.
4) Daily range outlier

The range of temperatures measured over each business day is used to calculate the index

as the percentage of days where that range exceeds a nominal threshold.

] number of days that T, or T, daily range > a threshold
index = - X 100 (4-13)
total number of occupied days

For this analysis, we set the threshold based on percentiles of the observed daily ranges
in the SAMBA time series data. Ten different values were tested (Table 4-6) to determine the
threshold with the strongest correlation to thermal satisfaction. Weekly ranges were tested but
reported weaker correlations than daily variance and were therefore dropped from the analysis.

Table 4-6 Percentile thresholds tested for the daily range outlier indices. Stable conditions in the monitored offices

result in a daily variance of less than 2.5 °C in most cases.

Percentile 50th 60th 70th 80th 90th
T, daily range (°C) 1.31 1.48 1.69 2.00 2.48
T, daily range (°C) 1.20 1.36 1.56 1.83 2.29
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5) Combined index

We combined the best-performing existing index and the best-performing new index in
Equation 4-14. This normalised index from 0 to 100 considers if the absolute temperature is
within an acceptable range and whether the daily variance in temperature daily exceeds the

percentile threshold.

index

number of hours that T, or T, outside ISO B ranges

total number of occupied hours (4-14)

number of days that T, or T, daily range > the 80th percentile
+ : ) X 100/2
total number of occupied days

4.2.5 Correlation analysis

Pearson correlation analysis was used to investigate the linear relationship between the
metric of thermal satisfaction votes and the long-term thermal comfort indices. We chose to
report the Pearson coefficient (r) because it is independent of the unit of measurement and is
symmetric between X and Y, removing the need to scale the input data. There is no consensus
on what is considered a strong linear relationship. Interpretation of the Pearson coefficient varies
between fields and depends on the stated aims of the study. For clinicians, 0.2, 0.5, and 0.8 were
suggested as the thresholds to differentiate weak, moderate, and strong associations [262]. For
psychological analysis, even lower thresholds may be used i.e. 0.1, 0.2, and 0.3 [263]. In general
statistics, threholds can be 0.3, 0.5, and 0.7 [264], or 0.1, 0.3, and 0.5 [265], or 0.3 and 0.5 [266].
Regardless of the differences between disciplines, a higher correlation coefficient is more
desirable as it indicates a stronger relationship between the long-term comfort indices and the
subjective evaluation of the thermal environment. In this analysis, we use absolute coefficient
values of 0.3, 0.5, and 0.7 (the 30, 50%", and 90 percentiles of the resulted 59 coefficients) to
indicate weak, moderate, and strong linear relationships respectively, and p < 0.05 as indicating

statistical significance of the correlation.
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Given the small sample size (N = 33) we used 10-repeated-10-fold-cross-validated linear
regressions for all correlation analyses to improve the robustness of the results. Mean Absolute
Error (MAE), the average absolute difference between observed and predicted outcomes,

measures the performance of the indices such that the lower the MAE, the better the index.

All analyses were performed using R Studio and R version 3.6.1 (2019-07-05) [267], along
with the dplyr v0.8.3 [268], tidyr v0.8.3 [269], reshape2 v1.4.3 [270], lubridate v 1.7.4 [271], zoo
v 1.8.6 [272], caret v6.0.84 [273], ggplot2 v3.2.0 [274], ggpubr v0.2.1 [275], and gridExtra v2.3

[276] packages.

4.3 Results

Figure 4-4 presents the Pearson correlation coefficients between the physical thermal
comfort indices and the subjective index. The physical indices may be understood as types of
severity measures, where higher values indicate greater dissatisfaction with the thermal
environment. For this reason, we expect negative correlations between the physical indices and

the subjective index.

Of the existing indices found in thermal comfort standards, only two—degree-hours T,
outside ISO B and %T, outside ISO B—have a strong linear relationship with the satisfaction
measure. This indicates that the more times and the larger deviations that T, was outside a
specified temperature range, the more occupants felt dissatisfied over time. Indices based on

PMV/PPD all reported weak linear relationships with thermal satisfaction.

The performance of the new indices shown in Figure 4-4 indicate that those based on
mean temperatures, modified temperature ranges, and overall temperature variance have weak
to moderate linear relationships with the subjective comfort measure. However, the daily range
outlier indices show strong negative relationships to thermal satisfaction and out-perform most
of the existing indices. The highest correlation coefficient is 0.8 for the daily air temperature
variance above the 80 percentile (2 °C). In other words, increases in the daily occurrences of an
air temperature range greater than 2 °C are highly correlated with lower occupant thermal

satisfaction for this dataset.
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Figure 4-4 The statistical relationships between the long-term comfort physical indices and reported thermal
satisfaction subjective index for 23 existing indices on the left (purple) and 36 new indices on the right (green).
Indices are grouped by type, and the Pearson correlation coefficients for each index are given. Darker shading

denotes statistical significance of the correlation (p<0.05).
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Combining the best-performing existing index with the best-performing new range outlier
index for both T, and T, resulted in slightly lower correlation coefficients than the range outlier
index alone. However, they still report strong linear relationship for both the operative (r =
—0.74) and air temperature (r = —0.71) variants. The slight decrease in correlation strength in
the air temperature metric may be due to ISO class B ranges being specified for operative
temperatures. Nevertheless, the new combined indices outperform any of the existing indices
and have the advantage of defining a static temperature range modulated by a dynamic

component.

Table 4-7 Results of the simple linear regression and cross-validated linear regression of long-term comfort indices
and thermal satisfaction measure. Underlined is the best performing existing index as the baseline. Bold is better

performance than baseline.

Index Type Parameter Linear Regression 10 Repeated 10-Fold Cross-Validation

Used of Linear Regression Models

Strongest Index Name r Strongest Index Name MAE

Existing T, %T, outside ISO B -0.45  %T, outside ISO B 0.385
indices T, %T, outside ISO B -0.63  Degree-hours T, outside ISO B 0.325
Mean T, T, mean -0.49 T, mean 0.357
temperature T, T, mean -0.43 T, mean 0.366
New T, Degree-hours T, outside P20 -0.55  Degree-hours T, outside P40 0.354
temperature T, Degree-hours T, outside P20 -0.59  Degree-hours T, outside P20 0.318
range
Temperature T, T, variance -0.5 T, variance 0.373
variance T, T, variance -0.37 T, variance 0.366
Daily range T, %T, daily range>2° C -0.80 %T, dailyrange>2"° C 0.266
outlier T, %T, daily range>1.83 ° C -0.74  %T,daily range >1.83 ° C 0.268
Combined T, %T, outside ISO B + %T, -0.71  %T, outside ISO B + %T, daily 0.326
index daily range>2"° C range>2° C

T, %T, outside ISO B + %T, -0.74  %T, outside ISO B + %T, daily 0.286

daily range >1.83 ° C

range > 1.83 °C

To ensure robustness and further validate the results of the correlation analysis, we
performed 10-repeated-10-fold-cross-validated linear regression on both the existing indices and

the newly proposed indices. The results of the linear regressions are shown alongside the best
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performing indices from each index type to aid comparison in Table 4-7. The ranked
performances of the old and new indices are the same in both regression analyses, indicating

that the simple linear regression results are robust.

Another common concern for linear regression is the influence of outliers. We
investigated the effect of outliers on the results of the linear regression using the Cook’s distance
test [277] to identify high leverage points. The Cook’s distance measures the change in regression
models when each of the observations is removed. Higher values in the Cook’s distance indicate
that removing a given observation will lead to a large change in the regression. When the Cook’s
distance is greater than 4/N (N = 33 in our analysis), the observation is deemed a high leverage
point, also known as an outlier. Figure 4-5 presents scatterplots for the 12 best performing
indices from each index type listed in Table 4-7. Coefficients are inset for both the regression with
all data points (r) and with outliers removed (r.new) based on Cook’s distance. Circles are data
points used in both regressions and the red crosses mark high leverage points that were removed
for the “r.new” regressions. As expected, removing high leverage points increased correlation
strength in most cases, e.g. the best-performing new index based on daily range outliers
increased from r = —0.80 to r = —0.83 after removing outliers. Though not marked in Figure

4-5, most outliers are from building D level 28 where the numer of survey responses was small.
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Figure 4-5 Scatterplots of the best-performing indices for each type (N = 33)
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4.4 Discussion

In the following section we address some of the key findings that emerged from this

analysis and then discuss interpretations of the results along with the limitations of the study.

4.4.1 Preparing time series Data

Removing any IEQ measurements made during unoccupied hours seems an obvious part
of the data preparation procedure but is surprisingly absent from any of the reviewed standards
or guidelines. We found that applying rules to filter out unoccupied hours in the time series data
meaningfully changed the correlation analysis results. If data from occupied hours (7:00 to 19:00)
including weekends are used, then the best-performing existing index has a Pearson coefficient
of -0.48. If the complete time series data is used without any time filters, then the coefficient
reduces further to -0.35. In both cases, the relationship is weaker than the one we reported using
occupied hours from weekdays only (-0.63). The reason for this is because buildings management
systems are programmed to tightly control indoor environments during occupied hours but then
cut back as occupant loads reduce, i.e. at night and on weekends. It is therefore important to
carefully select the occupied hours when calculating long-term comfort indices for pairing with
subjective evaluations so that the IEQ measurements reflect the actual conditions experienced

by occupants.

4.4.2 Use of air or operative temperature

Most standards list operative temperature, T,, as the input parameter for long-term
comfort indices on the grounds that it is a better characterisation of the thermal environment
that occupants are exposed to than air temperature, T,. Operative temperature encompasses air
temperature and mean radiant temperature. However, the results of the linear regressions in
Table 4-7 show that half of the indices better predict occupants’ long-term satisfaction using T,
and the other half using T,.. This finding raises the important question of which temperature to

use when evaluating the long-term performance of a thermal environment.

It is difficult to explain why the correlation coefficients differ, albeit slightly, when using

T, or T,. Figure 4-6 shows the comparison of both temperatures in the four monitored office
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buildings. Differences between T, and T, were small for most floors—less than 0.5 °C—with
greater variance in T, than T,. An analysis [278] of field measurements in ASHRAE Global
Thermal Comfort Database Il [30] and additional laboratory testing reported similar differences
in air and radiant temperatures, and they suggested T, as an appropriate estimate of mean
radiant temperature when it is not readily available. Moreover, recent studies have reported
systematic errors when using traditional globe thermometers to measure radiant temperature
[279,280]. For these reasons, it seems T, is sufficient as an input parameter for calculating long-
term indices when T, has not been measured. This has the added advantage of enabling the use
of continuous temperature records from building management systems for long-term evaluation

of existing buildings.
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Figure 4-6 Comparison of air temperature and operative temperature in the studied SAMBA datasets. Red dashed
line is zero. The lower and upper hinges of the boxplots correspond to the 25th and 75th percentiles. The middle

black bars are the medians.
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4.4.3 Specifying index thresholds

We reported a higher correlation between the middle temperature range specified in ISO
7730 (ISO class B) and occupants’ thermal satisfaction compared to both the narrower (class A)
and the wider range (class C). A similar pattern was observed for the new daily range outlier
indices also, where the correlation with the 80t percentile was stronger than with the 70" or
90t percentiles. One possible explanation for this finding is that the metric used to characterise
the physical environment needs to have an appropriate level of sensitivity to distinguish periods
when thermal conditions in an office are satisfactory from periods when it is unsatisfactory. If
the temperature range or the threshold for the daily range outlier indices are too narrow, then
the likelihood of a false negative classification is increased (i.e. conditions are measured to be
outside the range or threshold even though occupants report satisfaction). Conversely, setting
the boundaries too wide increases the likelihood of a false positive classification (i.e., conditions

are measured to be within the range or threshold even though occupants report dissatisfaction).

Results from the monitored buildings in this study showed that ISO class B temperature
range and a 2 °C threshold for T,, daily range are the best indices to estimate occupant thermal
satisfaction. It is possible, however, that the most appropriate index range or thresholds may
vary with occupancy type, floor layout, and/or building design. For this reason, we caution against
prematurely prescribing those specific range or threshold values as design guidelines for all
buildings. Doing so would encourage excessive HVAC energy use to maintain stable indoor
conditions during building operation. Instead, careful attention should be given to correctly
specifying the index thresholds to best align with the thermal expectations of occupants for a

given building.

4.4.4 Occupant adaptation and sensitivity to variation

The results of the correlation analysis showed mean operative temperature has a
moderate linear relationship with the subjective evaluation (r = —0.43), yet the frequency that
operative temperature is outside a range is a better predictor of thermal (dis)satisfaction (r =

—0.63). Furthermore, absolute variation in operative temperature has a lower correlation with
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the long-term thermal satisfaction (r = —0.37 ) than the frequency with which daily
temperature changes exceed a wide range (r = —0.74). These findings indicate the possibility of
more extreme excursions beyond some acceptable temperature range holding greater influence
over occupants’ long-term satisfaction than the average experience over time. Although the
monitored buildings are centrally conditioned, the following section will explore the results
within the framework of adaptive comfort theory. Doing so allows us to connect our findings to
the idea that occupants’ thermal expectations and the availability of adaptive opportunities can

shape long-term thermal satisfaction in a building.

One of the central tenants of adaptive comfort theory is that occupants actively respond
to changing indoor environments by adjusting their behaviors and expectations [234]. The
efficacy of those adjustments is influenced by a number of factors ranging from building type and
design, workplace culture, and thermal physiology. Occupants are generally forgiving of
moderate temperature variations because they are able to successfully regulate their personal
environment to achieve thermal comfort. A common example is putting on a sweater when it is
cool or initiating a desk fan when it is warm. However, instances in which the magnitude of the
variation exceeds the adaptive ability of occupants is much more likely to lead to expressions of
dissatisfaction. In such cases, the indoor environment did not meet the expectations of the

occupant nor their capacity to adapt.

The results suggested that more extreme deviations in comfort may dominate occupants’
long-term evaluation of the space. The evidence supporting this statement is the strong negative
relationship reported between the frequency that T, varies greater than 2 °C in a day and the
reported thermal satisfaction. Interestingly, this threshold is identical to field observations made
by Humphreys in 1970s [281] who reported very similar findings. However, the four monitored
buildings are premium-grade offices with HVAC systems designed to deliver a narrow
temperature range. Measurements of air temperature reported in Table 4-5 and Table 4-6 show
that there is little variation in normal daily conditions in these offices. The majority of BOSSA
survey respondents (76%) had worked in their building for more than six months, so it is

reasonable to assume that they had come to expect uniform temperatures considering the
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reported impact of thermal history on thermal expectations [282]. When unexpected deviations
in those conditions occurred, those building occupants reported lower satisfaction. It is possible,
then, that the source of dissatisfaction is not with the variation in temperature from some
absolute target range but rather with the fact that the indoor environment did not deliver the

conditions that building occupants had come to expect.

The question emerging from the results of our study is whether dissatisfaction arises from
variability in temperature per se, or if it is because occupants were not able to properly respond
and adapt to conditions that did not meet their expectations. Simply concluding that occupants
of these buildings prefer stable daily temperatures would contradict a large amount of extant
literature on adaptation and variability. For example, a meta-analysis of ASHRAE Global Thermal
Comfort Database Il [283] showed that acceptable temperatures extend across a wide range of
conditions, and vary depending on building type and climate/culture. And there is emerging
evidence that building occupants adapt to the indoor temperatures they experience on a day-to-
day basis irrespective of climate or building conditioning strategy [284]. These studies all highlight
the importance of occupants’ expectations of a building in defining their comfort temperatures.
Our results support this idea by showing that thermal satisfaction is less about the absolute
indoor temperature than it is about exceeding some variability threshold. Or put another way,
instances of dissatisfaction occur when the magnitude of variation exceeds the adaptive
opportunities available to occupants. It may be that variability is only a problem when building
occupants have come to expect constant, stable conditions that are afforded by modern HVAC
systems. One practical solution would be to relax tight setpoint control and provide occupants
with personal comfort systems to augment their ability to respond to variations in zone

temperatures [242].

4.4.5 Proposed use of new index in standards

Given that most of the existing indices found in current international comfort standards
do not correlate well with long-term thermal satisfaction, there is a need to propose new indices
that better predict occupants’ evaluations of indoor environments. Although the daily range

outlier indices showed the strongest correlation coefficients, they do not explicitly set reasonable
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limits on permissible absolute indoor temperatures. Measurements from the monitored
buildings clearly show that indoor temperatures fell within what most people would consider a
comfortable range. However, it is unlikely that an indoor temperature of 10 °C controlled within
1 °C would result in higher thermal satisfaction. Therefore, the most logical method for
standards bodies to adopt would be the combined index that consider both the comfort
temperature range and the daily variability. Equation 4-15 shows the general form of the
recommended new index. This index can be used to evaluate the actual performance of a thermal
environment over time for either building certification or comparison with other buildings

including benchmarking.

. %T, outside specified ranges + %T, daily range > a threshold
index = 3 (4-15)

For centrally conditioned office buildings, where occupants have less adaptive
opportunities (respondents in our sample were on average slightly dissatisfied with their
adaptive freedom), I1SO class B temperature ranges of 23 °C to 26 °C in summer and 20 °C to 24

°Cin winter are suitable for the temperature range component of the new index (Equation 4-16).

number of hours that T, outside ISO class B ranges

mdex =
index = ( total number of occupied hours (4-16)
number of days that T, daily range > 2 °C

x 100/2
total number of occupied days ) /

4.4.6 Study limitations

The most obvious limitation of our study is the homogeneous building sample in our
dataset. The four buildings are all centrally conditioned, premium-grade offices located in the
same city. Similar analyses performed for different building types, designs, and operations across
other locations, climates, and cultures are necessary before generalizing the findings, particularly
the value of the variance threshold. Another limitation is the slight mismatch between the
records in BOSSA and SAMBA databases due to the phased roll out, resulting in only four buildings
with paired subjective and objective measurements. Furthermore, the BOSSA survey recorded

the floor on which the respondents were working but not the zone. This necessitated the
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aggregation and averaging of both survey responses and physical measurements at the floor
level. An ideal research design would directly measure the conditions at each occupant’s desk
over a year and routinely solicit surveys designed to evaluate their long-term thermal comfort.
This presents significant logistical challenges and costs and may become increasingly difficult
considering the growing popularity of activity-based office design. Averaging by location is a
simplified but realistic approach for a study of this kind. Future research efforts should aim to
increase the sampling granularity by spatiotemporally tagging responses and IEQ measurements

at the zone level of a building to improve the robustness of subsequent correlation analyses.

4.5 Conclusion

This chapter presents the results of correlation analyses between continuous indoor
thermal comfort measurements and long-term occupant thermal satisfaction in four air-
conditioned office buildings in Sydney, Australia. We tested the performance of 23 indices found
in international comfort standards and 36 newly proposed indices. The analysis yielded the

following findings:

1. Existing indices based on the PMV heat-balance model and the associated PPD do
not correlate well with long-term subjective evaluations of the thermal

environment (|| < 0.22).

2. The best-performing existing index is the percentage of time that operative

temperature falls outside the ISO 7730 Class B temperature ranges (r = —0.63).

3. The mean and overall variance of temperature had moderate correlations with the

thermal satisfaction measure (|| < 0.5).

4. A newly proposed index based on daily temperature range had the strongest
correlation (r = —0.8) and outperformed all existing indices. The frequency of
daily temperature range exceeding 2 °C was a good measure of thermal

(dis)satisfaction in this dataset.

5. Standards bodies should endorse a combined index to evaluate the long-term

thermal comfort of indoor environments based on continuous monitoring of air
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temperature. The proposed combined index (Equation 4-15) includes both the
frequency of temperature falling outside a specified range and the daily variation

in temperature beyond a threshold.

As far as we are aware, this is the first evaluation of existing long-term thermal comfort
indices using data collected in real office buildings. The results suggest that occupants’ thermal
satisfaction with a space is dominated by the frequency and severity of temperature excursions
outside an acceptable range and beyond a daily variability threshold. This implies that building
managers should limit the number of days where temperatures move outside the range that
occupants have come to expect. It may be possible to reduce HVAC energy consumption by
providing greater adaptive freedom to occupants and promote a culture of self-resilience so that
expected temperature ranges can be wider than the ones reported in this study. Finally, we
suggest removing PMV/PPD-based long-term comfort indices from comfort standards and to
include the proposed combined index based on temperature range and daily range exceedance
(Equation 4-15) for long-term comfort evaluations during building operation phase. The
threshold value in the combined index should be context-specific, and we encourage researchers
to conduct similar correlation analyses for other locations and building types to improve the

robustness of this novel method.
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Chapter 5: Conclusion
5.1 Summary of results

The review presented in Paper 1 demonstrates that the evaluation of building
performance and occupant satisfaction in the post-occupancy phase has attracted increasing
research attention over the past decade. It emerged from the review and analysis of extant
literature that the most popular research targets are residential buildings followed by office
buildings and evaluating occupant satisfaction has become the most common purpose of post-
occupancy evaluations. Most POE projects that measured indoor environmental quality included
some type of observations of the thermal conditions, and nearly half of the surveyed POE projects
assessed the thermal environment. These findings highlight the importance of measuring
occupants’ actual thermal comfort during the post-occupancy phase of a building. Paper 1 also
summarized the practices for IEQ measurements including physical measurements and occupant

surveys.

Paper 2 used a global database of point-in-time thermal measurements and occupant
surveys to assess the current point-in-time compliance criteria—three tiered PMV classes. The
observed thermal satisfaction in real buildings showed no significant difference between the
three classes, suggesting that tiered classifications based on PMV is not an appropriate
compliance criterion. In fact, in the range of -1 < PMV < 1, there was negligible difference in the
observed percentage of dissatisfied (OPD). It is clear from the results that narrower PMV ranges
promote increased energy-intensive HVAC use without ensuring higher occupant satisfaction.
Our analysis further indicates the inaccuracy of the PMV model by comparing OPD-PMV
relationships to PPD-PMV relationship. OPD-PMV curves with an almost-flat bottom were less
sensitive than the PPD-PMV curve, and the lowest dissatisfaction level (approximately 20%) was

higher than the ideal 5% dissatisfaction predicted.

In light of the poor performance of PMV-based metrics, we compared two statistical
methods to derive new compliance criteria—acceptable temperature ranges—directly from the
thermal comfort field study database. Using different data-driven methods yielded varying

acceptable temperature ranges, so we performed a thorough methodological discussion to
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compare two data-driven methods. The best-performing method consisted of two steps: 1)
calculating individual neutral temperatures from corresponding air temperatures and thermal
sensation votes; and 2) determining the acceptable temperature range from the 10" percentile
to the 90" percentile of the neutral temperatures. The resulting acceptable temperature ranges
(7.4 °C—12.2 °C) are wider than the ISO 7730 (2 °C - 6 °C) and EN 16798 (maximum 26 °C and
minimum 20 °C) mandate, and the reason may be three-fold: inaccuracy of PMV-PPD model,
variance in the input variables of PMV model, and the generalization of the European context
where ISO was predominantly used. This paper also discussed some problems with thermal
comfort field studies, such as the challenges in using different psychometric scales, the question
of the appropriateness of the 80% acceptability threshold for office buildings, and the importance

of context on thermal comfort.

Paper 2 also found it more difficult to achieve higher thermal satisfaction for occupants of
offices compared to other building types like homes because people usually have lower levels of
control over their office environments. Paper 3 therefore focused on this most difficult
scenario—centrally conditioned offices where occupants lack thermal adaptation
opportunities—and investigated the conditions that impacted occupants’ long-term thermal
comfort. This analysis of current long-term compliance criteria—the long-term thermal comfort
indices suggested in standards—used continuous in-situ thermal measurements and paired
occupant feedback in four premium-grade centrally air-conditioned offices in Sydney, Australia.
The Pearson correlation analyses between the 23 existing indices and the subjective evaluations
demonstrated that those indices based on PMV and PPD do not correlate well with the long-term
subjective evaluations. Two existing indices based on the ISO 7730 Class B temperature ranges

showed a moderate-to-high linear relationship with the subjective evaluations.

To improve the long-term comfort indices, we tested 36 new indices (grouped by five
types) that generally outperformed the existing indices. Specifically, the mean and overall
variance of temperature had moderate correlations with the thermal satisfaction measure, and
a newly proposed index based on daily temperature range had the strongest correlation (r =

—0.8). The results suggest that occupants’ thermal satisfaction with a space is dominated by
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pronounced excursions beyond some acceptable temperature range and large variations in daily
temperature rather than the average experience over time. This paper also emphasized the
importance of data filtering in data preparation, encouraged the use of air temperature instead
of operative temperature, discussed the challenge in specifying the index thresholds, and
attempted to explain the theories behind the results. Finally, we propose the use of a new
combined index that considers both the frequency of temperature falling outside a specified
range and the frequency of daily temperature variation beyond a threshold (Equation 4-15 shows

the formula of the proposed index).

5.2 Contributions

This dissertation explored what conditions are acceptable or desirable to occupants in real
buildings from an unusual perspective—the investigation of the thermal comfort compliance

criteria. The main contributions include

1. abibliometric analysis to complement the existing literature on measurements in real

buildings;

2. evidence to indicate the invalidity of current point-in-time compliance criteria and a
recommended new data-driven method to derive new compliance criteria for point-

in-time assessment; and

3. evidence to indicate the invalidity of current long-term compliance criteria and a

proposed new index for long-term assessment.

Specifically, Paper 1 analyzed 146 recent POE projects in the literature and summarized
their evaluation targets, purposes, and methods used, identified 16 existing POE protocols,
summarized three emerging research topics related to POE, and proposed five directions for

future POE research.

Paper 2 provided evidence to indicate the invalidity of current thermal comfort point-in-
time compliance criteria in international standards—the tiered PMV classes—based on the
largest-to-date, contemporary thermal comfort field study database (ASHRAE Global Thermal

Comfort Database Il). In recognition of the rising focus on data-driven methods, this paper for
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the first time (to the author’s knowledge) discussed the differences between data-driven
techniques from a methodological perspective in terms of their derived new compliance criteria.
This discussion led to a recommendation of a universally applicable data-driven method for
deriving acceptable temperature ranges from measured air temperatures and occupant thermal
sensation votes. A comparison between the newly derived acceptable temperature ranges and
the recommended comfort temperature ranges in ISO 7730 and EN 16798 suggests that some

improvements to the standards could be made.

Paper 3 is the first evaluation (as far as we are aware) of existing long-term thermal
comfort indices. These indices, found throughout dominant international comfort standards,
were proposed conceptually in the past without validation based on data collected in real
buildings. This paper contributes to the domain knowledge by performing a validation exercise
on long-term comfort indices. Analysis of continuous in-situ thermal measurements and
occupant feedback led to proposed improvements in long-term comfort indices found in
international standards, with a newly proposed combined index that was found to outperform
all existing indices. Through correlation analyses between a variety of new indices and subjective
thermal evaluations of building occupants, this paper also hypothesised the drivers of long-term
thermal satisfaction are the extreme events rather than the averages. This marks an important
contribution to our understanding of long-term thermal perception in commercial office

buildings.

5.3 Practical implications

The thorough introduction to post-occupancy evaluations in Paper 1 will help to facilitate
beginners in this area and allow them to quickly grasp the concepts of POE. It will also serve to
inform experienced investigators about the trends, gaps, and potential future directions in POE
research. To create a bandwagon effect, POE should be mandated by building codes/standards,
and this would lead to the mandate of installing slightly more advanced sensors in buildings other
than the basic sensors for building automation systems. For Canada in particular, considering the
climates in Canada (cold winter and mild summer in most places) and thus the huge amount of

energy used for space heating (56% of total building energy consumption [15]) rather than space
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cooling (5% of total building energy consumption [15]), it would be beneficial if future POEs in
Canada focus more on the evaluation of the buildings with technologies to reduce space heating

energy consumption, such as highly-insulated envelopes, ground heat exchangers, etc.

Paper 2 calls for wider comfort temperature ranges in standards in the interests of
reducing HVAC energy consumption without sacrificing occupant comfort, particularly when
offering a high degree of freedom in thermal adaptation. However, we do not encourage direct
adoption of the absolute temperature ranges emerging from the analysis of the entire ASHRAE
database due to important contextual differences, e.g., people in hot climates tend to be more
accepting of higher temperatures than those in mild climates. Instead, researchers and
practitioners are encouraged to develop context-specific compliance criteria that are suitable for
inclusion in relevant comfort standards e.g. a specific region, type of building etc. In addition, we
advocate for a standardization of the use of psychometric scales in thermal comfort field studies.
We propose the use of “thermal acceptability” scale for thermal comfort compliance
assessments, “thermal sensation” scale for research related to the human thermoregulatory
system, and “thermal preference” for building control applications. This would reduce the
assumptions made when converting between metrics and increase the efficiency and

effectiveness of meta-analyses of large databases.

Paper 3 suggests the endorsement of a newly proposed long-term comfort index
(Equation 4-15) which considers both the comfort temperature range and the daily temperature
variance in future amendments of thermal comfort standards. For centrally conditioned office
buildings where occupants have relatively low adaptive freedom, we recommend using Equation
4-16, where 1SO class B temperature ranges of 23 °C to 26 °C in summer and 20 °C to 24 °Cin
winter are used as the prescribed comfort temperature ranges and the daily temperature
variance component takes a threshold of 2 °C. However, the results do not directly lead to a
recommendation of a 2 °C daily temperature band for everyday building operation. Although the
correlation results show that the frequency with which the daily temperature range varies more
than 2 °C is highly correlated with thermal dissatisfaction over time, it is possible that this is the

result of occupants’ raised expectations due to the past stable operations of these premium-

101



grade offices. Given the wide acceptable temperature ranges reported in Paper 2, it is unlikely
that occupants in naturally ventilated buildings or offices would be dissatisfied when daily
temperatures swing more than 2 °C. Therefore, a more compelling interpretation of the results
would be that daily variability is only a problem when building occupants have come to expect
constant conditions, but the actual environment does not meet their expectations, and the
magnitude of variation exceeds the adaptive opportunities available to them. Practically
speaking, to ensure occupants’ long-term thermal comfort, HVAC systems should keep the indoor
temperatures within a moderately wide but comfortable range and provide occupants with

adaptive freedom to augment their ability to respond to temperature variations.
In summary, we suggest the following amendments to current thermal comfort standards:

1. removal of tiered PMV classes as point-in-time compliance criteria, and instead use

field data to derive context-based acceptable temperature ranges; and

2. removal of PMV/PPD-based long-term comfort indices and the inclusion of the

proposed combined index based on temperature range and daily range exceedance.

A practical solution for building managers to reduce energy consumption and increase
human comfort is to relax the tight setpoint control and provide occupants greater adaptive
freedom to promote a culture of self-resilience. The role of the facility managers would then be

to operate the building within the range of occupants’ expectations.

5.4 Limitations and future research

Although Paper 1 provided a comprehensive review of literature that included the term
“post-occupancy evaluation”, it is likely that some POE projects were not included in our
bibliometric analysis due to the use of terms other than POE. Nevertheless, Paper 1 suggested
five transitions for future POE research based on the literature review: from one-off to
continuing, high-level to detailed, research-oriented to owner/occupant-oriented, from

academia to industry, and from independent to integrated.

For Papers 2 and 3, the major limitation is the use of secondary data as the basis for the

analyses, so there was limited control over the data acquisition protocols and experiment design.
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The ASHRAE database used in Paper 2 contains field studies from various locations, climates, and
cultures. It is difficult to know if those data are representative of normal everyday conditions
experienced by the occupants of those building. Furthermore, important contextual and
information missing from the dataset makes it difficult to promote the wholesale adoption of the
derived acceptable temperature ranges. We therefore suggest the main contribution of Paper 2
is the method to derive new compliance criteria rather than the derived temperature ranges
themselves. We encourage researchers around the world to apply this method to their context-

specific datasets to derive acceptable temperature ranges.

Unlike the database used in Paper 2 which was too heterogeneous, the dataset in Paper
3 was too homogeneous—the same type of building in the same location. The observed trend,
especially the 2 °C threshold for daily temperature variance, may not be appropriate for other
contexts or building types. Therefore, we recommend a general form of the newly proposed long-
term comfort index and encourage researchers to conduct similar correlation analyses in the

future using data collected in other types of buildings and in other locations.

In general, in order to provide real thermal comfort to occupants, we need more
fundamental future research to understand the differences between contexts and the
reasons/mechanisms behind the differences which could be gender, age, culture, or other
factors. And to enable effective and efficient conditioning, researchers can exploit advanced
technologies such as robots and new materials for personalized comfort systems, artificial

intelligence and machine learning algorithms for operation optimization, etc.
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