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INTRODUCTION

In the last ever Windsor Conference on Thermal Comfort we set out to confront head on some of the critical
comfort challenges of our generation. Papers were invited for the conference from members of the worldwide
‘Windsor Family” of researchers, as well as from groups in research, industry and government who are
exploring Big Ideas around the role, and future, of comfort in the 21st Century. How can we keep our
populations thermally safe in a heating world? What are the limits to human adaptation in extreme
conditions? How do we protect the vulnerable from thermal stress? How do we frame comfort policy to
reduce energy use and ghg emissions while keeping people comfortable and productive? How might
technological innovations and approaches adapt to do just that? All such issues are included under our
‘umbrella’ title of Resilient Comfort.

A brief history of the Windsor Conferences is outlined in the last paper in this proceedings. It highlights the
path travelled in comfort thinking since the early 1990s when the field of comfort research was largely
dominated by laboratory based studies, dealing with variables within the steady state calculations methods
used by heating and ventilating engineers to set the temperatures of thermostats in different buildings types,
in different seasons. Work was also being done then on comfort in vehicles and aeroplanes, and on localised
discomfort and productivity.

The 1st Windsor conference held in 1994 rather blew open the doors of thinking on the subject by triggering
a fresh influx of field-based studies showing how very different the experience of comfort was in different
countries, cultures and climates. The Windsor Conferences since have attempted to address the rapidly
evolving context of building priorities over the last two and a half decades. Starting with the need to mitigate
against climate change, and latterly moving on to deal with the burgeoning challenges thrown at our societies
by economic upheavals, ever more extreme weather events and trends and in 2020 by a global Pandemic. We
are extremely proud that the Windsor family of scholars and collaborators demonstrate in these Proceedings,
how far, and how fast, we have travelled as a subject area. Many of the papers are clearly relevant to issues in
the world we live in today, aimed at enhancing the well-being of our global societies and particularly the
vulnerable, building new thinking on population level resilience and underpinning emerging discussions on
building preparedness for a different future.

The first three papers look at New Comfort Approaches. Fergus Nicol uses the novel analysis tool of ‘comfort
clouds’ to explore the importance of looking at the full range of data collected in field studies to understand
what thermal environments are occupied by, and acceptable to, different populations over a year. Bjarne
Olesen et al. propose another new way of evaluating thermal comfort over a year using international standards
EN16798-1 and TR16798-2. Marcel Schweiker also proposes new definitions of resilience and comfort that
may help us better reduce the impacts and consequences for design, operation, and energy use in buildings.
All new thinking indeed.

Then we start to hit the nitty gritty of comfort challenges in our Heating World, with six very different studies
on overheating in cities, buildings and bedrooms, and its impacts. Then moving on to looking at issues related
to the most vulnerable in our societies. Comfort research in relation to the elderly and the young is outlined
in twelve excellent papers in which authors report on field work in care homes and classrooms. The
appropriateness of our current methods of measuring and managing comfort, are questioned for these
important groups. We cannot just apply the same standards and guidelines to the young, and old, as we do for
the heathy mainstream populations. Here a range of nuanced discussions are developed on how best to help
provide safe and healthy environments for people with different needs.
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It is clear that ideas of comfort discussed at Windsor have now become a much broader church than when we
first met in 1994. Seven papers deal with the experience of, and interactions between, people and their
environments from the viewpoint of psychology, linguistics, behavioural science and climate science.
Technology now enables us to collect huge amounts of data at a range of scales, from the buildings to the
person level, illuminating new ways of understanding how people sense and interpret temperature.

Another whole branch of study we have been fortunate enough to attract into the Windsor fold is that of the
physiology of comfort, so that building level and personal experiences can now be explained and translated in
to positive actions, notably at the thermal extremes and for vulnerable populations. Four papers here
contribute considerably to our understanding. What we will miss by having had to cancel the physical
conference due to the Pandemic, are the discussions at the interfaces between the different fields of expertise
on particular topics, discussions that in past conferences have shed light on the dynamic and multiply complex
phenomenon of thermally acceptable environments.

We are even moving away now from a core focus on discussion of what constitutes ‘comfort’, to looking at
those temperatures people find acceptable for themselves to occupy, and what are the thermal conditions
that are safe and healthy. The physics of the accoutrements of comfort also prove fascinating. What conditions
are optimal for us asleep in bed? How can we develop clothes and furniture that will mean we can turn off the
energy hungry heating and cooling systems while still remaining in thermal balance. Four papers interestingly
explore these topics.

Twenty-four papers expand the subject out into the hugely important reaches of how do we use our
knowledge of what constitutes comfort to design better, safer, buildings and cities in a warming world. A whole
panoply of opportunities to defend ourselves from discomfort in homes and offices are offered here, from the
use of adaptive features like blinds and shades, to looking at the roles of office workers stress levels and gender
on the perception of thermal environments. From the role of air-conditioning in buildings, to experiences from
Africa, China, Brazil and even nomadic tents in Siberia; the reach of these papers is large and their findings
illuminating.

Then follow three sections that contribute studies undertaken on indoor environmental quality, energy saving
approaches, light and view, ventilation considerations and the evidence underpinning the growing re-thinking
in, and application of, radiant comfort systems to improve comfort and reduce energy costs of buildings. Mixed
in here are discussions on the pros and cons of different methodological strategies and tools in determining
the outcomes of studies.

The magnitude of the achievements and challenges of comfort research are emphasised in the last four papers
in the Proceedings, two of which cover the development of meta-data sets on thermal comfort in Brazil and
globally. In the last 26 years we have moved from largely being a theory and laboratory research dominated
field towards being an evidence based endeavour focussed on understanding what conditions people
normally occupy in their homes and workplaces, so that as change happens, as it does now, we know enough
about to how the complex feedback systems involved in keeping people comfortable work, to help us all adapt
to the different thermal futures ahead. The penultimate paper is also key. How do we educate people in a
heating world on how to be, and stay comfortable, cool and accountable?

Since 1994 Michael Humphreys, Fergus Nicol and Sue Roaf as Conference Chairs, have witnessed a huge
evolution in thinking around the field of comfort studies, hot-housed over eleven Conferences and outlined in
the final paper. They offer their heartfelt thanks to everyone who has ever attended the Windsor Conferences,
and helped shape that change. Particular thanks go to the 2020 delegates, authors, and the sponsor VELUX,
for their support and tolerance over the process of the cancelling of the 11th Windsor Conference. We all
regret not having been able to meet again for a final, unforgettable, happy, time in the beautiful English
countryside around Windsor Castle. Special thanks go to all at Cumberland Lodge who kindly waived their
charges for the conference in time for us to refund delegates. We are particularly grateful to the hard working
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Windsor team, Will Finlayson for his work on the papers and proceedings, Anne Ormston for organising
registrations and Rhiannon Hunt for this Proceeding’s graphics. Many of us have the fondest memories of past
times spent together at the first ten Windsor conferences, of its amazing location, hospitality, cuisine and the
friendships, discussions and fun shared there.

Importantly, it was the intellectual excitement there that many will miss, on hearing of new developments in
our field, of new thinking, and bold steps taken in new places and climates. How rewarding it was to have had
the chance to share in the impacts arising from our research, working together to reach well-discussed and
understood steps forward, to see the stones of our ideas being thrown into the water and watch their ripples
spread out to influence the spheres of policy, standards, research, education and industry. We worked hard
there, together, to ensure our research was truly Fit for Purpose in a rapidly changing world. These Proceedings
bears testament to the success of those consensus building, and focus sharpening ambitions

WINDSOR 2020 CONFERENCE CHAIRS

FERGUS NICOL

SUE ROAF
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The shapes of comfort

Fergus Nicol **3
'London Metropolitan University, 2Oxford Brookes University *University College London, UK

Abstract: The method of the field survey can involve the collection of large amounts of physical and subjective
data much of which is not used or is found to be unnecessary when the results are analysed. A large body of
information can be collected and end up with the results reduced to a simple regression analysis. Wide-ranging
data are destined to result in a simplified result which can diminish the apparent usefulness, or significance, of
the actions of the occupants and the design of their buildings and their understanding of comfort, and
technical and policy responses to it. This paper shows how the approach of developing visual data clouds
encompassing all data points avoids the jettisoning of much of the information which has been collected, and
can give a richer understanding of survey results, and their implications in the real world.

Keywords: Thermal comfort, data clouds, Pakistan, Europe, field surveys

Introduction

When researchers consider a field survey of thermal comfort (i.e. one based on information
from subjects who are in their usual surroundings, rather than a laboratory or climate
chamber), they will need a set of measuring instruments with which monitor, or take spot
measurements of, the environment. They will also need to consider what questions to ask
about subjects’ subjective responses, and about the physical characteristics of the buildings
or surroundings the subjects inhabit. The answers to these questions can be extensive
particularly when, before the survey, it may not be clear which environmental
measurements will be interesting, which will be unnecessary, and which will be best used to
inform the experimental architecture of the survey. The information used to explore the
issue of what results one wants, and can elicit from, such surveys in this paper comes from
two surveys led by the author, one in Pakistan (Nicol et al. (1999)) and one in Europe
(McCartney and Nicol (2002)). See Annexe A at the end of this paper for more detail on
these surveys.

The analysis of the results from a survey will use statistics which may be extensive,
and will be generally aimed at answering specific questions such as at what temperature the
largest proportion of subjects will be comfortable at, how does this depend on the
characteristics of the occupied building , and how do the survey subjects interact with the
building, and so on. This paper introduces a new way of considering the results of such a
survey, looking at the whole of the body of the data which has been collected, without the
problems attendant on the jettisoning of information in the process. For each occasion on
which a set of data is collected a point is entered into the ‘data cloud’, on a two-dimensional
space bounded by the indoor and the outdoor temperatures measured during the survey.
Such a two-dimensional space is shown in Figure 2.

1. Survey in Pakistan
Pakistan is situated in South Asia between Afghanistan and India. To the North it includes
the foothills of the Himalayas and the Hindu Kush, and to the south the Indian Ocean. At the
time of this survey the population was about 120 million which has expanded in the
intervening twenty years to some 220 million! The country includes areas of warm humid
(I), hot dry (II), cool dry (III), composite (IV) and mountain (V) climates as shown in Figure
1.

10
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Figure 1, a) a map of Pakistan showing the climatic zones and cities in which the surveys took place and
b) a Graph showing the historical mean temperature for each month in each of the cities. The different climatic
areas are marked. (Nicol et al. 1999)
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Figure 2 the two-dimensional indoor-outdoor temperature cloud for Pakistan. Each point represents the
indoor and the daily mean outdoor temperatures at the time of the survey.

The outdoor temperatures were not measured at the time of the surveys but were
derived from an average for each day from local meteorological records. This accounts for
the striped appearance of the outdoor temperature in the graph — only one outdoor
temperature was found for each day of the survey, not for each set of measurements, as
was the case for the indoor temperature. Each dot on the space represents a survey site at
which not just the temperature but also the air movement and the humidity were measured
as well as the use of windows, fans etc. were also noted.
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Temperature cloud for Pakistan by city
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Figure 3. Indicating the city at which each survey was made. Each city effectively has its own temperature cloud

The buildings in which the surveys were made were offices or other places where the
occupants are relatively static (e.g. shops). AlImost all buildings were essentially free running
and temperature cloud is characteristic of free running buildings. In these the indoor
temperature is in effect shadowing the outdoor temperature through the form and
materials of the building with no, or only minimal, use of energy.

Of the 65 buildings included in the survey only one building was fully air-conditioned
and nine others were mixed mode, having cooler units - either chillers or evaporators which
were used at the hottest time of the year. All buildings had ceiling fans in every room. The
temperature cloud for each city can be traced. With the exception of Karachi, where the
proximity of the Indian Ocean tends to damp the annual temperature swing. The shape of
the clouds and the slope which characterises free running temperature clouds can be seen,
but the limits of the clouds change with the climatic limits of the city. The highest outdoor
temperatures can be found in the Cloud for Multan and the lowest in Quetta.

The use of air conditioning was unusual in Pakistan at the time of these surveys. In
winter, the indoor temperature is usually higher than the outdoor temperature, especially in
Quetta where heating was often used, and in Saidu as well. Heaters were hardly used in
Karachi and Multan, and even in Saidu some buildings did not have them.

1.1 Comfort and discomfort
The scale used for the comfort vote was the 7- point Bedford scale which is similar to the
ASHRAE scale but contains a clear division between comfort and discomfort. *

Notice that in the descriptors of Bedford scale comfort votes of 1, 2, 6 and 7 are
clearly identified as uncomfortable. In figure 4 the uncomfortable points are shown by filled
markers and the acceptable ones are open. An indoor temperature above 30-33°C seems to
be found uncomfortable (warm) by a growing number of subjects, those from the hot desert
climate of Multan having less sensitivity to heat (see figure 3-6). A temperature below 15-
20°C is found to be too cool. The fact that both limits are variable may be a result of using

1 Descriptors for the Bedford scale are: 1 much too cool, 2 too cool, 3 comfortably cool, 4 comfortable
neither warm nor cool, 5 comfortably warm, 6 too warm, 7 much too warm
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data from a large range of climates. Temperatures which are too hot for a subject in a cool
climate (such as Quetta) may be perfectly acceptable to a subject in Multan.

Comfort vote (Bedford scale)

Comfort
vote

*1
2

40

o4
o5
.5
o7

30

20

Indoor air temperature (C)

10

0 10 20 30 40
Daily mean outdoor air temperature (C)

Figure 4. the comfort vote has been used to identify the areas in the temperature cloud where
discomfort was identified (the filled dots).

The clouds for Multan and Quetta are shown in figure 5. Notice that the outdoor
temperatures are generally higher in Multan, but the indoor temperatures have a similar
range. Acceptable winter indoor temperatures centre at about 20°C and summer at 32-35°C.
Many of the Quetta buildings are heated in winter and it may be that some in Multan have
some form of coolers in the summer. Both clouds show the familiar shape for free running
buildings. This suggests that the subjects in the Quetta are less liable to discomfort in the cold
and those in Multan to the heat.

Comfort vote by temperature Comfort vote by temperature
City: Multan City: Quetta
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Figure 5. clouds for a) Multan and B) Quetta showing point by point acceptability and discomfort as in Figure 4
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Figure 6. Proportion of subjects comfortable. Indoor temperature points are means from the monthly surveys;
the line shows the proportion predicted to be comfortable using probit regression. (Nicol et al 1999).

The graph in Figure 6, using data from the field survey, gives a similar story but in a
different form. The proportion of subjects who were comfortable in surveys at different
outdoor temperatures is shown, and the survey site is signified by the shapes of the points.
Some of the insights which can be drawn from the temperature clouds are not possible with
this type of analysis.

Although the comfort lessons from the data are often the most central interest in field
surveys of the kind described, there are often other areas of interest that have been under-
explored to date, and in particular about the usefulness of the adaptive opportunities to
hand such as the use of fans, or windows. Ceiling fans were then found universally in offices,
and used to provide air movement in the hottest time of day. Windows are another
adaptive opportunity which also can allow a change in air movement and temperature and
may also be used to improve air quality. The difference between the indoor and outdoor
temperatures recorded is a concern, and in the high outdoor temperatures frequently found
outdoors in Pakistan. Opening windows may be counterproductive if the outdoor air is much
hotter than that indoors. The temperature clouds for fans and windows are shown in Figure
7. Note that the fan use is concentrated during the hotter parts of the cloud — generally
when the indoor temperature exceeds about 28-30°C. Windows can be opened at any
temperature, but generally more in the hotter times of day. The windows are often left
closed when the outdoor temperature is high and the indoor temperature relatively low.

Use of Windows
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Daily mean outdoor temperature (C) Daily mean outdoor temperature (C)

Figure 7. Clouds showing the use of adaptive opportunities a) fans and b) windows in Pakistani offices

Perhaps the biggest potential ‘adaptive opportunity’ is clothing. In almost any
situation an appropriate change of clothing can help restore comfort. Figure 8 shows the
changes in clothing with temperature, clothing is characterised in two ways: a) as the
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number of garments the subjects wear and b) as their combined thermal insulation. There
are problems with merely counting the garments without assessing their individual or
combined clothing insulation which slows the loss of heat from the body of the subject, each
approach will have its advantages but it is as well to remember that clothing plays a social as
well as a thermal function, the subjects are responding to this social function of garments as
well as to their physical definition.

Number of garments Clothing insulation by temperature

40

Air temperature (C)
Clething Insulation (clo)

10

Daily mean outdoor temperature (C) Indoor air temperature (C)

Figure 8. Changes of clothing expressed in two ways: a) the number of garments worn as it changes with the
changes of indoor and outdoor temperature b) the clothing insulation changes with indoor air temperature.

So far, we have referred to the clouds as Temperature clouds because we have been
considering the two-dimensional clouds between indoor and outdoor temperature. There
are of course other two-dimensional spaces we could consider. One is for instance is shown
in Figure 9 — the space between water vapour pressure, and the indoor air temperature, and
how the subjective measure ‘skin moisture’? changes in different parts of the water vapour —
air temperature space.

Skin moisture

Skin
moisture

9 Mone

@ Slight

® Moderate
*® Profuse

Water vapour pressure (KPa)

Air temperature (C)

Figure 9. The two-dimensional cloud between water vapour pressure and air temperature. This figure shows
the combined effect on skin moisture of these two dimensions.

2. Surveys in Europe

The experimental method for the comfort surveys conducted in Europe is given in Annexe A
at the end of this paper. The overall cloud for the whole of Europe is shown (with its Loess
regression line) in figure 10. Note the upward trend for outdoor temperatures above 12°C.

2 ‘Skin moisture’ is a subjective scale used by Charles Webb (1964) and others particularly when conducting
surveys in hot humid climates. The scale is 1 = none, 2 = slight, 3 = moderate, 4 = Profuse
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Europe temperature cloud by country
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Figure 10 the collected data from the individual clouds (including available Greek data).

The data from the SCATs European survey (see appendix A) has been used to produce the
clouds shown in Figure 11 (Note that the data for Greece did not include winter readings
and so have been excluded).
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Figure 11 temperature clouds for France (Lyon), Portugal (Porto and Lisbon) Sweden Gothenburg/Malmo and
UK (London)

The clouds shown in Figure 11 illustrate the variation which can occur in the temperature
clouds from offices. Each includes its loess regression line for reference.

1. The French cloud is characteristic of buildings which have different modes of operation in
cold and warm weather. In warm weather the indoor temperature increases in concert
with the outdoor temperature. This is characteristic of buildings in free running mode.
However, at outdoor temperatures below about 10°C, the mean indoor air temperature

16



remains almost constant at 22-23°C despite changing outdoor temperature suggesting
that controlled heating or air conditioning was used

2. Figure 12 shows that windows and clothing are active adaptive opportunities in Portugal.

Portugal cloud showing use of windows
country Portugal
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Figure 12. pattern of window and clothing use in Portugal (cf. figures 7 & 9)

The cloud from Portugal also shows the shape which can be associated with buildings
which are effectively free running. The ‘sloping cigar’ shape is similar to that for buildings
in Pakistan. Work by Nicol (2020) has suggested that for free-running buildings there is
continuity between the clouds for different climates. This has been tested in Figure 13
where the outline of the cloud from Karachi has been compared to the cloud for
Portugal. Karachi has been chosen for the comparison because, like Lisbon and Porto, its
climate is influenced by proximity to the sea.

3. The cloud for Sweden is a classic line for buildings which are closely air conditioned. The
spread of the cloud (which has a small (0.05) slope) follows the recommendations of
European standard EN 15251 [BSI, 2017] which calls for indoor temperatures in
mechanically conditioned offices of 20-25°C in winter and 23-26°C in summer

4. The cloud for the UK has a less defined shape than those from other countries. There is
no obvious explanation as the clouds for the individual buildings are similarly shapeless,
all having a wide range of indoor temperatures. The construction of the UK buildings is
generally lightweight without centralised controls. There is a slight tendency in all
buildings for the temperature to rise as outdoor temperatures increase above about
15°C.

PortugallKarachi air temperature vs outdoor air temperature

Indoor air temperature (C)

Outdoor air temperature

Figure 13. Comparison between the cloud for Karachi thick dashed regression line and its approximate limits
(thinner dashed lines) and the cloud for Portugal with (solid) regression line.

3. Discussion and conclusions
The basic aim of most field surveys of the thermal environment is to answer a fairly closely
delimited question. For instance: what is the temperature at which the largest proportion of
people are comfortable in a particular type of building or climate or doing a particular type
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of work? Once a decision has been taken (and the finance collected) then the range of
measurements to be made or questions asked is decided.

There is a natural tendency to collect information on a wider variety of factors than is
strictly necessary. Why not collect information about noise and light for instance while you
are about it? It may turn out to be important (are people more (or less) sensitive to heat in a
noisy office?). Also, if there is a short-lived heatwave should you dash in to collect some
data about the response of occupants in these relatively extreme circumstances?

This is a presentation of various uses of the cloud approach where the data can be
interrogated, before any is excluded. We have concentrated on the temperature clouds
based in the indoor/outdoor temperature space. This can allow us to assess which of the
two is predominant and whether this interrelationship should consider the role of windows,
fans, doors etc on the overall thermal landscape. Taking these factors as, in effect, a third
dimension in the cloud. But clouds can also be used to demonstrate relationships beyond
the purely thermal, as was demonstrated in the analysis of the dependence of skin moisture
on water vapour pressure, as well as temperature, in figure 9.

The use of fans for cooling is shown to follow a different pattern to the use of
windows, or the use of clothing because windows can make matters worse when the
outdoor air is hotter than that indoors. They can also improve indoor air quality.

In all the figures presented in this paper testify to the active use of both mechanical
and passive controls by the occupants to adapt the buildings to their comfort targets.

In a recent paper (Nicol 2020) a problem was encountered where the database from
Japan (Rijal et al. 2019) exhibited a strangely shaped temperature cloud which turned out to
be caused by a misunderstanding by the subjects who counted a building as free running
which was found to effectively to be heated.

Lastly, the above analyses had clearly demonstrated that the thermal comfort
experiences of citizens of one city in a country or continent can be radically different from
others in different geographic, or climatic, zones, even when they are as close together as
Quetta and Multan. It may be convenient for sizing heating or cooling systems or simulating
the thermal performance of buildings to have one simple number to feed into the
calculations, but such a number may not reflect the actual thermal experience and
preferences of the majority in a region. Why would one specify the same indoor optimal
operating temperature in winter, or summer, in Sweden as in Spain, let alone Islamabad or
Multan? The resulting compromising thermal setting can not only result in discomfort for
parts of the population but will also result in significant extra energy used to force indoor
temperatures across the region. Much better to identify the actual thermal preferences for
every major population grouping and use them to inform really energy efficient design and
servicing solutions. Exploration of the comfort clouds of different cities at different times of
year will be an effective tool to inform optimal design solutions for comfortable buildings in
any climate.
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ANNEXE A Experimental design of the surveys

European Survey (SCATSs)

The basic experimental design for these surveys was the repeated transverse survey. This is a transverse
survey carried out at monthly intervals among the same group of subjects. The European subjects were 850
office workers from five countries (France (5 buildings in Lyon), Greece (5 buildings in Athens), Portugal (4
buildings in Porto and one in Lisbon), Sweden (3 buildings in Gothenburg and one each in Malmé and
Halmstad) and the UK (5 buildings in SW London)).

Physical measurements made near the subject were globe temperature, air temperature, relative
humidity and air speed. In Europe measurements were also taken of desktop Illuminance and noise level at the
desk. Estimates were also made of clothing insulation and activity level as well as use subjects made of various
controls which may influence the thermal environment - doors, windows, heating, air conditioning, curtains or
blinds, artificial lighting, and fans or other localised cooling.

In addition to the repeated transverse surveys, longitudinal and background surveys were made. The
longitudinal surveys were taken four times daily by a small subsample of the subjects in each building
answering a limited range of survey questions. The background surveys asked more general questions to be
filled in by each subject covering topics about the buildings and the individual subject’s attitudes — questions
which only need to be answered once. The results from these surveys were used to develop the temperature
limits for free running buildings in European Standard BS EN 15251 (2007) (Nicol and Humphreys, 2010)

Pakistan surveys

The surveys were undertaken in Pakistan in the late 1990s (Nicol et al. 1999). These surveys were more
straightforward, and the environmental measurements were basic. 846 subjects took part in surveys in 5
Pakistani cities (see Figure 1) spread over 12 months in 1995-1996. The characteristic climate for each was
different: with almost parallel mean temperature profiles with a mean annual range of about 20K apart from
Karachi where the sea damps the temperature swing. The regions represented were: Coastal region (Karachi),
Hot desert (Multan), Cold desert (Quetta) Composite climate Islamabad) Mountain climate (Saidu Sharif) (see
Figure 1b). Indoor air and globe temperatures, Relative Humidity and air movement were measured at the time
of the survey. Subjective scales were thermal comfort (Bedford Scale), preference (5- point scale), Skin
moisture (4-point scale) and then estimates of activity, Clothing and use of controls (doors, windows,
ventilators heaters fans and AC).

19



VYV Y Y Yy ) WINDSOR 2020

Whole year evaluation of thermal comfort using international standards
EN16798-1 and TR16798-2

Bjarne W. Olesen?, José Joaquin Aguileral, Ongun B. Kazanci' and Daniel Coakley?

YIntl. Centre for Indoor Environment and Energy, Technical University of Denmark;
2 Mitsubishi Electric R&D Centre Europe

Abstract: There is an increasing interest in evaluating the indoor environment on a yearly basis. The technical
report (TR16798-2) to EN16798-1 recommend criteria for thermal comfort evaluation based on heating and
cooling seasons, but do not give clear indications of how to manage the transition between them. This study
used dynamic simulations to evaluate the thermal comfort level and energy use when the heating-cooling
seasons are defined either by a pre-fixed date, by identifying the periods with energy requirements for heating-
cooling or by considering prevailing outdoor conditions. The results show that a better thermal comfort level
was obtained when the heating-cooling seasons were defined by using prevailing outdoor conditions, without a
significantly higher energy use compared to the other two cases. Including a transition period between seasons
where only heating is available was observed to optimize both energy use and thermal comfort. The study also
evaluated the thermal comfort level in buildings with and without air-conditioning systems using categories of
indoor environment and a yearly thermal comfort score. The results showed that the latter yielded to similar
conclusions when assessing the annual thermal comfort but in a much simpler manner than using indoor
environmental categories.

Keywords: Thermal comfort, heating, cooling, performance evaluation.

1. Introduction

Indoor environmental quality (IEQ) is becoming an increasingly important concern, along-side
energy consumption, for both new and existing buildings. Building energy performance, even
for buildings utilising multiple disparate fuel sources, is generally expressed as a single annual
value, either as primary energy (kWh/m?/yr.) or carbon intensity (kgCO./yr.). As a
consequence, in order to compare energy performance with the corresponding indoor
environmental performance, there is a need to also express the indoor environmental
performance on a yearly basis, referring both to each separate environmental factor (thermal
comfort, air quality, light and noise) and to a combination of these factors.

If the indoor environmental criteria in existing standards have to be met 100% of
occupied periods, the amount of heating, cooling and/or ventilation capacity of any HVAC
installation would be significantly increased. Economic and/or environmental considerations
lead to a more pragmatic position of allowing the indoor environmental conditions to exceed
the recommended ranges for a limited time: this can be verified both by computer simulations
(design stage) and by the field monitoring (post-occupancy phase). This paper will focus on
the issues related to perform a whole year evaluation of the performance of HVAC systems,
under a range of climatic conditions and operational scenarios. The aim is to evaluate the
consequences, in terms of annual energy use and thermal comfort, when the heating-cooling
seasons are defined based on a pre-defined date; based on previously identified periods when
the energy requirements for heating or cooling are higher; or based on prevailing outdoor
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temperature conditions. The transition period between heating-cooling seasons will be also
analysed, considering cases with and without heating or cooling available during that period.
This paper also aims to compare methods to evaluate thermal comfort on a yearly basis,
considering buildings with and without air-conditioning systems.

2. Issues with Thermal Comfort Evaluation Methods in Current Standards

The main issues that will be analysed in the present paper is whole year evaluation method
for thermal comfort and how to define heating (winter) and cooling (summer) season,
especially focused on definitions and guidance provided in EN16798-1. To illustrate and
analyse the issues, a dynamic simulation of the thermal comfort and energy use in an example
office building will be used.

2.1. Thermal comfort evaluation methods

Both the Adaptive method (ACM) (De Dear & Brager 1998) and the PMV-PPD method (Fanger
1970) for mechanical heated and cooled buildings, use categories are to define input
parameters for design of buildings and systems, as well as for input to energy calculations.
However, the intent is not that the buildings must always be operated within one category.
Instead the distribution of time in the different categories during a year (or another time
interval) can be used to express the long-term performance. For example, even if a system is
designed for Cat. Il, it may operate a significant part of the year in Cat . According to Khovalyg
et al. 2020, standards like EN 16798-1 give acceptable exceedance hours to allow for
variations under real weather conditions compared to the simulation results using weather
data files and to avoid the design of oversized HVAC systems. The required operative
temperature categories for sedentary office work are shown in Table 1. For the adapted
approach, the criteria for the operative temperature categories are taken from Figure B.1. in
EN16798-1.

Table 1: Temperature ranges consider for the four categories of indoor environment defined for offices in EN
16798-1. Air velocity is assumed below 0.1 m/s and the relative humidity is 40% for heating seasons and 60% for
cooling seasons.

Temperature range for heating seasons, °C Temperature range for cooling seasons, °C

Category (1.0clo) (0.5clo)

I 21.0-23.0 23.5-255
I 20.0-24.0 23.0-26.0
1 19.0-25.0 22.0-27.0
v 17.0-25.0 21.0-28.0

2.2. Definition of heating (winter) and cooling (summer) season.
For the PMV-PPD method for mechanically conditioned buildings the comfort requirements
are divided in heating and cooling season with an assumed clothing change. The definition of
heating-cooling season can be made in different ways:

e Based on date

e Based on outdoor temperature

e Based on calculated needs by dynamic building simulations

In the standards, it is recommended to define heating season (winter) at running mean

outside temperatures below 10 °C. Cooling (summer) season is defined at running mean
outdoor temperatures higher than 15 °C. It is assumed that in the heating season it is not
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possible to use mechanical cooling and vice-versa for the cooling season. However, it is a
guestion whether heating-cooling should be assumed in the transition period between winter
and summer, one of the focus areas for this paper. Using the adapted method, the thermal
comfort requirements for the heating season (below 10 °C running mean outdoor
temperature) are the same as for mechanical conditioned buildings.

3. Method
To study the issues outlined above dynamic building simulations was used for a typical office
building in four different geographical areas Edinburg, Copenhagen, Zurich and Palermo.

3.1. Boundary building conditions

The model corresponded to a module of an office building, originally developed by Olesen
and Dossi (2004). The building was composed of two identical offices with a floor area of 19.8
m? (length/height/width = 5.5/2.8/3.6 m) and a corridor section with a floor area of 8.6 m?
(length/height/width = 2.4/2.8/3.6 m) between them. Each office had one 10 m? external wall
with a window area of 5 m? (height/width = 1.65/3 m). One of the external walls was facing
south and the other one facing north. All the internal walls of the building model were
assumed adiabatic, except for the walls in between the corridor and the offices. The thermo-
physical properties of the building components are shown in Table 2. Windows were
equipped with automatically controlled solar shading devices. For incident radiations higher
than 100 W/m? on the external glazing, internal blinds were drawn. When the internal blinds
were active, the transmittance was multiplied with a factor of 0.09 and the solar gain was
multiplied with a factor of 0.14.

Table 2: Characteristics of the building components of the simulation model

Component Material Thickness Density Heat conductivity Specific Heat Emissivity,
(mm) (kg/m3) (W/mK) (Wh/kg K)  (-)

Opague component

Floor/ceiling Floor coating 5 1100 0.18 0.26 0.95
Concrete 150 2300 1.7 0.24
Air gap 500 1.2 2.8 0.28
Ceiling panels 20 970 0.22 0.3

Outside wall Plaster 8 1000 0.7 0.28 0.82
Insulation 80 40 0.04 0.42
Sand lime brick 240 1200 0.56 0.28
Plaster 15 1200 0.35 0.28

Internal wall Plaster 15 1200 0.35 0.28 0.82
Sand lime brick 115 1800 0.99 0.28 0.93

Glazing component

Windows Heat transfer coefficient for the frame, W/m2 K 2.1
Heat transfer coefficient for the glazing, W/m2 K 1.1
Overall heat transfer coefficient, W/m2 K 1.4
Solar heat gain coefficient, -. 0.58

3.2. Simulated weather conditions
For each location, a 3-day running mean outdoor air temperature was calculated from January
to December according to equation (1), defined in EN 16798-1.
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_ 1
(1+a+a?)

Trm : (Ted—l +aTeqg—p + a®- Ted—3) (1)

where T,,, is the daily running mean outdoor temperature for a specific day; Tp4_1,
Toq—2and T,,_5 represent the daily mean outdoor air temperatures from the previous three
days and a is a constant with the value 0.8 (recommended in EN 16798-1).

In Figures 1 to 4 it is shown the running mean outdoor air temperature as well as the
lower criteria for operative temperature during the heating season (Trm<10°C) and the upper
criteria for operative temperature during the heating season (Trm>15°C).
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Figure 1: Daily running mean outdoor temperature (T:m) as well as upper and lower limits for the PMV-PPD
method and the ACM method for Category I, EN 16798-1 in Copenhagen.
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Figure 2: Daily running mean outdoor temperature (T.m) as well as upper and lower limits for the PMV-PPD
method and the ACM method for Category I, EN 16798-1 in Edinburgh.
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Figure 3: Daily running mean outdoor temperature (T:m) as well as upper and lower limits for the PMV-PPD
method and the ACM method for Category Il, EN 16798-1 in Zurich.
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Figure 4: Daily running mean outdoor temperature (T:m) as well as upper and lower limits for the PMV-PPD
method and the ACM method for Category Il, EN 16798-1 in Palermo.

3.3. Boundary system conditions and internal heat gains

As internal heat gains, each office had 2 occupants with a metabolic rate of 1.2 met, which
were estimated to produce 238 W (12 W/m?). The occupancy level was based on the schedule
defined in EN 16798-1 for single offices, where occupants are present only during weekdays
from 08:00 to 13:00 and from 14:00 to 17:00. The equipment on each office corresponded to
two computers and one printer, which altogether produced 350 W (17.7 W/m?). Ceiling
lighting accounted for 50 W (2.5 W/m?), with a convective fraction of 50%. The schedules for
the equipment and lighting were the same as for the occupants. The internal heat gains in the
corridor corresponded only toa 100 W (11.6 W/m?) ceiling light, which had the same schedule
as occupants in the offices.

The building was equipped with an all-air system, where a central air-handling unit
(AHU) provided both heating and cooling to all zones. The supply temperature was
proportionally controlled in the AHU between 16°C to 34°C based on the outdoor air
temperatures between 22°C to -12°C respectively. The office rooms were equipped with a
Variable Air Volume (VAV) system, where the air flow was controlled based on operative

24



temperature, with a minimum supply airflow of 1.4 [L/sm?] (1.8 ACH) and maximum supply
airflow of 10 [L/sm?] (13 ACH). The ventilation system in the corridor was controlled by a
Constant Air Volume (CAV) control, with a constant airflow of 0.5 [L/sm?] (0.6 ACH). The
operation time of the all-air system was continuous from 08:00 to 17:00 for all zones.

3.4. Cases considered for the evaluation

In order to analyse the implications of the seasonal operation of heating and cooling on
thermal comfort and energy use, seven cases were considered in the evaluation: cases A, B,
C, D, Eand F. In case A, the change between the heating and cooling seasons is given by a
fixed date. The change between the heating and cooling seasons was considered to occur on
the 1%t of April and the opposite change occurred on the 1%t of October, without transition
periods between seasons. In case B, the seasons were based on prevailing outdoor
temperature levels. The heating season was defined as the period with Trm below 10°C, the
cooling season as the period with Trm above 15°C and the transition between seasons
occurred when Trm was between 10°C and 15°C. In case C, the seasons were defined based on
a fixed date obtained from building dynamic simulations, without considering a transition
period between seasons. The simulations to define the duration of the heating and cooling
seasons were based on the same boundary conditions mentioned in Section 3.1, 3.2 and 3.3,
using as set points 20.5°C and 25.5°C for heating and cooling respectively. The period when
the energy use for cooling was observed to overpass the period when heating was used was
defined as the cooling period, without applying any specific guidelines for its definition. The
same approach was used to define the heating period. An additional case was added to
analyse the yearly performance of a building without any mechanical cooling systems
installed, named case D. The heating season was considered as the period where the running
mean outdoor temperature was below 10°C, as presented in EN 16798-1. However, the
cooling season and transition period where not considered in case D, as no mechanical cooling
was applied during the year. Finally, two additional cases were added in the analysis to
evaluate the effects on thermal comfort when heating and/or cooling is available during
transition period between seasons. Those cases are: only heating was applied during the
transition period (case E) and neither heating nor cooling were available within that period
(case F). A summary of the cases is presented in Table 3.

Table 3: Characteristics of the cases considered in the evaluation, showing how the seasons were defined and

whether heating and/or cooling was present in each season. HA: Only heating was available; CA: Only cooling
was available; NHC: neither heating nor cooling were available.

Case Season definition :-I;;ttizrg) season (C;;c;lqi:qgei;eason Transition period
A Fixed date, defined arbitrarily HA CA Not considered
B Based on Trm HA CA HA and CA
C Fixed date, based on simulations HA CA Not considered
D Based on Trm HA Not considered Not considered
E Based on Trm HA CA HA
F Based on Tym HA CA NHC
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4. Results

4.1. Analysis of heating and cooling seasons

The results in Figures 5, 6, 7 and 8 show that the operative temperature differed for the three
cases A, B and C for the south room in each location. In Copenhagen, Edinburgh and Zurich,
the lowest temperature levels were observed for case A, when the seasons were defined
based on an arbitrary date. In that case, the heating season finished too early, leaving a period
within April, May and September without heating supply. In Palermo, the operative
temperature reached the highest values for case A, right after the beginning of the heating
season. The case when the seasons were defined based on outdoor temperatures (case B)
and building simulations (case C) showed operative temperature values between 20°C and
26°C for all the locations.
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Figure 5: Operative temperatures obtained from the south room in Copenhagen for the cases A, B and C, during
occupied hours
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Figure 6: Operative temperatures obtained from the south room in Edinburgh for the cases A, B and C, during
occupied hours
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Figure 7: Operative temperatures obtained from the south room in Zurich for the cases A, B and C, during
occupied hours
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Figure 8: Operative temperatures obtained from the south room in Palermo for the cases A, B and C, during
occupied hours

4.2. Thermal comfort evaluation

Figure 9 shows how the operative temperatures during time of occupancy from each studied
case were distributed into the four categories of indoor environment presented in EN 16798-
1, Table B.5. The limits defined for heating and cooling season were applied for the
assessment of cases A and C. For case B, additional limits between heating and cooling
seasons were added to account for the transition period between seasons, considering 0.75
clo, 1.2 met and 50% relative humidity. The percentage of occupied hours inside Cat. | was
the highest in case B for all four locations (CPH-Copenhagen, ED-Edinburgh, ZH-Zurich, PA-
Palermo). The period outside all categories was near zero for case B in all locations. The results
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show that when the heating and cooling seasons are defined based on a date (cases A and C),
the thermal comfort level of the building is lower than when they are defined based on
outdoor temperature levels (case B). The lowest thermal comfort was observed when the
change between seasons occurred on a date determined arbitrarily (case A). The thermal
comfort is improved when the date for changing from heating to cooling is based on the local
climate and estimated based on a building simulation (case C).
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Figure 9: Distribution of the operative temperatures from the south room in the IEQ categories from EN 16798-
1 during occupied hours, evaluated based on heating, cooling seasons for cases A and C and adding the transition
period between seasons for the evaluation of case B.

The Adaptive Comfort Method (ACM) was used to evaluate the thermal comfort in
four additional simulations for each location, defined as case D. In this case, only mechanical
heating was used, which was only available during the heating season. Figure 10 shows how
the operative temperatures were distributed during the year in the three categories defined
for the ACM defined in EN 16798-1. For Palermo, the number of hours with operative
temperatures outside all categories was negligible. Locations with colder average outdoor
temperatures such as Copenhagen, Edinburgh and Zurich showed less hours inside all
categories, compared to the simulation for Palermo.
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Figure 10: Distribution of the operative temperatures from the south room in the IEQ categories from EN 16798-
1 during occupied hours.
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The energy performance of a building is expressed with one number in kWh/m?2. To
compare thermal comfort for different heating-cooling concepts and for expressing comfort
with a single value, the yearly thermal comfort score (TCS) was introduced. This value was
calculated based on the percentage of occupied hours (Figure 9 and 10) inside the categories
of indoor environmental quality defined in EN 16798-1. The score assigned weighted values
for % time spent in each category, and provides a single value from 1 (Best) to 5 (Worst) as an
overall assessment of a zone or a building in each case. Equation (2) was used for the
calculation of the weighted score for cases A, B and C.

TCS =%Cat.1*1+ (%Cat. Il —%Cat.I) * 2 + (%Cat. 11l — %Cat.II) * 3 (2)
+ (%Cat. 1V — %Cat.11l) x 4 + %outside * 5

The percentages inside each category (%Cat.l, %Cat.ll, %Cat.ll, %Cat.IV and %outside)
correspond to the results showed in Figure 9.

For case D, the approach to calculate the weighted score was different, since the
adaptive comfort method (ACM) accounts only for three IEQ categories. The yearly thermal
comfort score for case D (TCSacm) was calculated using the ACM categories and percentage of
time outside them as shown in equation (3).

TCSycm = %Cat. I «1+ (%Cat. I — %Cat. 1) 2 + (%Cat. 111 — %Cat.II) (3)
* 3 + Ypoutside * 5

The highest TCS from cases A, B and C was obtained for case A, whereas the lowest
value was observed for case B, as presented in Table 4. This is in agreement with the results
from Figure 9, since the yearly thermal comfort score represents a weighted score of the IEQ
categories based on the PMV-PPD method. For case D, the highest TCS was observed from
the simulation in Zurich, where the number of occupied hours outside all categories was
higher than for the other locations (see Figure 10). The highest TCS was observed in case D
for Palermo.

Table 4: Yearly thermal comfort score (TCS) calculated for cases A, B, C and D. Higher score-lower comfort

Location Copenhagen Edinburgh Zurich Palermo

Case A B C A B C A B C A B C
TCS 193 127 149 211 136 155 1.80 128 1.46 237 121 1.79
Case D D D D

TCS,ACM 1.71 2.00 1.56 1.10

The same approach to evaluate the category distribution for case B (see Figure 9), was
used to calculate the percentage of time inside the four IEQ categories for cases E and F. That
is to say, the percentage of hours inside each category was calculated for the heating season
(clo=1, RH=40%), the cooling season (clo=0.5, RH=60%) and the transition period between
them (clo=0.75, RH=60%). Figure 11 shows that the percentage of occupied hours with
temperatures outside the IEQ categories was significantly higher when neither cooling nor
heating were available during the transition period (case F), compared to the case only with
heating (case E). For the latter case, the period inside Cat. Il was approximately the same
compared to case B in Palermo and 4% lower for Copenhagen (see Figure 9).
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Figure 11: Distribution of the operative temperatures from the south room in the IEQ categories from EN 16798-
1 during occupied hours, evaluated based on heating, cooling seasons and transition period. Two cases were
considered for the transition period, where only heating was provided (case E) and neither cooling nor heating
was available (case F).

The yearly thermal comfort score was calculated considering the distribution of
operative temperatures presented in Figure 11, by applying equation (2). The results shown
in Table 5 evidence that the overall thermal comfort level decreased significantly when
neither heating nor cooling was available during the transition period, compared to the case
only with heating applicable during that period. When comparing cases B and E, it was
observed that the TCS for case B in Copenhagen was approximately the same for cases B and
E. However, the TCS was higher for case B in Palermo. This suggests that allowing cooling
during the transition period did not have an appreciable effect on the yearly thermal comfort
level for Copenhagen, but it had a small improvement for Palermo.

Table 5: Yearly thermal comfort score (TCS)

Location Copenhagen Palermo
Case E F E F
TCS 1.28 2.31 1.30 2.06

4.3. Energy evaluation

The results presented in Figure 12 show that case B had the highest level of energy used in
each location. This was due to a greater energy use for heating in colder climates
(Copenhagen, Edinburgh and Zurich) and for cooling in warmer climates (Palermo) compare
to the other cases. When cooling (case E) or heating and cooling (case F) were not available
during the transition period, the total energy use was lower than having both during that
period. The lowest energy use in each location was from case D, as no cooling was considered
along the year and no heating outside the heating period. The difference between the total
energy use when changing the heating and cooling seasons based on a date defined arbitrary
(case A) and grounded on building dynamic simulations (case B) was below 2 kWh/m? for cold
climates (Copenhagen, Edinburgh, Zurich) and approximately 3 kWh/m? for warm climates
(Palermo).
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Figure 12: Annual energy use for each simulated case for heating, cooling and auxiliary energy
used by the HVAC equipment (HVAC aux.).

5. Discussion

5.1. Definition of the heating-cooling period

The definition of heating (winter) and cooling (summer) period for mechanical cooled
buildings has a significant influence in the overall comfort. Using the definition in EN16798-1
based on an outdoor running mean temperature of 10 °C and 15 °C seems to work well under
all four climatic zones. To optimize the date for the change based on a pre-simulation will not
give much improvement in the comfort (see Figure 9). It is however still an open question
how the systems should be operated in the transition period. Should both heating and cooling
be available or only heating or cooling? The running mean outdoor temperature will fluctuate
and there will be days where it goes below 10 °C after it has passed 10 °C the first time. In
reality, it is not likely that during the cooling period heating will be available and cooling will
be applied during the period of the year when heating is normally used. Therefore, it is a
difficult task to suggest consistent guidelines to define a transition season that is not
intermittent in time and accounts for the seasonal variations of the outdoor climate. Again, it
does not make sense to have both heating and cooling available in the transition period. A
concept could be to have heating available in the spring until 15 °C running mean is reached
the first time and again in fall when 10 °C running mean is reached the first time. This is
supported by the results in figure 9 and Figure 11. Figure 11 show that providing heating
during the transition period (Case E) provide about better comfort than Case F, with no
heating and cooling in the transition period. The figures also show that the comfort with case
E is very similar to case B, where heating and cooling is available in the transition period. This
is also confirmed by comparing the Thermal Comfort Scores in Table 4 and 5.

The distribution of the energy use in the four cities (Figure 12) were, as expected,
different between the four cities. In Edinburgh, Copenhagen and Zurich, the energy for
heating was dominating while in Palermo it was for cooling. The energy use in all locations
was larger for case B, where heating and cooling were considered during the transition period.
The difference between the energy use between that case and case E, when only heating was
as available in the transition period, was moderate (4% lower for Copenhagen and 2 % lower

31
12



for Palermo). The reduction of the energy use when heating was not available (case F)
compared to the case when it was available during the transition period was even lower (1%
for Copenhagen and Palermo).

5.2. Yearly thermal comfort evaluation

The thermal comfort has been evaluated by looking at the temperature distribution in the
different Categories as seen in Figure 9. It can still be difficult to compare the thermal comfort
between the three cities and for the three definitions of heating and cooling season.
Therefore, a method to combine the values into one number by a weighing factor for each
category is shown in equations 2 and 3. In all cases A with a fixed date for switching between
heating-cooling has the least comfort. For Edinburgh, Copenhagen and Zurich the difference
between Cases B and C is very small; but for Palermo case B is significant better. The yearly
thermal comfort score (TCS) gives an overall assessment of the thermal comfort in a building,
therefore is not capable of analysing slight differences between temperature distribution in
categories. For instance, when comparing the distribution of operative temperatures from
Copenhagen and Palermo for case B (Figure 9), in the first case the period with temperatures
above Cat.ll was nearly zero, whereas for the second was approximately 5% of the occupied
hours. However, the TCS is lower (better) for the second case than for the first one. This
example demonstrates the penalty of using a single index to represent the yearly thermal
comfort score.

Figure 11 shows the results with different concepts for the transition period regarding
heating and cooling. When only heating was considered during that period, the yearly thermal
comfort score estimated with the proposed methodology was approximately the same
compared to the case when cooling was also available in that period. However, TCS increased
significantly (40-80%) when heating was not available in the transition period, indicating a
much poorer performance in terms of thermal comfort.

For buildings where the Adaptive approach can be applied to characterize the thermal
comfort level, the cooling season does not exist as no mechanical cooling is available. The
guestion is however when heating should be available. Only the period where the running
mean is below 10°C? or until 15°C?. In the present simulation study, only heating for running
mean outdoor temperatures below 10°C was assumed. The results showed that the operative
temperatures for the simulation in Palermo had higher percentages inside the limits from the
ACM, compared to the other locations (see Figure 10). The limits for the ACM from Palermo
could be applied for a longer fraction of the year as presented in Figure 4. This suggests that,
outside the heating period, the ACM limits can be used to evaluate the thermal comfort level
in buildings without mechanical cooling, but the overall thermal comfort will be better in
cases with warmer climates. It should be noted that in the current study the ventilation level
was not increased for the adapted method, which could possibly provide more cooling during
periods where outside temperature were lower than room temperature.

5.3. Suggested revision of the standards

The applicability of the temperature ranges considered for the indoor environmental
categories defined in EN 16798-1 depends on the definition of the heating and cooling
seasons. This study demonstrated that the definition of the period of the year when heating
and cooling is available has a significant influence on thermal comfort and energy use. The
definition of the heating and cooling seasons based on a running mean outside temperature
of 10 and 15 seems to work well for the different climatic zones studied. However, the authors
recommend that Guideline TR 16798-2, should provide more specific design guidance
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regarding the transition period. Should this period be evaluated using the adapted method as
it seems cooling is not needed or should it be evaluated, as done in this paper, by using a clo-
value of 0.75 clo? The standard defines three categories of indoor environment for the
Adaptive method, when mechanical cooling is not available, and four categories for the PMV-
PPD method. It is recommended to include an index that summarizes the overall comfort level
described by the IEQ categories, which allows to compare in a simple manner scenario with
different boundary conditions.

6. Conclusions

This study aimed to analyse how the heating and cooling seasons can be defined throughout
a year, such that the thermal comfort level is adequate, and the energy use is minimized. The
evaluation was performed by analysing the results from the dynamic simulation model of an
office building for four locations: Copenhagen, Edinburgh, Zurich and Palermo. Defining the
heating-cooling seasons based on outdoor temperature conditions with a transition period
between them showed a better thermal comfort level compared to their characterization
based on a date defined arbitrary or from dynamic simulations. No significant benefits in
terms of thermal comfort and energy use were observed when operating the transition period
with mechanical cooling available.

It was also the aim of the study to evaluate and compare different methods to analyse
the thermal comfort level of a building throughout a year. The approaches recommended in
EN 16798-1 and the technical TR16798-2 were used to assess the thermal comfort level by
looking at the distribution of room temperatures in the different categories of indoor
environment, based on the results from building dynamic simulations. The analysis was
carried out in buildings with air-conditioning systems, where temperature limits of the
comfort zone are calculated from the PMV-PPD method and buildings without air-
conditioning, where the Adaptive Comfort model is used to define the limits of the comfort
zone. A methodology to calculate an overall yearly thermal comfort score based on the IEQ
categories of indoor environment, was also applied to evaluate the thermal comfort in
buildings with and without air-conditioning. The results from the thermal comfort score
allowed to have a simpler overview of the thermal comfort level from each simulation,
compare to the categorization of thermal comfort.
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Abstract: The usage of “resilient” increased over the last decade reflecting anticipated changes in our climate
and resulting necessary changes in our energy system. While resilience is popular, its usage varies to such extent
that opposing consequences for the building design are promoted: robustness or flexibility. This paper questions
whether resilient buildings support the resilience of their occupants and presents a framework for human-build-
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ing resilience, pointing to distinctive aspects like “toughness”, “ability to cope”, or “capacity to recover”. In ad-
dition, this framework includes a wider definition of thermal comfort, which considers not only thermal relief as
provided by thermoneutral conditions, but thermal encouragement, related to adaptation, and thermal enjoy-
ment, pointing to thermal alliesthesia. Based on previously published and new data from laboratory studies, the
presentation of first attempts analysing individual parameters of human resilience is followed by a discussion of
the consequences of the new framework for future pathways of design and operation. Should we continue
searching for ways to predict “optimal” conditions or shift our focus towards those design and operation con-
cepts, which optimise encouragement and enjoyment and consequently lead to a higher human resilience and
a lower dependence on building resilience or intensive energy use?

Keywords: Thermal resilience, building resilience, adaptation, alliesthesia, experimental study

1. Resilient comfort — background and definitions
Resilient design, resilient buildings, resilient energy systems, resilient comfort... The usage of
‘resilient” has been increasing over the last decade reflecting anticipated changes in our cli-
mate and resulting necessary changes in our energy system and design practices (Figure 1).
Research related to resilience and buildings is related either to the urban or to the build-
ing scale. As an example for the urban scale, Albers et al. (2015) mention resilient housing as
strategies for resilient cities. On the building scale, resilience of buildings is considered as the
ability of a building to keep indoor temperatures within pre-set limits or to permit peoples
adaptability. Lomas and Giridharan (2012) treat resilience as a measure of avoidance of over-
heating and account for the ability of an occupant to cope with change by proposing fans to
increase air speed. Short et al. (2012) criticize that resilience to overheating is often assigned
to mechanical ventilation, and argue for passive building design options such as shading. Tre-
bilcock-Kelly, Soto-Mufioz and Marin-Restrepo (2019) understand resilient buildings as de-
signed and operated flexibly, so that the buildings can adapt to their occupants’ requirements
and promote the adaptability of the occupant. Coley and Kershaw (2010) present climate
change amplification coefficients (Cr) to judge the resilience of a building to climate change.
In contrast to the previous work, they assign a higher resilience to buildings, which are char-
acterized by a smaller relationship between the mean and maximum indoor temperature and
the mean and maximum outdoor temperature at different climate change scenarios.
However, are resilient buildings supporting the resilience of their occupants?
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Figure 1. Number of publications per year based on a search on scopus using the search terms “resilien* AND
building* AND thermal*” (Niota1 = 265) and “resilien* AND comfort* AND thermal*” (Niota = 138) on title, ab-
stract, and keywords.

While the number of publications found with the search string “comfort” instead of
“building” increases as well over the last decade, most of these studies mention thermal com-
fort as a result of a resilient building. At the same time, research looking at the resilience of
persons themselves is scarce. Fernandez, Milan, and Creutzig (2015) mention that the educa-
tion level affects an individual’s resilience “due to higher awareness and better knowledge of
hazard prevention”. Daanen and Herweijer (2015) tried to increase resilience of persons over
75 years for heat waves using an indoor training program. Their 5-day one hour each training
program did not lead to differences between the heat strain test on the first and 5™ day in
gastrointestinal temperature, mean skin temperature, heart rate, weight loss (due to sweat-
ing), or thermal sensation. In contrast, studies conducted at the Maastricht University found
positive benefits of cold and warm exposures on acclimatization and health (van der Lans et
al., 2013; Hanssen et al., 2015; Pallubinsky et al., 2017).

Overall, a holistic approach to building resilience is missing, which includes human re-
silience and knowledge on variables influencing human resilience. Therefore, the objectives
of this paper are a) questioning the existing concept of resilience for buildings and humans,
b) developing a framework combining resilience with existing paradigms of thermal comfort,
and c) demonstrating two preliminary attempts to analyse individual aspects of human ther-
mal resilience and influences on its variability.

1.1. Reviewing definitions of resilience

As outlined above, the usage of the word resilience is increasing, while its meaning varies
between authors. In this context, it would be interesting, but beyond the scope of this paper,
to look at the etymology of resilire,resiliois (interested readers are referred to Alexander
(2013)).

Relevant for the following discussion are the definitions and translations of resilience
found in dictionaries. Dictionaries list meanings of resilience such as a) “the capacity to re-
cover quickly from difficulties; toughness”, or b) “the ability [...] to spring back into shape;
elasticity” (Oxford, 2019), while it is often related to c) “the ability to cope” in health- and
psychology-related literature. Translations include the term toughness, but in contrast to the
definition above, relate it to d) “the robustness”, which will be used in the following.

Reviewing these meanings in light of human thermal comfort in buildings leads to inter-
esting research questions requiring the inclusion of different concepts related to thermal
comfort. Beforehand, it is meaningful reviewing also definitions of comfort.
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1.2. Reviewing the definition of thermal comfort

The most widespread definition within the field of thermal comfort is that of ASHRAE, which
defines comfort as “the condition of mind that expresses satisfaction with the thermal envi-
ronment and is assessed by subjective evaluation” (ASHRAE, 2017). Less known is a definition
of comfort in the Merriam-Webster Dictionary of English Language (Merriam-Webster, 2019),
which notes comfort in relation to relief, encouragement, and enjoyment (this definition is
mentioned in Bubb, 2003). Because the latter definition appears more comprehensive, it will
be considered in the following.

2. A holistic framework for resilient thermal comfort

Based on above review of definitions for resilience and thermal comfort, a holistic framework
for resilience of buildings and humans in relation to thermal comfort is presented in Figure 2
and discussed in the following.

2.1. Parameters and phases of human-building resilience
In Figure 2a, the time course of a thermal load is shown. This thermal load could be internal
(e.g. related to a high number of occupants or high equipment load) or external (e.g. high
outdoor temperature or solar radiation). At time, tL2, the thermal stressor could be removed
either by an occupants’ action (e.g. switching of equipment, closing blinds) or external condi-
tions (e.g. clouds, sunset) or continuous. The following subfigures show the case for a re-
moved thermal load.

The increase and decrease of this thermal load could be described with a generalised
logistic function, which was originally developed for the modelling of the growth rate of plants
(Richards, 1959), in the form:

K-A
Y(t)=A+ (1+Qre-BE—M)1/v (1)

with the parameters Y(t) = the thermal load at time, t, A = the lower asymptote, K = the
upper asymptote, Q = the relative position in the time dimension, B = the rate of growth, M =
the starting time, to, and 1/v = a value affecting whether the maximum growth takes place at
the beginning or end of the growth curve.

Figure 2b shows the time course of a physical indoor thermal stressor (e.g. an increased
operative temperature) as a result of the thermal load shown in Figure 2a. The relationship
between thermal load and thermal stressor depends on the type of load and largely on the
buildings’ characteristics such as thermal mass or window-to-wall-ratio. Increase and de-
crease could be described with a growth function again. The classic way to define the resili-
ence of a given building, i.e. its ability to reduce thermal stressors, can be based on the pa-
rameters of growth functions such as Y(t), shown in eq. 1. For increase and decrease, espe-
cially the parameters K, the upper asymptote (e.g. the maximum indoor operative tempera-
ture), and B, the growth rate (e.g. the temperature gradient), then form the basis for the
comparison of different building concepts according to their robustness (increase) and elas-
ticity (decrease). The values of these parameters can differ between robustness and elasticity.

However, as mentioned introductory, such definition for the buildings’ resilience does
not consider the effect on the thermal resilience of the human occupant. Figure 2c shows the
time course of (perceived) thermal stress as a reaction to the thermal stressor shown in Figure
2b. While only one curve is drawn for reasons of clarity, note that thermal stress (e.g. physi-
ological) can differ largely from perceived thermal stress. The relationship between thermal
stressor and (perceived) thermal stress depends on the personal characteristics such as
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Figure 2. Parameters and definitions of resilience in relation to comfort definitions and paradigms. Red and
green arrows indicate that the position of the curve depends in building and personal characteristics.
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the physiological constitution (e.g. level of fitness), behaviour (e.g. reducing work load to ad-
just metabolic rate), perceived control, which was found to be related to perceived thermal
stress and physiological reactions (Schweiker and Wagner, 2015), personality, or knowledge
(e.g. that the stressor will end soon). The time course is split into three phases, each present-
ing a different parameter of human resilience: 1) toughness, Il) ability to cope, and Ill) capacity
to recover. While the toughness related to thermal stress largely depends on physiological
processes, the toughness related to perceived thermal stress might depend on other influ-
ences such as distractions by a heavy workload. Phase Il can be non-existing in case the occu-
pant removes the thermal stressor before the thermal stress reaches its upper asymptote.
Otherwise, phase Il describes that period during which the occupant endures the thermal
stress, so that perceived stress remains stable. Also here, growth functions in the form of eq.
1 and their parameters can be utilized to describe individual aspects of human resilience as
well as for inter- and intrapersonal comparisons.

2.2. Relationship to comfort definitions and paradigms

As described introductory, previous researchers promote the flexibility of buildings and adap-
tive capability of occupants as a key factor for overall resilience. The question remains, how
such elements relate to individual phases of human-building resilience. A preliminary answer
is shown in Figure 2e, which shows the relationship between definitions of comfort, corre-
sponding building design and operation paradigms, and human resilience.

Considering comfort of buildings as providing “relief” is in line with the paradigm of
thermoneutrality (e.g. inherent in the concept of the predicted percentage of dissatisfied
(PPD) (Fanger, 1970)). According to this definition and paradigm, a building should be de-
signed and operated in a way that it provides maximum relief and minimum thermal stress.
Thereby it is relying on a high robustness and elasticity of the building likely causing intensive
energy use, because of tight comfort bands (Hoyt et al., 2005). At the same time, it is hypo-
thesized that such paradigm does not support human resilience, which is supported by find-
ings showing smaller temperature ranges by occupants of tightly controlled buildings.

In line with the demand for flexibility by Trebilcock-Kelly, Soto-Mufioz and Marin-Re-
strepo (2019) is the definition of comfort to provide encouragement. This definition can be
related to building design and operation according to the paradigm of adaptation (De Dear
and Brager, 1998; Hellwig et al., 2019; Schweiker and Wagner, 2015). Related to the three
adaptive mechanisms,

a) daily and seasonal temperature variations support physiological acclimation (van

der Lans et al., 2013; Hanssen et al., 2015; Pallubinsky et al., 2017),

b) a higher level of perceived control due to adaptive opportunities increases psycho-

logical adaptation (Schweiker and Wagner, 2015), and

c) the frequent behavioural interactions with personal clothing level and the building

interfaces likely increases behavioural adaptation.

Such increase in adaptive capacity increases the toughness, the ability to cope, and the
capacity to recover as presented in Figure 2e.

The third part of the definition of comfort, enjoyment, can easily be linked to the para-
digm of alliesthesia or thermal pleasure (de Dear, 2011; Cabanac, 1971; Parkinson, de Dear
and Candido, 2012; Schweiker et al., 2020). The effect on human resilience can only be spec-
ulated. Building design and operation concepts offering opportunities to experience alliesthe-
sial situations permit the “training” of the capacity to recover. Alliesthesia will likely play a
role in occupants’ acquisition of knowledge. Actions, which successfully led to pleasure are
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likely executed again; a learning process known as operant conditioning in psychology origi-
nating from work on animals (Thorndike, 1898). In addition, positive effects of alliesthesia
might speed up recovering processes through a combination of emotional and physiological
reactions.
In order to demonstrate the applicability of this framework, the following section de-
scribes exemplary analyses of
a) the time between the onset of the thermal stressor until a person’s reaction, Atg
(see also Figure 2d), which includes the durations of the phases ) toughness and Il)
ability to cope, and
b) the capacity to recover.

3. Methods
Data from two datasets is taken for two exemplary analyses of two parameters of human
resilience included in above described framework. The first dataset, data set M, will be used
to analyse Atg and originates from a previously published study (Meinke et al., 2017). The
second dataset, data set D, is unpublished, and is applied to the analysis of the capacity to
recover, Bpsq.

Both datasets were collected by means of experimental studies in the field laboratory
LOBSTER (Schweiker et al., 2014).

3.1 Dataset M
In total 77 participants (44 female, 29114 years of age, 173110 cm height, 68114 kg weight)

were balanced across morning and afternoon sessions.
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Figure 3. a) Time course of thermal stressor (Top) and thermal relief (increased air velocity, vair) during the
experimental studies leading to datasets M (1) and D (ll), and b) hypothesized thermal stress, operationalized
by the skin temperature (Ts) and analysed resilience parameter (green font colour; described in section 4).

The experimental protocol relevant for the analysis presented here consists of the fol-
lowing steps (see also Figure 3-I). Participants were welcomed, received instructions, gave
written informed consent, and received sensors for measuring skin temperature (iButton (van
Marken Lichtenbelt et al., 2006)) logging at a 1-minute interval in the front room. This first
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phase took 20 minutes. Afterwards, they entered one of the office-like test rooms condi-
tioned to an operative temperature (Top) of 24°C and were asked to fill out a first question-
naire. After 15 minutes, Top increased continuously by 4K/hr until participants pressed a
marked button on their keyboard. They were instructed to press this button once they feel
warm and would like to change the indoor environment. Upon pressing the button, they were
asked to fill out a second questionnaire assessing their thermal perception of sensation, pref-
erence, and comfort as well as the type of interaction they would like to perform.

3.2 Dataset D

Dataset D was collected in autumn 2018. In total 61 participants started the experiment, of
which one participant could not finish it due to health problems. The remaining 60 partici-
pants were balanced according to sex (31 female) and age (N = 33 below 32 years of age
compared to N = 27 above 50 years of age).

The experimental protocol consists of three phases lasting in total three hours. First,
participants were welcomed as described in dataset M. They then entered one of the offices
conditioned to a Top of 30°C (see also Figure 3a-11). Clothing item instructions required partic-
ipants to wear long trousers, a short-sleeved T-shirt and an additional long-sleeved upper
part. After entering the office, the acclimation phase of 25 minutes started, during which par-
ticipants received further instructions and filled out a background questionnaire. The third
and fourth phase were nearly identical and lasted each one hour. In both phases, periods with
a running ceiling fan were followed by periods without the ceiling fan running. The ceiling fan
was switched off for 10 minutes, followed by 5 minutes being switched on. This 15-minute
period was repeated four times in each phase. During this 15-minute period, participants
were asked four times about their thermal perception of sensation, preference, and pleasure:
4 and 8.5 minutes (fan off), 10.5 minutes (fan just on), and 13 minutes (fan on for three
minutes) after the start. The difference between both phases is the amount of control. In the
no-control condition, the ceiling fan switched on according to the pre-set protocol automati-
cally. In the control-condition, participants were given control of the ceiling fan and could
decide themselves after 10 minutes when to switch the ceiling fan on. The ceiling fan-off sig-
nal was not under control of the participants in both conditions. Note that in order to reduce
predictability, the automated on-/off-signal was jittered +10 seconds around the above de-
scribed timing. The order of conditions was balanced across participants. The ceiling fan used
in this experiment is extremely silent, so that participants could watch the ceiling fan starting
to run in case they looked up, but there was no perceptual increase in noise level. The ceiling
fan is described in more detail in Rissetto et al. (2020).

3.3 Data analysis

Despite hypothesizing the suitability of a generalized logistic function to characterise the in-
crease and decrease of thermal load, stressor, and stress in the previous section, the time-
resolution of the available data-points was too low to apply the complete function in the ana-
lysis with all available parameters. Therefore, the data analysis is based on the analysis and
discussion of a linear slope.
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4. Results

4.1. Time between the onset of the thermal stressor until a person’s reaction, At (tough-
ness and ability to cope)

Participants pressed the button indicating their preference to change conditions, i.e. their
thermal discomfort, in average after 58 minutes (sd: 34, median 46, min 13, max 123). Until
this point, Top increased from 24°C in average by 3.9 K (sd: 2.1, median 3.6, min 0.45, max
8.4). For each participant, the Top gradient and Tsk gradient were calculated. The Tsk gradient
is the change in Ts per minute and is used as a simplified parameter for the growth rate, Bps;
(see also Figure 3b-l). For dataset M, the time-span considered for the calculation of Ts gra-
dient is the period between the start of the temperature gradient and the moment the par-
ticipant pressed the button, i.e. a value between 13 min and 123 min as described above.
Descriptive statistics for Top- and Ts¢ gradients between the start of the temperature gradient
and the time, the button was pressed, are shown in Table 1. The relative variance of Ts gra-
dient is two times higher than that of To,. At the same time, correlation between both varia-
bles is low (r =.26).

Figure 4 shows the relationship between Tsk gradient and the time until participants
pressed the button. Based on linear regression of T gradient on the time, Ts gradient is a
significant predictor of time (p <.001, R? = 0.24), while the T, gradient is significant at p =.03
(R2=0.07). Multiple regression analysis on the time difference and Ts gradient as dependent
variables revealed that none of the dependent variables tested, i.e. sex, height, weight, BMI,
age, level of perceived control, actual level of thermal sensation, preference, and comfort at
time of pressing the button, neuroticism, openness, and extraversion, had a significant effect
on Te gradient (all p > .13, R? = 0.18, R%,4; = 0.0076). Among all independent variables, only
the Ty gradient (p < .001) and neuroticism (p = .021) had a significant effect on the time dif-
ference (all other p >.16, R? = 0.38, R%gq; = 0.23).

Table 1. Descriptive statistics of temperature gradient for operative (Top) and skin temperature (T) in da-
taset M between the start of the thermal stressor and the moment, when participants pressed the button.

Mean Std. dev 5% 50% 95%
Top gradient [K/min] 0.071 0.021 0.035 0.070 0.107
Tk gradient [K/min] 0.021 0.014 0.0047 0.020 0.043
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Figure 4. Relationship between the time difference until button is pressed and Ty gradient.
4.2. Ty gradient after reduction of thermal stressor (the capacity to recover)
In order to analyse the capacity to recover, first, the average T« gradient of each participant

over the four periods with the ceiling fan running (reduced thermal stressor) was calculated.
For dataset D, the time-span considered for the calculation of T gradient is the period from
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30 seconds after the fan started to run until 3 minutes after the fan started to run and from
1.5 minutes before the fan started to run and 0.5 minutes after the fan started to run. This
linear slope serves as a representative of the resilience parameter Bpsq (see Figure 3b-Il). The
T« gradient was then set in relation a) to the actual thermal perception votes 0.5 minutes
after the fan started to run and 3 minutes after the fan started to run, and b) to the difference
in thermal perception 1.5 minutes before the fan started to run and 0.5 minutes after the fan
started to run, i.e. the same period used to calculated Ts gradient. Note that the a priori cal-
culated difference in PMV with and without the elevated air speed due to the running ceiling
fanis 0.5 votes.

Figure 5 shows the relationship between T gradient and the absolute values for ther-
mal perception votes. The higher the absolute value of the T« gradient, i.e. the faster the
decrease of Ts, the warmer and less pleasant participants voted, but at the same time, their
preference for cooler conditions was less strong. However, none of these relations was sig-
nificant (all p >.10) nor had they a substantial effect (0.003 < R? < 0.045).

The relationship between Tsk gradient and the difference in thermal perception votes
before and after the fan started is overall weak (Figure 6). Based on linear regression analysis,
Tsk gradient has no significant effect on the difference in thermal sensation (p = .27, R = 0.03)
thermal pleasure (p = .97, R?<0.01), and thermal preference (p = .08, R? = 0.06). In addition,

the explained variance with R? values below .1 is very low.
30 seconds after fan started
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Figure 5. Relationship between median T gradient and median thermal perception votes 30 seconds and
3 minutes after fan started. Thermal sensation: -3 = cold, +3 = hot; thermal pleasure: -3 = very unpleasant, +3 =
very pleasant; thermal preference: -3 = prefer much cooler, +3 prefer much warmer.
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Figure 6. Relationship between median T gradient and median difference of thermal perception votes
3 minutes after and 1.5 minutes before fan started. Positive differences mean that thermal sensation votes
were lower (cooler), thermal pleasure votes were less pleasant, and thermal preference was less extreme
before fan started.

5. Discussion

5.1. Toughness and ability to cope
Analysing the relationship between the time until participants pressed the button, because
of warmth perception, and their Tsk gradient revealed that a lower gradient is related to a
longer time period. Transferring this result to the human-building resilience framework, the
Ts gradient can be interpreted as a parameter of toughness and ability to cope for the human
component. The lower the Ty gradient, the longer participants withstand the increasing ther-
mal stressor. Multiple regression analysis showed that none of the observed parameters af-
fected neither the time difference nor the Ty gradient. Therefore, other variables have to be
found, which may explain the inter-personal variance in the T gradient, i.e. the toughness.
Itis hypothesized that a complex combination of personal and life style related variables
affects the toughness. In addition, studies looking at the influence of building characteristics
and related parameters of their indoor thermal environment would be meaningful in order
to draw conclusions whether and how building design and operation can support the aspects
toughness and ability to cope of human resilience.

5.2. Capacity to recover

The repeated decrease of a thermal stressor by elevated air speed affected thermal percep-
tion in the expected direction However, T gradient, taken here again as a parameter of re-
silience, had no significant effect on the inter-personal variations in thermal perception or the
perceived thermal stress.

At the same time, this result has to be taken with great caution. Explanations can be
found in aspects such as the low time resolution in measuring Tsx and perception votes or that
the effect of the elevated air speed was too low to have a substantial effect on physiology
and thermal perception. At the same time, comparing the values of the T gradient between
data set M (M = 0.02+0.01 K/min) and D (M = -0.06£0.02 K/min) shows that physiological
reaction was not lower in its gradient, but had less relative variance.

Limitations have to be seen in the circumstance that both datasets were not collected
for the analysis conducted here. iButtons used to collect skin temperature values have a time
delay (van Marken Lichtenbelt et al., 2006), therefore temperature gradients of skin temper-
ature can be expected to be higher in reality than measured with the iButtons. Related to this
is the low time-resolution of a 1-minute interval in comparison to the human bodies’ physio-
logical reaction. Future studies need be designed specifically to challenge one or more aspects
of the framework and need to acquire a higher time-resolution for a richer dataset.
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5.3. Human building resilient comfort and consequences for building design, operation,
and thermal comfort research

The presented framework, connecting building resilience, human resilience, and paradigms

of comfort opens several opportunities to scrutinise building design and operation practices

together with research on thermal comfort.

The framework itself offers the potential to structure the variety of research applying
the same term resilience, but looking at different parameters for it. Still, there is a need to
discuss and define measures for the individual parameters of human thermal resilience in
order to be able to assess influencing factors. The analyses presented here, which operation-
alized thermal stress with the T gradient, seem promising to evaluate aspects of toughness
and ability to cope, but failed to explain differences in perceived thermal stress.

Discussing consequences, the paradigm of thermoneutrality is related to the concept of
relief, however, it is hypothesized that such building design and operation practice does not
support the strengthening of human resilience. Therefore, latest advancements in predicting
thermal perception using for example machine-learning approaches should be applied with
great caution and not in a way to remove any encouragement, i.e. temporary discomfort.
Designing for encouragement and enjoyment offer the potential to increase human resili-
ence. At the same time, it can be expected, that all three components, i.e. relief, encourage-
ment, and enjoyment, are important and that none should be neglected. Resulting research
guestions are: When, under which circumstances, for which activities, do we need which com-
ponent, for how long and how often? Moreover, even in case we know the answers to these
guestions, will occupants accept such conditions?

Related to research on thermal comfort, another discussion resulting of these thoughts
is whether we should continue putting our emphasis on finding so-called optimal conditions
with increasing efforts in terms of data collection and analysis. This paper suggest to shift our
focus to find those concepts for design and operation, which lead to the right dose of encour-
agement and enjoyment and consequently a higher overall human resilience relying less on
building resilience and/or intensive energy use.
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Abstract: There is a strong interaction between the urban and the building energy balance. The urban climate
affects the heat transfer through exterior walls, the longwave heat transfer between the building surfaces and
the surroundings, the shortwave solar heat gains and the heat transport by ventilation. Considering also the
internal heat gains and the heat capacity of the building structure, the energy demand for heating and cooling
and the indoor thermal environment can be calculated based on the urban climate. According to the building
energy concept, the energy demand results in an (anthropogenic) waste heat, this is directly transferred to the
urban environment. Furthermore, the indoor temperature is re-coupled via the building envelope to the urban
environment and affects indirectly the urban climate with a time shifted and damped temperature fluctuation.
We developed and implemented a holistic building model for the combined calculation of indoor climate and
energy demand based on an analytic solution of Fourier’s equation. The building model is integrated via an urban
surface model into the urban climate model.

Keywords: urban climate, building simulation

1. Building indoor model for urban climate simulation

Buildings strongly affect the urban climate. And the urban climate strongly affects the indoor
climate and energy demand of buildings. A good review on experimental and numerical
studies from the 1960s to today is given by Helbig et al. (2013). Hence, urban climate
simulation models should contain a powerful building indoor model in order to evaluate the
strong interaction between the building and the urban climate.

In a preliminary simulation study, Jacob and Pfafferott (2012) applied different test
reference years (Deutscher Wetterdienst, 2014) on different building concepts and operation
strategies. These test reference years consider both the climate change and the urban climate
effect. The study clearly revealed that the urban heat island effect has a stronger effect on
the building energy balance than the climate change. As expected, the building physical
parameters of the building envelope (i.e. heat transfer coefficients, window area related to
facade and floor area, fabric, solar shading) and the user behaviour (i.e. attendance,
ventilation, use of shading device) strongly affects energy demand in summer and winter and
indoor environment for both residential and office buildings. Results from monitoring
campaigns confirm these findings, (Kalz et al., 2014) and (Pfafferott and Becker, 2008).

2. Building indoor model for urban climate simulation

The building indoor model is based on an analytical solution of Fourier’s law considering a
resistance model with five resistances R [K/W] and one heat capacity C [J/K]. The solution is
based on a Crank-Nicolson scheme for a one-hour time step. Since the whole programming is
based on heat transfer coefficients, all figures and equations are based on heat transfer
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coefficients H [W/K]. This is the reciprocal value of R and takes short wave, long wave,
convective and conductive heat transfer and heat transport (by air) into account. The model
considers four driving heat fluxes:

— @y heating and cooling energy,

—  ®conv convective internal heat gains,

— a4, radiative internal and solar heat gains to the room-enclosing surfaces, and

—  ®r4,m radiative internal and solar heat gains to the room-enclosing building structure.
All heat sources and sinks are coupled with

— Uiindoor air,

— s interior surface temperature, or

—  Um temperature of the room-enclosing building structure, respectively.
These interior temperatures are coupled with three exterior temperatures:

— U, facade near temperature for the incoming air,

— ¥ ambient air temperature for the calculation of the heat transfer through the

window, and

— Ow wall temperature from the urban surface model.

Figure 1 shows all temperatures and heat fluxes in this R5C1 network.
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Figure 1. Heat flux and temperature in the R5C1 network. The heat flux dw between Om and dw is calculated
additionally as input value for the urban surface model, not shown in this diagram. Furthermore, the
anthropogenic waste heat ®hc,w from the heating and cooling system is calculated additionally as output
value to the urban climate simulation, not shown in this diagram. (The dashed lines are for information only.)

From a numerical perspective, this network consists of five reciprocal heat-transfer
resistances H and one heat storage capacity C:
— Hy [W/K] for heat transport by ventilation between surface-near exterior air 9, and
indoor air U
— Htis [W/K] for convective heat transfer between indoor air 9; and interior surfaces O
with specific heat transfer coefficient his=3.45 W/(m? K) considering all room-enclosing
surfaces
—  Htes [W/K] for heat transfer through windows between exterior air 9. and interior
surfaces Us
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—  Hems [W/K] for conductive heat transfer between interior surfaces 9s and interior mass
node 9m with specific heat transfer coefficient hms=9.1 W/(m? K) considering room-
enclosing surfaces

—  Hewm [W/K] for conductive heat transfer between wall 9 and interior mass node On

— C[J/K] heat storage capacity of all the whole room-enclosing building structure

Based on the building energy concepts and the input parameters from the model database,
the electrical energy demand (e.g. for lighting, ventilation and office / residential equipment),
the heating energy demand (e.g. heat pump systems, boilers, cogeneration or solar thermal
energy) and the cooling energy demand (e.g. compression or thermally driven chillers,
adiabatic cooling, cooling towers, ground cooling) are calculated. Considering this electrical
or thermal energy demand, the anthropogenic heat production is calculated and is passed
back to the urban climate model.

The model according to DIN EN ISO 13790 (2008) was validated with monitoring data
(simulation-measurement validation) and other simulation programs (cross-model
validation). The accuracy of the advanced analytical model has been compared repeatedly
with numerical simulation models with special respect to uncertain input parameters,
different building technologies, and stochastic user behaviour (Burhenne et al., 2010).2

3. Model database

A model database is used for the parametrization of the building indoor model and the urban
surface model. The database provides building physical parameters of the building envelope,
geometry data and operational data (incl. user behaviour, control strategies and technical
building services). The only available building information is often the age of the building, its
construction material of facade and coating, the facade and window area, and the cubature.
Hence, the model database defines all building physical parameters and operational data
based on those basic parameters according to a building typology (IWU, 2018). The model
database contains four areas:

1. The building description is based on geometry, fabric, window fraction and ventilation
models.

2. The user description is based on (stochastic) user models regarding window opening
and use of solar control, and user profiles regarding attendance and internal heat
gains.

3. The person description is based on the metabolic rate and the clothing value.

4. The HVAC energy supply system is simulated with simplified models based on
characteristic line models (considering the applicable standards) for different air-
conditioning concepts. The model database contains also operation strategies for the
energy supply system.

The input information on building physical parameters from a regional survey or an urban
planning tool is often uncertain and inconsistent. The model database is well-structured and
includes sub-models which process information on different levels of accuracy and precision.
Hence, the database is built up on a standardized building topology and can manually be
adapted in order to evaluate measures with regard to the fagade or to the building energy
supply.

The standard database contains six building types according to the German building
topology (IWU, 2018), i.e. building age from the 1920s, 1970s and the 1990s for residential
and non-residential buildings. The summer heat protection corresponds to the minimum
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requirements with regard to DIN 4108-2 (2013). Typical attendance and internal heat gains
are taken from DIN V 18599 (2011) and empirical values (Voss et al., 2006).

4. Integration into the urban climate model

The building indoor model has been implemented into the PALM platform. The building
geometry and the resolution given by the urban simulation model define both the volume of
the building and the number of facade elements. Each building indoor model contains as
many indoor volumes as facade elements. Thus, all global parameters (i.e. air change per
hour, internal heat gain per net floor area and heat capacity) are referred to this virtual room
volume:

Figure 2 shows simulation results for a summer and a winter simulation run. Both graphs
show the (local) temperature distribution in the building and around the building and the
anthropogenic waste heat from heating and cooling at 11 a.m. in a typical urban situation
with street canyons, block development and high-rise buildings, parks and water: Ernst-
Reuter-Platz, Berlin (Germany). These simulation results clearly show that the combined
simulation of urban climate, energy balance at the wall surface, and the indoor energy
balance yield detail information on indoor and outdoor temperatures, surface temperatures
and energy demand (not shown in the graph) and heat fluxes from the building’s energy
system to the urban environment:

— The outdoor temperature O is around +24 °C in the summer scenario (above)
and -10 °Cin the winter scenario (below) and is locally calculated by the urban canopy
model that represents the fluid dynamic and thermodynamic effects of the urbanized
area around Ernst-Reuter-Platz in Berlin on the atmosphere.

— The operative room temperature 9i is around 26 °C in the summer scenario (in
buildings with active cooling) and around 20 °C in winter due to active heating. There
is a remarkable temperature range in buildings with no active cooling: In this summer
scenario, the operative room temperature in some buildings rise to 33 °C due to high
solar and internal heat gains while other buildings stay at 22 °C due to their high
thermal inertia and passive cooling strategies.

— The (use) energy demand for heating and cooling of each volume element depends
strongly on the temperature difference between inside and outside, the wind speed
at the fagade, the building construction and window-to-fagade ratio, and the solar
radiation and the orientation of the building. The (final) energy demand considers the
building’s energy supply system. Based on the energy conversion factors for each
heating or cooling system, the anthropogenic waste heat from the building ®ncw is
calculated for each fagade element separately and is transferred to the urban area via
the outside surface. Facade elements with no anthropogenic waste heat (i.e. buildings
with district heating in winter or passive cooling in summer, respectively) are shown
in black. The anthropogenic waste heat from the building ®n.w due to energy losses
of the heating supply system ranges between 2 and 7 W/m?facade in winter and due
to the recooling systems of the cooling supply system between 20 and
60 W/m?3facade.
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Figure 2. Urban climate and building model in a test setup: The Ernst-Reuter-Platz connects five urban street
canyons and is surrounded by high-rise buildings. The simulation runs with a resolution of 1 mx 1 m x 1m. The
graphs show the operative room temperature 9;, the ambient air temperature Je and the anthropogenic waste

heat ®ncw at the outside surface. The outdoor temperature is around +24 °C in the summer scenario (above)

and -10 °C in the winter scenario (below). Facade elements with no anthropogenic waste heat (i.e. buildings
with district heating in winter or passive cooling in summer, respectively) are shown in black.

Acknowledgments. This study was financed by the Federal Ministry of Education and
Research under the Urban Climate Under Change [UC]2 programme, project “Entwicklung
eines leistungsstarken Stadtklimamodells MOSAIK”, subproject Indoor Climate and Energy
Demand (Ref. 01LP1601C).

5. References

Burhenne S, Elci, M., Jacob, D., Neumann, C., and Herkel, S.: Sensitivity analysis with building simulations to
support the commissioning process, Proceedings of ICEBO 2010, 10th International conference for
enhanced building operations. Kuwait City, 2010.

Deutscher Wetterdienst: Testreferenzjahre von Deutschland fiir mittlere, extreme und zukiinftige
Witterungsverhaltnisse, 2014.

DIN EN ISO 13790:2008-09: Energieeffizienz von Gebduden — Berechnung des Energiebedarfs fiir Heizung und
Kihlung, DIN Deutsches Institut fiir Normung e.V., 2008.

DIN 4108-2:2013-02: Warmeschutz und Energie-Einsparung in Gebauden — Teil 2: Mindestanforderungen an den
Warmeschutz, DIN Deutsches Institut fir Normung e.V., 2013.

51



DIN V 18599:2011-12: Energetische Bewertung von Gebduden — Berechnung des Nutz-, End- und
Primarenergiebedarfs fir Heizung, Kiihlung, Liiftung, Trinkwarmwasser und Beleuchtung, DIN Deutsches
Institut fir Normung e.V., 2011.

Helbig A., Baumdiiller, J., and Kerschgens, M. J.: Stadtklima und Luftreinhaltung, Springer-Verlag 2013.

Institut fir Wohnen und Umwelt IWU: Deutsche Gebaudetypologie, 2018

Jacob, D. and Pfafferott, J.: Bauphysik der Fassade im Klimawandel, Deutscher Wetterdienst, Geschaftsbereich
Klima und Umwelt, 2012.

Kalz, D.E., Herkel, S., Sonntag, M., and Pfafferott, J.: Energieeffiziente Kiihlung und thermischer Raumkomfort:
Erfahrungen aus dem Langzeitmonitoring von 42 Birogebduden, Bauphysik, 36, 221-235, doi:
10.1002/bapi.201410030, 2014.

Pfafferott, J. and Becker, P.: Erweiterung des Hitzewarnsystems um die Vorhersage der Warmebelastung in
Innenrdumen, Bauphysik, 30, 237-243, doi: 10.1002/bapi.200810031, 2008.

Voss, K., Lohnert, G., Herkel, S., Wagner, A., and WambsganR, M. (eds.): Bliirogebdude mit Zukunft, Solarpraxis,
2006.

Copyright Notice

Authors who submit to this conference agree to the following terms:
Authors retain copyright over their work, while allowing the conference to place this
unpublished work on the NCEUB network website. This will allow others to freely access the
papers, use and share with an acknowledgement of the work's authorship and its initial
presentation at this conference.

https://flame.firebird.systems/EcoHouse/WC2018/MySubmissions

52



VNV VYV VY WINDSOR 2020

Designing buildings today adapted to a changing climate

Anais Machard??, Christian Inard?, Jean-Marie Alessandrini2, Charles Pelé?, Jacques Ribéron3

L LaSIE - Laboratoire des Sciences de I'Ingénieur pour I'Environnement (UMR CNRS 7356) La
Rochelle Université, 23 Avenue Albert Einstein, 17000 La Rochelle, France, correspondance
email : amachard@univ-Ir.fr

2 Département Energie et Environnement, Centre Scientifique et Technique du batiment
(CSTB) 84 avenue Jean-Jaurés, Champs-sur-Marne, 77447 Marne-la-Vallée cedex 2, France

3 Département Santé et Confort, Centre Scientifique et Technique du batiment (CSTB) 84
avenue Jean-Jaures, Champs-sur-Marne, 77447 Marne-la-Vallée cedex 2, France

Abstract: This paper proposes an analysis of the summer thermal comfort in a residential building case-study,
evaluated with dynamic thermal simulation using EnergyPlus as software. Different building designs that
combine reducing heat gains with providing cool air via natural ventilation are tested in three French cities. The
proposed solutions include thermal inertia, proper use of solar shading, selective materials, reducing glazing
percentage and natural ventilation. The building’s resilience to overheating is assessed under three sets of future
climate files built using Regional Climate Model (RCM) data: a historical typical-summer, a future typical-summer
and a future “intense-heatwave-period”. The future heatwave is selected according to the French criteria and is
chosen to be more intense than the 2003 heatwave to assess if the building could maintain safe indoor
conditions. The design approach is evaluated through a sensitivity analysis of the key building design input
parameters, conducted for each of the two future climate files.

Keywords: Future climate data, summer thermal comfort, overheating, sensitivity analysis,
passive cooling

1. Introduction

Historically, buildings in central Europe were designed to withstand cold winters and
natural ventilation would be sufficient to cool the buildings during the summer. Until now, in
France the buildings Thermal Regulation has focused efforts on designing very energy-
efficient new buildings. However, due to the changing climate, overheating problems have
started happening more and more frequently in recent years. The PassivHaus standard from
Germany has also been questioned in its capability to not overheat in future summers
(McLeod et al., 2013). In France, the summer thermal comfort of buildings built today is
assessed under a warm day of the historical climate. It is now necessary to assess the
overheating limits and potential health heat-related risk of new buildings built today under
future climate.

Modelling buildings with future climate files has been the interest of the building
research community for almost fifteen years now. However, most authors have been
assessing the resilience of buildings under future typical summers, but not under future
extreme conditions. Assessing the resilience of buildings to future climate with future
weather files containing warm years, extreme hot years or heatwaves is a very recent
practice. Some authors have been using recorded hot years or heatwave weather data to
assess the resilience of the building to hot external temperatures (Alessandrini et al.,
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2019)(Synnefa et al., 2018)(Pyrgou et al., 2017), while others have been using future weather
files to assess the resilience of buildings to overheating. (Nik, 2016) has used data from
regional climate models to reconstitute future extreme hot years, whereas Liu has used the
UKCP0O9 British weather generator to generate future years containing extreme hot
temperatures (Liu et al., 2019).

To maintain a safe indoor environment during hot weather, the use of air-conditioning
seems to be an efficient and common solution. However, the International Energy Agency has
announced in 2018 that “the world is facing a looming cold crunch” as the use of air
conditioners worldwide has been increasing tremendously over the last thirty years. By 2050,
the global energy demand from air conditioners is expected to triple (International Energy
Agency, 2018). In China, air-conditioning in households was about 1% in 1990 and is almost
at 100% in 2010, whereas in Europe air-conditioning has penetrated only 8% households but
this number is growing fast (Santamouris, 2016).

In France, the buildings thermal regulation is promoting the use of natural cooling
solutions in residential buildings, to limit the penetration of air-conditioning. However,
according to Givoni, for a high thermal mass building with efficient solar control, the potential
of nocturnal ventilation to maintain indoor temperatures below 28°C is limited to exterior
temperatures under 36°C (Givoni, 1992). If future air temperatures in France were to exceed
36°C, air-conditioning or alternative natural cooling strategies and systems would be needed.
Many passive cooling systems exist and have proven to reduce indoor temperatures
considerably and limit overheating problems (Givoni, 1994) (Fergus et al., 2007). In this paper,
the resilience to overheating of a residential building in France will be assessed in three cities
under future weather conditions. Combinations of the following passive techniques will be
investigated: solar control via external shading, thermal inertia, cool paints, glazing
percentage and natural ventilation. Will these solutions be enough to maintain safe indoor
temperatures during future typical summer conditions and future heatwave events in French
climate? Should we design for future typical summer or future heatwaves? Which parameters
would have the most impact on the building overheating?

2. Methodology

There is a need to develop a methodology for designing buildings adapted to future climate
with mitigated solutions. The research presented in this paper is a proposal for such a
methodology. First, future hourly summer temperature data from different regional models
are presented, then the methodology to reconstruct historical typical, future typical and
future weather files including future intense heatwaves is explained. These weather files will
be used to simulate indoor building conditions under future climate. Secondly, the building
case-study modelled with the software EnergyPlus for the analysis is introduced with the
comfort and health indicators used to assess the indoor conditions of the building. The
selected input parameters for the sensitivity analysis are also presented in this section. The
methodology could be applied with different weather files, for a different building type, and
for different cities.

2.1. Future climate data

During the past fifteen years in the building community, most researchers have been using
data that were statistically downscaled using the Morphing method. The method has the
advantage to provide hourly data available in epw format at a very low computational time.
However, it presents many limitations, one of them is that climate change is considered
through monthly temperatures averages, therefore it is not possible to detect future extreme
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events. For the purpose of this case study, we have decided to use data from regional climate
models to assess the indoor building conditions both under future typical summer conditions
and under a future heatwave period. The thermal summer discomfort of the building will be
analysed in three French cities: Paris, Carpentras, and Strasbourg. Paris is located in a
modified oceanic climate, with a high urban heat island effect and high population density.
Carpentras is in a Mediterranean climate where record maxima’s temperatures were
registered. Strasbourg is a city in a semi-continental climate, located in the East of France.

Historical & future typical weather year

We compared temperature data from different climate models with the climate file currently
used by the French Thermal Regulation, which consists of observations made during the 1994-
2008 period (Figure 1). Climate data are from regional models from the EURO-CORDEX project
with a grid resolution of 12.5 km. Typical years were reconstituted following the NF EN ISO
15927-4 standard (ISO, 2006). For the comparison, the historical reference period was chosen
to be from 1991 until 2005 and the future period 2041-2070 under the scenario RCP 8.5. The
data used in Figure 1 presents hourly summer temperatures distribution of historical and
future typical years in Paris. The data were not bias adjusted because bias-adjusted data could
not be found for all climate variables. However, previous analysis showed that bias-adjusted
data for this climate and for these climate models were actually warmer than non-bias-
adjusted data. It can be observed that the typical-year summertime hourly temperatures
predicted by the models CNRM_RCA4, MPI_RCA4 and IPSL_RCA4 over the historical period
1991-2005 are lower than the observed temperatures (RT-2012_type) over the historical
period 1994-2008. Also, future temperatures over the period 2041-2070 predicted by the
models CNRM_RCA4 and MPI_RCA4 are really close to the data from RT-2012 over the
historical period. For our case study, the model IPSL_RCA4 that seem to conservatively
represent the observations of Paris typical summer temperatures during the reference period
and present warmer temperatures over the future period was selected. The summer hourly
temperature distribution of the typical year from the model ISPL_RCA4 suggests that there is
an increase of around +2.5°C for 50% of the summer temperatures, whereas the increase is
more pronounced for the hottest temperatures, as the maximal temperature in Paris over the
historical typical year was of 34°C and will be of 41°C in the future. The hourly temperature
distribution of the summer months (June, July, and August) from the typical years during the
historical and future period is presented in Figure 2. Average values are shown in green
triangles. From Figure 2, the following observations can be made: The summer temperature
rise has a similar trend in Paris and Strasbourg. For both cities, the mean temperature increase
is around +3.5°C between the present and future climate, and the maximal temperature
increase is about +6.5°C. In Carpentras, the mean temperature increase is about 4.5°C and
the maximal temperature increase almost +8°C. Regarding minimal temperatures, in Paris the
increase is of +2°C, in Strasbourg, it is almost inexistent and in Carpentras, the increase is of
5°C.

55



Hourly temperatures distribution during a typical summer (June, July and August) in Paris
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Figure 1 — Statistical Distribution of Hourly Summer (June, July, August) Temperatures over the period 2041-
2070 (scenario RCP 8.5) from different climate models in Paris. Models are presented under the name
GCM_RCM. RT-2012 is an historical typical year (compiled with EN ISO 15927-4) from observations
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Figure 2 — Hourly dry-bulb temperature distribution during typical summer months in Paris, Carpentras and
Strasbourg. Climate data are from the RCM model RCA4 driven by the GCM IPSL. The historical period is 1976-
2005 and the future period is 2041-2070 under the RCP 8.5 scenario. The green triangles on the box plots are

the average values.

Future intense heatwave
Using data from regional climate models allowed us to select heatwaves over the future

period 2041-2070. We followed the methodology used by the French health-warning system
to detect heatwaves (Laaidi et al., 2006). The temperatures during the future heatwave
selected for Paris, compared to the heatwave in 2003 are presented on Figure 3. Both
maximal temperatures (from 40°C to 44°C) and minimal temperatures (from 22°Cto 26°C) are
higher in the future. The observations from the airport station Orly and the temperatures
from the IPSL_RCA4 model do not consider the urban heat island effect, which we know will
exacerbate strongly the night time temperatures. The French health-warning system uses 3-
day moving-average exterior temperature daily maxima (IBMx) and minimal (IBMn) to detect
heatwaves. For each department, Sx and Sn, the respective thresholds maxima and minima
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were calculated based on mortality data from past heatwaves. These thresholds are
presented on Figure 3 with the hourly temperatures for the observed 2003 data heatwave
and the future modelled heatwave with the climate model IPSL-RCA4. The future heatwave
chosen for the analysis was selected from the year 2056. From all detected future heatwaves,
this one was chosen because its intensity and duration were more intense than the 2003
heatwave. In order to compare with observations, bias-adjusted data are usually used. On
Figure 3 non-bias-adjusted data and bias-adjusted data are compared. It can be seen there is
no significant difference for this period of time, therefore using non-bias-adjusted data for
our analysis seem acceptable.

Future Intense Heatwave Hourly Temperatures (IPSL_RCA4, 2056) versus 2003
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Figure 3 — Future Intense Heatwave Hourly Temperatures in Paris: 2003 vs. 2056 (IPSL)

2.2. Building case-study

The building case-study is a low-rise residential building. In this study we focused on a flat
located on the top floor on the Westside. The apartment can accommodate five people, the
living space has a surface area of 120m? with an additional 50m? veranda oriented South,
which contributes to reducing the winter heating needs with solar gains. A glazed cavity zone
of 0.6m width is located on the North fagade, as the original design of the apartment is fully
glazed on the North and South fagade to allow a lot of daylight in the house. On Figure 4, a
rendering of the apartment is shown. The living space is located in between the veranda and
the glazed cavity zone, which is an interesting bioclimatic design as the two external thermal
zones act as buffer spaces between the living space and the exterior environment. The
configuration of the windows favors cross-ventilation, to enhance summer natural
ventilation. All the flats have exterior balconies beyond the glazed fagades which act as
overhangs for the flats under them, to reduce solar heat gains in the summer (0.5m on the
North facade and 1m on the South facade). In addition, light-colored external shutters are
placed on the south-facing windows of the veranda to provide supplementary shading during
the summer.

Glazed cavity zone (9.6 m”) % 0.6m

Living space {120 m*)

Veranda (48 m?)

16m

Figure 4 - Representation of the apartment case-study

Y



The building constructions are presented on Table 1. The interior wall and the floor are
considered adiabatic as they are supposed to be in contact with an adjacent apartment.

Table 1 - Description of the building case-study materials properties

Construction layers from interior to exterior U-value Solar factor
[W/m2.K]
Exterior wall 20cm concrete + 14cm polystyrene insulation 0.23
Interior wall 20 concrete Adiabatic
Floor (|n-te‘rmed|ate) 20cm concrete + 3cm polyurethane insulation Adiabatic
of the living space
Ceiling of the living . .
20cm concrete + 15cm polyurethane insulation 0.16
space
Exterior glass of the
living space and of Double glazing 16mm filled with Argon 1.1 0.33
the glazed cavity
Exterior glass of the Single glazing 5.5 0.67

veranda

Regarding occupancy, four persons are at work during the day, but one person stays in the
apartment all day. The averaged heat produced by the individuals is assumed to be equal to
81 W. According to the occupancy schedule proposed by the French Thermal Regulation, we
multiplied the heat gain produced by each individual by 0.7 at night (10pm-7am), by 1 in the
mornings and the evenings (7am-9am and 7pm-10pm) when the flat is fully occupied, and by
0.2 during the day (9am-7pm) when only the elderly person is in the apartment. Their vesture
is about 1 clo in the winter and 0.3 clo during the summer. For the historical period internal
gains are about 5.7 W/m? for electric equipment and 1.4 W/m? for the lights according to the
French Thermal Regulation. However future predictions were used to calculate future internal
gains, which are predicted to be lower: 2.7 W/m? and 0.7 W/m? for the lights (RTE, 2017).
Similar to the occupancy schedule, the electric gains are fully used only at times when the
apartment is fully populated.

2.3. Building model

The apartment was modeled with the software EnergyPlus. It was divided into three thermal
zones: the glazed cavity, the living space, and the veranda. The heat balance algorithm chosen
was the conduction transfer function. The interior convection model algorithms were chosen
to be TrombeWall for the glazed cavity and TARP (Walton, 1983) for the two other zones. The
natural ventilation was modeled with the Airflow Network that takes into account stack
pressure and wind-driven air exchanges (Gu, 2007). All windows were modelled as large
vertical openings through which airflow can be bi-directional. Discharge coefficients were
chosen equal to 0.65. The wind pressure on the facades was determined by Bernoulli
equation. Wind pressure coefficients (Cp) on the building envelope were calculated using
Swami and Chandra correlation for low-rise rectangular buildings (Swamiand Chandra, 1988).
The wind speed inside the city was calculated by EnergyPlus using ASHRAE coefficients for
towns and cities (ASHRAE, 2001).

2.4. Discomfort indicator

Since the building is naturally ventilated and without air-conditioning, the adaptive comfort
model is applicable to assess the indoor thermal comfort. Only the upper comfort categories
of the EN-15251 standard (CEN-EN 15251, 2007) were analysed, above the neutral comfort
line. Operative temperatures falling under the neutral comfort line were not be considered
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into the summer thermal comfort assessment. On Figure 5, the different comfort categories
are presented. The neutral comfort line is drawn in olive. Trm is the daily running-mean
outside temperature. According to the EN-15251 standard, category | a comfort zone with a
high level of exigence, recommended for vulnerable people such as young children or the
elderly. Category Il represents the normal level of comfort that can be expected in new and
refurbished buildings. Category lll is the “moderate” expected level of comfort, that can be
used in existing buildings. Category IV is accepted only for short periods of the year. In this
paper, the discomfort criterion is chosen to be the number of hours above the upper limit of
category Il.

Comfort categories EN 15251

- "“ LRl ] - -
2 o™
-
30
) s e XL - e
v 281 d‘-.
> -®
s , wo®
Y2 o ?®
g | e
. o 'ﬂ”OOO - -
244 o o™
-
’ wr *
-
224 = - " e
-
L T T T T T T T
20 22 24 26 28 30 32 34
Trm [*C]

Figure 5 — Upper comfort categories from EN-15251 and selected discomfort indicator

2.5. Design input parameters

The design input parameters were selected according to the potential impact they could have
on the building’s overheating, summer thermal discomfort, and health risk. A range was
selected for each parameter, delimited by low and high values. The choice was made to select

an extended range, exploring all the feasible values each parameter could take.
Table 2 - Design input parameters selected for the parametric and sensitivity analysis, lower and higher limits

Parameter Lower limit Higher limit Unit
Density of materials with thermal inertia 650 2300 kg/m3
Glazing % of North and South facades 15 90 %
Absorptivity (SW) & Emissivity (LW) of exterior coatings 0.05 0.95

Set-point temperature controlling windows opening for 15 24 °C
the natural ventilation

Solar radiation on fagade controlling the use of the 5 500 W/m?

external shutters

Thermal inertia of the living space envelope

In order to vary the thermal inertia of the living space envelope, materials with inertia within
the envelope (exterior and interior wall, floor and ceiling of the living space) were modified.
Four materials were considered: concrete (high limit, density of 2300), brick (density of 1750),
earth (density of 1200) and wood (density of 650). For a specific material density, the
associated thermal capacity, thermal conductivity and thickness of that material were
modified in conjunction and in order to keep constant the U value of the wall. For the wood
material, the thermal insulation was moved from exterior to interior.

Glazing % on North and South facades
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Regarding the glazing percentage, it was modified only on the North and South fagade in order
to maintain the initial design from the architect, allowing cross-ventilation. A minimum
glazing percentage of 15% was chosen in order to ensure minimal daylight into the apartment.
The RT-2012 standard imposes a minimal glazing ratio of a sixth of the conditioned space floor
area. For the apartment case-study, the minimum recommended surface is about 20 m2. The
North and South fagade represent a total of 86.4 m?, so the minimum glazing % should be of
23%. However, in order to consider an extended range of possible values, we decided to
extend this minimal glazing percentage and to consider a design with less glazing than
recommended by the French regulation.

Absorptivity & Emissivity of exterior coatings

The best selective material should have a low absorptivity in the solar short-wave length
combined with a high emissivity in the infrared long-wave length. In order to examine the
potential of these selective materials, we decided to change these two parameters
simultaneously. This way, the best material for our case study would have an absorptivity of
0.05 in the solar wave-length and an emissivity of 0.95 in the infrared long-wave, whereas the
worst material would have an absorptivity of 0.95 combined with an emissivity of 0.05. The
exterior coatings were applied on the exterior surfaces of the exterior walls and ceilings of
the living space, glazed cavity and veranda for all simulations.

Set-point temperature controlling windows opening for natural ventilation

The condition for windows opening is based on a set-point interior operative temperature
from which the windows open. The assumption that windows will never be open if the interior
temperature is above the exterior temperature was made. The minimal set-point
temperature was chosen to be 15°C, in order to maximize the nocturnal ventilation. The
assumption that people could always open windows and were not restrained by noise,
pollution or security concerns was made. The set point temperature was the same for all
windows (living space, exterior windows of the veranda and of the glazed cavity zone) to
prevent overheating in the buffer zones and allow cross ventilation.

Solar radiation on fagade controlling the use of the external shutters

The shades on the exterior Southern facade are controlled in function of the incoming solar
radiation on the windows. A control at 500 W/m? would only use the shades during the
warmest hours of sunny days, whereas a control at 5 W/m? would use the shades most of the
time except in the early mornings and late evenings. As the shades are placed only on the
South facade, daylight is still be provided by the North facade.

2.6. Sensitivity Analysis

The sensitivity analysis was conducted with the Morris method. It is the most engineering-
used screening method based on the “one factor at a time” (OAT) design (Morris, 1991)
(Saltelli et al., 2004). The Morris method allows to identify the input parameters j that have
an impact on an output variable F. In this study, the chosen output variable is the discomfort
criterion presented in section 2.4. The five design parameters chosen for the sensitivity
analysis were presented on Table 2. The method allows to calculate for each input parameter
and in between two simulations the elementary effects EE. A is the change in input j, and
corresponds to AF, the change in output. The absolute mean p* and the variance o of the
elementary effects can then be calculated for each input parameter j, r is the number of
trajectories. A high value of pu* is an indication of a high influence of the input parameter j on
the output F, a small value of o indicates that the input parameter j has a linear effect,
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whereas a high value of g indicates that the input parameter has interactions with other input
parameters, or that the parameter does not behave linearly.
; AF
Ay
r

1 .
uj =~ ) |EE|

i=1

r

1 .
gj = r_l.E(EEjl—Mj)z

i=1

The simulations were conducted from the 1% of June until the 30™ of September.

3. Results

3.1. Simulations settings

Simulations were conducted for 10, 20, 30, 40, 50, and 500 trajectories with the weather file
Paris-future-typical-summer. The convergence of each parameter was assessed with their
respective absolute mean p*. From Figure 6, it seems that the convergence was obtained
fairly quickly, thus we conducted the simulations with the other weather files with 50
trajectories each time (300 simulations). Among the 300 simulations, 31 duplicates were
found. For five parameters, the full factorial design is about 1024 combinations (simulations),
therefore the Morris matrix design allowed to divide the number of simulations by around
four (269 non-duplicate simulations/1024). The simulations were conducted for the extended
summer period, from the 1%t of June until the 30™ of September. For the heatwave weather
files, the simulation time was reduced to the month during which there was the heatwave.
The sensitivity analysis was conducted for the three cities, and for each city under the three
climate files (nine analyses). For each analysis, the same design matrix was followed for
consistency. Simulations were run in parallel with 15 processors, resulting in a simulation time
per climate file of around 30 minutes.

Convergence of u* (Paris Future Typical Summer)
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Number of Trajectories r

Figure 6 - Convergence of input parameters depending on the number of trajectories
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3.2. Operative temperature under future typical summer months & Discomfort analysis

On Figure 7 and Figure 8, statistics of the operative temperature from the 300 simulations are
shown for the typical historical and future climate and for the future heatwave in Paris and
Carpentras respectively. Results for the city of Strasbourg were found very similar to the city
of Paris, therefore they are not shown here. The median operative temperature of all
simulations is shown, as well as the max, min, 75% and 25%, which allow comparison with the
upper limit of the category Il from the EN-15251 standard. In Paris (Figure 7), under the
historical typical climate, almost all simulations showcase operative temperatures under the
discomfort limit, except for a few hot days (never beyond 5 consecutive days) for the worst
case, Top_max. Under the future typical climate, around 25% of the simulated combinations
showcase operative temperatures above the limit. However, under the future heatwave,
more than half of the combinations result in operative temperatures beyond the comfort limit
(and above 30°C). In Carpentras (Figure 8), the increase in absolute temperatures between
the historical and future typical summer is important: In the future summer, more than half
of the simulated combinations exhibit operative temperatures above the limit for 30
consecutive days, and some days for more than 75% of the combinations, whereas in the
historical less than 25% of combinations were above the limit. Regarding the worst case
(Top_max), night operative temperatures are above 32°C and the day temperatures above
40°C which would result in great heat-related health issues. Moreover, the upper limit of the
comfort Il category is at its maximum for most days of the future typical summers, revealing
the norm’s limitation in terms of applicability range. Under the future mega-heatwave, and
at the end of it (end of July), even the best combination (Top_min) has an operative
temperature above the comfort limit, meaning no proposed combinations allow the building
to remain comfortable under future climate. The upper limit is at its maximum during the
entire duration of the heatwave. Beyond discomfort, health related issues might occur at such
high temperatures, and a health-related heat indicator would be needed to asses health risks.
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Paris - Historical Typical July & August months
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Figure 7 - Operative temperatures in Paris for the historical & future typical July and August months and for a
future heatwave (climate data from the model IPSL_RCA4) from the 300 simulations following the matrix

From the 300 simulations, the worst and best configurations of input parameters on the
hottest day of each future typical summer, for the three cities were investigated (Table 3).
From Figure 7, each data point (one data point per hour) of the Top min, 25%, median, 75%
and max are from independent simulations, meaning that during each hour of the day, there
are several worst and best combination of input parameters. All the worst combinations have
in common the E & A input parameter, that is about 0.95. During the day, all worst
combinations have 650 for density (wood) whereas during the night hours, the worst material
for inertia can be another material, but it is never 2300 (the concrete). The other input
parameters (shades control, glazing % and natural ventilation) vary in between their range,
depending on the configurations. Among all the best combinations, similarly and opposite to
the worst, all configurations have an E & A input parameter of 0.5. Regarding the thermal
inertia, it seems that during the night a low inertia (density of 650) is preferred, whereas
during the day high inertia (density of 2300) is better. Most best configurations have a shades
control of 5 (all configurations in Carpentras where it is sunnier warmer). Best configurations
can have a low or high glazing percentage, however they all have a low set-point at 15°C of
operative temperature for windows opening, indicating that they are ventilated at their
maximum.
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Carpentras - Historical Typical July & August months
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Figure 8 - Operative temperatures in Carpentras for the historical typical, future typical July and August
months and for a future heatwave (climate data from the model IPSL_RCA4) from the 300 simulations
following the design matrix

Table 3 - Worst and best combinations of input parameters for the hottest day of each weather file. C stands
for Carpentras, P for Paris and S for Strasbourg

WORST
N° E&A Inertia Shades Glazing % NV
Night 00h-09h & 23h (C) 198 0.95 1200 500 0.15 21
& 01h-08h (P)
02h-09h (S) 185 0.95 1750 170 0.15 24
18h-23h (S) & 21h-22h (C) 268 0.95 650 500 0.15 15
& 19h-00h (P)
18h-20h (C) 269 0.95 650 170 0.15 15
Day 16h-17h & 00h-01h (S) 174 0.95 650 170 0.15 24
10h-15h (S) 197 0.95 650 335 0.9 18
10h-14h (C) & 09h-15h (P) 151 0.95 650 500 0.9 15
15h (C) 120 0.95 650 170 0.65 24
16h (C) 289 0.95 650 335 0.15 18
17h (C) & 16h-18h (P) 167 0.95 650 5 0.15 21
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BEST

Night  03h-05h (C) & 04h (P) 169 0.05 650 5 0.9 15
05h-06h (C) 168 0.05 650 5 0.4 15
Night  00h-02h & 07h-23h (C) 81 0.05 2300 5 0.4 15
&Day & 02h-03h & 05h (P)
00h-02h & 06h-23h (P) 119 0.05 2300 335 0.15 15

& 00h-23h (S)

3.3. Results of the Sensitivity Analysis
On Figure 9, results of the Morris sensitivity analysis are presented for each city. On each
Figure, results for the historical climate are in dots, for the future typical in diamonds and for
the future heatwave in stars. In all cities, and for all climate files, the parameter ranking goes
as follow (u*): The thermal inertia is the most important parameter, then the absorptivity and
emissivity of exterior coatings has a strong effect as well, followed by the glazing percentage.
In contrast, the control of windows opening for natural ventilation and of the shades to
reduce heat gains only have a low impact. A strong effect of the absorptivity and emissivity
of exterior coatings (A & E) can be explained by the fact that the apartment is located under
the roof, so the best case (with A =0.05 and E = 0.95) is a typical cool roof configuration. A
low effect of the shades control could be because the direct solar gains enter the veranda,
but only diffuse solar gains enter the living space (please see EnergyPlus Documentation,
Engineering Reference, 2016). Finally, the impact of the windows opening control for natural
ventilation (NV) might not be seen because the discomfort criterion analyses hours maxima
above a threshold but does not analyse in particular night hours, when it is directly effective.
It could also be because air flows inside the building are reduced, more analysis is needed to
understand this parameter. Moreover, the ratio a/u* is a measure of linearity or effects with
another input parameter. As well explained in Garcia Sanchez et al, and from a statistical point
of view, if a/u* > 0.5, the input parameter is non-linear, or has interactions with other input
parameters, which is the case for all parameters (Garcia Sanchez et al., 2014).
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Figure 9 — Morris indexes from the sensitivity analysis for the cities of Carpentras, Paris and Strasbourg. Stars
represent results for the future heatwave, diamonds for the future typical year, circles for the historical period.

4. Discussion and perspectives

Using future weather files allowed us to assess the discomfort risk under future climate
conditions for three cities in France. Simulations were only conducted with one weather file
but uncertainty analysis could be conducted using more climate model and future
concentration pathway scenarios. The building case-study presented an interesting bio-
climatic design, enhancing cross-ventilation and with two buffer zones around the living space
from the outdoor conditions. Analyzing operative temperatures inside the building for the
different building combinations allowed to understand the overheating, discomfort and
potential health risk under future climate, especially under future heatwaves, and especially
for the city of Carpentras which will experience an increase in temperature maxima of +8°C,
already being the city of France with the highest maxima. The results from the Morris
sensitivity analysis allowed to rank the thermal inertia as the most important parameter,
followed by the absorptivity and emissivity of exterior walls and ceiling, the windows
percentage on the North and South facade. The two behavioural adaptations proposed
(control of the windows opening and of the windows shades) resulted in being less significant.
Important input parameters were found to be sensibly the same for all cities investigated, and
under both historical and future climate, but to different magnitudes. This suggest that
adaptation measures, design either for future typical of future heatwave might be similar.
However, in Carpentras, no proposed combination was enough to prevent hot discomfort,
suggesting the need for additional adaptations. Finally, more understanding of the behaviour
of the input parameters is needed, as they were found to either show interactions between
them, either behave non-linearly. This case-study is part of a methodology proposal for
building practitioners, to help them to make the right decisions in the early stages of the
building design. Using future weather files ensures that buildings built today will provide safe
indoor conditions under future climate. The proposed methodology can be adapted and used
for any building type, in any city, under various future conditions, with different climate
models.
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No escape from the heat? Bedroom temperatures during England’s hottest
summer.
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Abstract: Numerous monitoring studies have demonstrated overheating of bedrooms in English homes during
summer. Elevated bedroom temperatures can degrade sleep quality and impinge on health and well-being. This
paper examines Public Health England’s advice to ‘move into a cooler room, especially for sleeping’ in hot
conditions. Temperatures were monitored in 33 dwellings across the English Midlands between 1 May and 30
August 2018: the joint hottest English summer on record. The bedroom temperatures were analysed using the
recommended CIBSE criterion that there should be no more than 1% of annual occupied hours over 26°C;
adaptive comfort criteria are deemed inappropriate for sleeping persons. In half of the main bedrooms,
temperatures exceeded 24°C for more than a third of sleeping hours. The CIBSE overheating criterion was
exceeded in 78% of master bedrooms. Even if everybody in a household slept in the coolest bedroom, 70%
would still experience overheating. Assessing the living room as a bedroom led to a substantial reduction in
homes classed as overheating. It is concluded that, whilst public health advice to seek cooler spaces during hot
weather is well founded, such ‘safe havens’ for sleeping may exist only for a minority of English households.
Further work is, however, needed.

Keywords: Overheating, monitoring, bedrooms, dwellings, England

1 Introduction

There is growing evidence from monitoring studies that UK homes exhibit indoor overheating
in summer, with up to 1 in 5 overheating even in a cool summer (Beizaee et al., 2013). The
summer of 2018 was the joint hottest on record for the UK (Met Office, 2018). McCarthy et
al. (2019) report that a 2018-like summer could be more common than not by mid-century.
With this predicted rise in summer temperatures and the likelihood of longer, more frequent
and intense heatwaves (Christidis et al., 2015) the spatial extent and severity of overheating
in homes will increase.

It is acknowledged that very high ambient temperatures are linked to an increase in
mortality and other health effects (Murage et al., 2017). For example, the 2003 heatwave led
to 2,091 excess deaths in England (Johnson et al., 2005). There are concerns that these heat
related deaths could rise to over 7,000 by the 2050’s (Hajat et al., 2014). At night, indoor
conditions will be most relevant for people’s health, thermal comfort and sleep quality. High
indoor temperatures were noted as a key factor in heat related deaths during the 2003
European heatwave (Kenny et al., 2019). Understanding the temperatures that people are
exposed to in their homes during night-time hours, especially in hot summers, will add to the
evidence base on overheating risk.

The protection against outdoor heat is key to a well-functioning dwelling.
Notwithstanding the potential health impacts, higher indoor temperatures will affect
occupants through reduced thermal comfort and difficulty sleeping. There are also concerns
that the current low adoption of domestic air conditioning in the UK will increase to maintain
comfort (Peacock et al., 2010), impacting on peak electricity demand and carbon emissions.
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Moreover, equity issues are raised in households being unable to pay for the increased energy
needed to keep homes cool (Maller and Strengers, 2011).

Several UK monitoring studies (Beizaee et al., 2013; Gupta et al., 2019; Mavrogianni et
al., 2017; Vellei et al., 2017) have highlighted that bedrooms, in general, are more likely to be
assessed as overheating. High temperatures at night can limit a person’s ability to recover
from heat stress experienced in the day (Kovats and Hajat, 2008) and is identified as a
significant contributing factor to heat-related mortality (Anderson et al., 2013). Bedroom
temperatures are, therefore, judged to be perhaps the most important metric in domestic
overheating assessment (Peacock et al., 2010).

There are still challenges in establishing clear relationships between temperature, sleep
and health outcomes (Anderson et al. 2013). Guidance given within the 7t edition of CIBSE
guide A (CIBSE, 2006) suggests that sleep may be impaired above 24°C. There is still, however,
some debate about the most appropriate overheating metric to use for bedrooms (Lomas and
Porritt, 2017) with Lan et al. (2017) suggesting that the current thermal comfort theories and
standards are not appropriate for sleeping people. The guidelines in CIBSE TM59 (CIBSE, 2017)
accept that adaptive behaviour whilst sleeping is limited and adopt a static threshold of no
more than 1% of annual occupied hours over 26° C for bedrooms. This threshold is also
adopted by Public Health England as being a temperature that ‘cool areas’ in care homes and
hospitals should be kept below (PHE, 2018).

The concept of a ‘safe haven’ or a ‘cool retreat’ is proposed as a critical component in
adapting housing for future heatwave scenarios (Zuo et al., 2015). Similarly, Ormandy and
Ezratty (2016) state that relief and cooling can be achieved where there is a cool room
available in the dwelling. At present, however, there is very little evidence of whether such a
safe haven might exist in English homes in a hot summer.

This paper sought to evaluate Public health England’s advice during heatwaves: “if
possible, move into a cooler room, especially for sleeping” (PHE, 2018:28) by assessing the
temperatures in 33 semi-detached houses across the English Midlands in one of England’s
hottest summers. The study sought answers to the following questions:

1. What is the extent of overheating in bedrooms during a hot summer?

2. Do homesthat are classed as overheating have a ‘safe haven’ to escape the heat,
especially for sleeping?

3. Are the cool rooms cool enough to enable high-quality sleep?

2 Methods

2.1 Data collection
This paper uses data obtained from the DEFACTO field trial (Haines et al., 2019). Room
temperature was monitored at five-minute intervals over three years in 188 semi-detached
homes located across the East Midlands as part of a study into smart heating controls. This
paper uses a sub-sample of 33 homes to investigate the temperatures monitored for a 122-
day period between 1 May and 30 August 2018. Where possible, the homes had a sensor
installed in every room?, with between five and eleven in each home.

The raw data on a five-minute timestep went through a phased cleaning process and
was resampled to a half-hourly time step (Haines et al., 2019). Further post processing

! The sensors were placed by installers, where possible, at mid-room height to replicate the temperature
experienced by occupants (Nicol et al., 2012). Although attempts were made to verify the location of sensors
during the study period, this was not always possible.
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involved visual inspection of the data for erroneous or missing values. Where the sensor data
appeared ‘suspect’ or there was evidence of heating from direct solar radiation, all data from
the sensor was discarded for the whole monitoring period. In common with previous
monitoring studies (Lomas and Kane, 2013; Vellei et al., 2017) there were occasional issues
with wireless connections and loss of data, with all sensors experiencing some periods of
missing data. This was identified, however, as being random and not related to factors such
as high temperatures. In total, the sensors recorded data for a mean value of 97% of occupied
hours during the monitoring period.

The half-hourly data was resampled to an hourly reading and then to a time series that
considered occupancy hours. As no information was available regarding actual occupancy
schedules, the occupied hours were chosen to align with previous studies (Beizaee et al.,
2013; Lomas and Kane, 2013; McGill et al., 2017). For bedrooms, occupancy was assumed
from 22:00 (first hourly measurement recorded at 23:00) to 07:00 the following day (last
hourly measurement): a total of nine hours.

In common with the majority of domestic monitoring studies, the temperatures
monitored are air temperatures rather than operative temperatures referred to within
overheating criteria. Hughes and Natarajan (2019), however, suggest that air temperature
can be taken as a good approximation of operative temperature. Moreover, Lomas and Porritt
(2017) propose that the sensors commonly used are likely to record an undetermined mix of
air and radiant temperatures making them closer to those experienced by room occupants.

2.2 Weather data

Outdoor temperature data was obtained from the Centre for Environmental Data Analysis
(Met Office, 2012) website for the seven weather stations (Table 1) located nearest to the
respective study homes. In common with previous use of external weather station data
(Beizaee et al., 2013; Lomas and Kane, 2013) it is assumed that the study homes experience
the same external temperature as recorded at the specific weather stations.

The summer of 2018 was the joint warmest on record with the mean outdoor
temperature across the Midlands region being 2.8°C higher than the 1981-2010 long-term
average (Met Office, 2018). Using the Nottingham Watnall weather data there were two
periods that classified as a heatwave, i.e., at least three consecutive days with daily maximum
temperatures meeting or exceeding the heatwave threshold of 27°C for East Midlands (Met
Office, 2019). The first period was from 5 to 8 July and the second from 5 to 7 August. The
hottest day fell on the 26 July but did not appear within a set of days to classify as a heatwave.
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Table 1. Weather stations closest to the study homes

County Station name Src-id Latitude Longitude Postcode
Leicestershire Market Bosworth: 30529 52.6228 -1.394 Cvi3o
Bosworth Park
Nottinghamshire Nottingham: 556 53.0053 -1.24969 NG16 1
Watnall
East Midlands 18919 52.8829 -1.2777 NG10 3
Northamptonshire Northampton: 578 52.2732 -0.87937 NN2 7
Moulton Park *
Oxfordshire Wellesbourne** 596 52.2054 -1.60345 Cv359
West Midlands Coventry: Coundon = 24102 52.4241 -1.53498 Ccvi
Staffordshire Keele 622 52.9986 -2.2688 ST55
Warwickshire Coleshill 19187 52.4798 -1.68925 B46 3

*Until 22/7/18 23:00

**From 23/7/18 00:00

It was important for this study to establish how the summer of 2018 compares to
previous hot summers, notably 2003, and how it compares to the predicted temperatures
within CIBSE’s future climate files. The CIBSE files chosen were the current Test Reference
Year (TRY) and Design Summer Year (DSY12). These files represent the “statistically typical
scenario” and “near-extreme scenario of natural variability” respectively (Lee and Steemers,
2017: 65). Future weather files for Nottingham in the 2050’s and 2080’s under a medium
carbon emissions scenario were also analysed.

The period from 1 May to 31 August was compared for the number of hours that
temperatures exceeded temperature thresholds (Figure 1). The profile for Nottingham 2018,
although not identical, closely follows the predicted profile of the 2080 CIBSE DSY1, 50t
percentile weather file. Thus, the performance of homes in the summer of 2018 can be judged
as a good benchmark for summers that are predicted to be more frequent by the 2050’s and
beyond (McCarthy et al., 2019).

2 There are three different DSY files available from CIBSE which represent summers with different types of hot
events. The DSY1 represents a moderately warm summer.
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Figure 1.Hours over threshold temperatures during summer period (1 May to 31 August) for Nottingham in 2003, 2018 and
CIBSE current and future weather files

2.3 Sample data

All houses in the sample were semi-detached. The study of this dwelling type is merited as
they represent 25.3% or approximately 6 million properties across all tenures in the English
housing stock (MHCLG, 2018). Moreover, the semi-detached dwelling type is not particularly
identified as being at increased risk of overheating in previous monitoring studies. Dwelling
and household information for the 33 study homes was obtained from the DEFACTO field
study archive. Each home had a floorplan detailing the location and orientation of the rooms.
Where bedrooms were not explicitly identified as the master bedroom, the largest bedroom
on the floor plan was chosen for analysis purposes. Among the 158 rooms with temperature
data, there were 32 master bedrooms and 46 non-master bedrooms monitored during
summer 2018. A comparison of the study sample and the English housing stock is given in
Table 2.
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Table 2. Comparison of sample and English Housing Stock

D33 English Stock | Data source
sample | 2017-18 %
%*
Dwellings: age and construction
Usable floor <50m? 0 2.9 MHCLG (2019) Table AT2.1
area 50-69 6 15.8 floor area, owner occupied
70-89 33 27.2 dwellings
90-109 27 20.6
>110m? 33 335
House age Pre 1900 3 n/a Categories don't align with
1900-1929 27 n/a age bands in English
1930-1949 18 n/a Housing survey
1950-1966 18 n/a
1967-1975 30 n/a
1976-1982 3 n/a
Post 1982 0 n/a
Wall Cavity wall no insulation | 6 20.6 MHCLG (2019) Table
construction Cavity wall insulated 55 49.6 AT2.13, owner occupied
and insulation | Solid wall not insulated | 30 25.8 homes of all types
Solid wall insulated 3 2.2
Other 6 1.8
Loft insulation | 0-200mm 55 n/a MHCLG (2019) Table
200mm or more 42 37.5 AT2.11, all tenancies
Other (insulation. at n/a
rafters) 3
SAP rating A/B 3 1.0 MHCLG (2019) Table AT2.7,
band C 27 24.0 owner occupied homes,
D 55 53.2 rating bands
E 15 16.3
F 0 4.3
G 0 1.3
Households: number of occupants and age of Household Representative Person (HRP)
Number in 1-2 58 63 ONS (2018)
household 3-5 42 37
>5
Age of HRP 16-24 3 0.7 MHCLG (2019) Table AT1.4
25-34 0 8.3 Owner occupied homes
35-44 10 15.3
45-54 16 20.5
55-64 42 19.2
65 or over 29 36.0

*The percentages ignore null responses, which were: Age of HRP 2 responses; Number in
household 2 responses

2.4 Overheating assessment

The methods adopted for this study use the static criteria exemplified by those in the
Chartered Institution of Building Services Engineers (CIBSE) guide A (CIBSE, 2006), i.e., no
greater than 1% of annual occupied hours over 26°C for bedrooms. This criterion is also
adopted as criterion 1B in CIBSE TM59 (CIBSE, 2017) in the assessment of overheating using
dynamic thermal modelling. The study also analyses against the threshold of no more than
5% of annual hours exceeding 24°C, which is commonly applied in previous monitoring studies
(Beizaee et al., 2013; Lomas and Kane, 2013). This threshold also aligns with the guidance that

74




temperatures over 24°C in bedrooms may impact sleep quality. Statistical analysis to produce
descriptive statistics and assess differences between groups was carried out using SPSS v24
software package.

3  Results

3.1 Observed temperatures

The mean temperatures recorded in the master bedrooms (n=32) between 23:00 and 07:00
in the 122-day monitoring period ranged from 20.6°C to 25.3°C with an average mean of
22.8°C. The maximum temperatures recorded ranged from 26.7°C to 31.1°C with a mean of
28.6°C. In the 32 homes that had temperature measurements in both living room and master
bedroom, there were twenty homes where the mean temperature of the bedroom during
occupied hours (night-time) was warmer than the respective living room during occupied
hours (day-time).

3.2 Prevalence of overheating using CIBSE static criteria

The results in this section will be presented in two different but connected ways. Firstly, the
percentage of occupied hours that temperatures exceeded the 24°C threshold and 26°C
threshold. Secondly, the data is presented differently by plotting actual number of hours
exceeding the thresholds for each room. As the monitored period is not a complete year this
allows a direct comparison with the annual hourly exceedance according to the CIBSE static
criteria.

The main finding from analysis of master bedroom temperatures was that they were
very warm during the occupied hours of 23:00 to 07:00 (Figure 2). All the 32 master bedrooms
exceeded the 5%/24°C threshold; nearly 50% were over 24°C for a third of occupied hours.
One house experienced temperature over 24°C for 71% of occupied hours. This is concerning
for the occupants if we accept the premise that bedroom temperatures above 24°C may cause
sleep impairment (CIBSE, 2006) and have an impact on health.

A total of 97% of master bedrooms- all but one home- exceeded the 1% of occupied
hours over 26°C. In one home, the master bedroom experienced temperatures over 26°C for
nearly 40% of occupied hours. This represents 440 hours or nearly 49 nights if a nine-hour
bedroom occupancy is assumed.

It is useful to compare the observed number of hours over the thresholds with the
annual hours ‘allowable’ for each threshold. Figure 3 shows that 29 master bedrooms (91%)
had monitored temperatures above 24°C for more occupied hours than the 5% annual hours
threshold of 164 hours. Furthermore, when considering the 1% of annual hours over 26°C, 25
master bedrooms (78%) exceeded the threshold of 33 hours.
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Figure 2. Percentage of occupied hours (23:00 to 07:00) the temperature exceeded 24°C and 26°C in master bedrooms during
122-day monitoring period
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Figure 3. Number of hours the temperature exceeded 24°C and 26°C in master bedrooms during 122-day monitoring period
compared to CIBSE annual hours thresholds

The above charts show that there is considerable variation in experienced bedroom
temperatures considering that the sample is composed of a single dwelling type and
experiencing similar weather conditions. These findings align with those of Mavrogianni et al.
(2012) where greater temperature variation was discovered within dwelling type than
between dwelling types. This suggests that caution must be exercised in assuming that certain
building types are not at undue risk of summer overheating.
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3.3 Search for a ‘safe haven’
The concept of a ‘safe haven’ or a cool retreat within a home relies on the fact that the
behaviour of people might be to seek out a cooler room within their home to maintain their
thermal comfort if such a room exists. Research by Wright et al. (2018) suggests that this is a
credible ‘adaptive’ behaviour of people to high bedroom temperatures. Moreover, advice
given to homeowners by Public Health England in their heatwave plan for England (PHE, 2018:
28) advises that people “move into a cooler room especially for sleeping”. The following
analysis therefore considers the homes where monitored temperatures were available for
bedrooms other than the designated master bedroom. The analysis was based on an
alternative ‘cooler’ bedroom for sleeping in the dwelling. It doesn’t consider the practicalities
of another room for sleeping (e.g. number of occupants in the home, is the room used as an
office, etc.) but attempts to evaluate the thermal conditions that people would experience
overnight should they sleep in this room. The CIBSE static criteria of 5% occupied hours over
24°C and 1% occupied hours over 26°C was applied to determine the coolest bedroom for
each home over the monitoring period.

The master bedroom was the coolest bedroom in only 9 out of the 33 homes (i.e. 27%).
32 bedrooms (97% of sample) had more than 5% of occupied hours over 24°C with 31
exceeding the 1% of occupied hours 26°C threshold (Figure 4). When considering actual hours,
a total of 27 bedrooms (82% of sample) had occupied hours greater than the CIBSE 5% of
annual hours (164 hours) over 24°C threshold. Also, 23 bedrooms (70%) had occupied hours
greater than the CIBSE 1% of annual hours (33 hours) over 26°C (Figure 5), indicating that a
large percentage of homes would still be classed as overheating.
Comparing the results for the coolest bedroom with results for master bedrooms over the
122-day monitoring period (Table 3) shows that the exceedance of the 1%/26°C and 5%/24°C
threshold is only marginally reduced; from 97% to 94% of homes for the former, 100% to 97%
for the latter. If actual numbers of hours exceeding the CIBSE annual limits for both 24°C (164
hours) and 26°C (33 hours) are considered, two fewer homes would be categorized as
overheating basing the analysis on the coolest bedroom in the property. Furthermore, the
average percentage of hours over 26°C is reduced from 12% to 9%, representing
approximately 27 fewer hours.

Table 3. Number of rooms with master bedroom and coolest monitored bedroom exceeding the fixed thresholds (1%/26°C,
5%/24°C) and number exceeding the annual hours thresholds

Number >1% OH? >5% OH Mean Mean OH> CIBSE 1% OH> CIBSE 5%

(%) of with with % of % of annual hrs (33 annual hrs

rooms temp>26°C  temp>24°C hours> hours> hours) >26°C (164 hours)
26°C 24°C >24°C

Master 31 (97%) 32 (100%) 12.0 314 25 (78%) 29 (91%)

Bedroom

(n=32)

Coolest 31 (94%) 32 (97%) 9.6 26.8 23 (70%) 27 (82%)

bedroom

(n=33)

20H: Occupied hours

Of course, the analysis presented above over the whole study period of 122 days may
not adequately determine whether a safe haven exists on a particular hot day. It does,
however, suggest that over a hot summer period it might be more difficult to find a cooler
bedroom to sleep.

7



60.0%

50.0%
)
o
o 40.0%
<
%]
(0]
g
<
S
o 30.0%
>
(o)
(%]
bl
3
< 20.0%
x
N II[‘I\\
M OO N LW MOT OO O WL MMSNNON~NOANWL ST T MW SN DNSNSOWm
N0 0O~ AN dINSES NN OOONWM OO0 ANANNSOLANSESSTANNOST Om
o~ NN A N N o N NN o~ N — N N on Ll M A N = N
Coolest bedroom by house ID (n=33)

H>24degC ®>26degC
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Figure 5. Number of hours the temperature exceeded 24°C and 26°C in coolest bedroom during 122-day monitoring period
compared to CIBSE annual hours thresholds

For master bedrooms the average percentage of hours above 24°C was significantly higher
(p<0.1) for homes occupied by 3 or more people compared with 1-2 people. For these homes
the potential to sleep in a different (cooler) bedroom will be more limited.

To investigate other rooms within the dwellings. The temperatures in the living room
during night-time hours (23:00 to 07:00) were analysed against the 24°C and 26°C thresholds,
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i.e., as if they were to be used as a bedroom. This provided quite different results. Figure 6
and Figure 7 show the master bedrooms arranged from least to most overheated and thus
allows comparison with the number of hours exceeding the thresholds for the respective
living room.
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The results show that living rooms if re-categorized as a bedroom experienced
considerably fewer hours over both the 24°C and 26°C thresholds. When judged against the
26°C annual hours threshold the number of homes classed as overheating falls from 25 out of
32 (78%) to 11 out of 32 (34%). Similarly, the average percentage of hours over 26°C shows a
substantial decline from 12% in master bedrooms to 2% in living rooms. This suggests that,
despite the obvious practicalities, people in over two thirds of the homes will be able to find
a safe haven from heat overnight by sleeping in a downstairs room.

4 Discussion

Of the 32 master bedrooms, only one was found not to exceed 1% of occupied hours over
26°C. With 25 out of 32 (78%) failing against the 1% of annual hours greater than 26°C
threshold it indicates that many occupants were subject to temperatures that might disrupt
sleep and impact on their health. This study showed comparable results to dwellings studied
in 2018 by Hughes and Natarajan (2019) where 94% of bedrooms failed CIBSE TM59 criterion
1B. The hot summer of 2018 can be considered atypical in the current climate but could be
more common than not by mid-century. Overheating in bedrooms may therefore become a
chronic problem in future summers as the climate warms.

The concept of a safe haven was predicated on the idea that people will seek out the
coolest bedroom to sleep. The research sought to evaluate Public Health England’s advice to
move to a cooler room in hot weather and to answer the question of whether homes that
overheat have these safe havens. The research highlighted two noteworthy results. Firstly,
the reduction in the number of homes classed as overheating considering the coolest
bedroom was only marginally reduced (70% cf. 78%), although there was a reduction in the
number of hours exceeding 24°C; indicating some respite from elevated temperatures for the
occupants. Secondly, ground floor living rooms were considerably cooler during night-time
hours. Two-thirds of the study homes would not be classed as overheating if the living room
was a functional bedroom. The summer of 2018 was hotter, but also sunnier than average
(McCarthy et al., 2019). As bedrooms are typically located on the first floor perhaps this
represents greater solar irradiance in bedrooms contributing to higher temperatures and
therefore a need to consider external shading of some form.

The finding that master bedrooms in homes with 3+ people had significantly greater
percentage of hours above 24°C than those with 1-2 people indicates that those in most need
of a cooler bedroom may not have access to one.

There were only nine homes where the master bedroom was the coolest, which
perhaps indicates that occupants are not carrying out different practices to keep their
sleeping room cooler than other bedrooms, or if they are then these practices are insufficient
to significantly reduce temperatures in the main bedroom. There are, however, many
confounding factors that might contribute to overheating of these specific bedrooms.

Moving to another room can be considered an adaptive behaviour. Survey evidence
from Raw (2018), however, suggests that this might not be common behaviour; less than 5%
of respondents would avoid using certain rooms in the home in response to warm conditions.
A limitation of this study is that there is no way of telling whether people actually did choose
to sleep downstairs. Even the presence of a cooler room on the ground floor would provide
some respite from an overheating bedroom, even if only used for a short period. The lead
author of this paper adopted this very strategy during a short heatwave in 2019. Further study
using occupant diaries, or some form of occupancy detection could shed more light on the
issue.
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This still leaves the question of the most suitable metric for assessing overheating in
bedrooms unresolved. Research by Nicol and Humphreys (2018) proposes that more work
needs to be done to assess the relationship between bedroom air temperature and the close-
to-body temperature achieved by the sleeping person. It seems likely that neither the static
26°C temperature nor the adaptive comfort approach of TM52 adequately describes
overheating risk in bedrooms. It is suggested (Sharpe et al., 2014) that bedrooms overnight
represent ‘steady-state’ conditions with little or no adaptive behaviour taking place. But
‘adaptive’ behaviours are likely to be enacted when people first go to bed as they set in place
the room they might choose to sleep in, the nightwear and bedding they will use and any
windows they might want to leave open. A further accepted criticism of a static threshold is
that it does not consider the severity of overheating on any particular day. Furthermore, a
run of consecutive hot nights could impact on health much more than a ‘steady’ accumulation
of hours over the whole summer period (Brooke Anderson and Bell, 2011; Rocklov et al.,
2011). Considering the need to build new houses and adapt existing ones it will be essential
and urgent to determine what criteria to judge these bedrooms against to ensure conditions
that aren’t detrimental to health.

5 Conclusions

This study used temperature data from 33 semi-detached homes located across the English
Midlands to determine the extent of bedroom overheating during a 122-day period in the
summer of 2018: one of the hottest summers on record. Advice given in heatwave plans
suggest that people move to a cooler room, especially for sleeping in hot conditions. This
study sought to determine if such a cooler room exists in homes that might be classed as
overheating. The overheating levels in the homes were assessed using existing static criteria
of no more than 1% of occupied hours over 26°C. Occupied hours over 24°C, which is
suggested as being a temperature above which sleep can be disrupted, were also determined.
The key findings from this study are:

e All master bedrooms had more than 5% of occupied hours above 24°C. Furthermore,
when judged against the annual hours threshold of 33 hours above 26°C, 25 out of 32
(78%) master bedrooms would be classed as overheating.

e Basing the overheating assessment on the coolest bedroom led to a slight decline in
homes failing the criteria, but still meant that 70% of homes would be classed as
overheated; there was, however, a slight reduction in the average percentage of hours
over temperature thresholds, offering some respite to people sleeping in the coolest
bedroom.

e The living room during night-time hours offered people more chance of achieving
respite from the heat; two-thirds of the sample homes would not be classed as
overheating during sleeping hours. More work is needed to establish if this is a pattern
replicated in different dwelling types. It does, however, suggest that occupants in
single floor dwellings, such as bungalows and flats, might struggle more to find safe
havens.

In conclusion, although the advice given by Public Health England to choose a cooler
room is well founded, the findings from this study suggest that in a hot summer, a significant
majority of bedrooms have considerable levels of overheating offering limited escape from
the heat during sleeping hours. Living rooms were considerably cooler during night-time but
the practicalities of people being able to sleep in these rooms may limit it as a credible
adaptive behaviour to overheating bedrooms.
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Abstract:

Heat waves are abnormal effects within the UK but significantly increase discomfort for building occupants. This
study expands a previous residential unit study (Din and Brotas 2016) to include an office building. Heat wave
periods were identified for 3 locations in the UK and overheating contrasted against a whole cooling season for
different building characteristics. A future weather file from 2080 was used to increase the incidents of heat
wave events using TM52 to define overheating. The criteria were modified to 3 factors to allow contrasts to be
made between short and long-term overheating.

No heat wave events occur in Aberdeen in 2080 and so only London and Birmingham were assessed. A
combination of a heavyweight and shading (or elevated air velocity) mitigates against heat wave events in both
building typologies.

In heat wave periods a greater number of overheating hours and heat stress hours occurs in a residential unit
compared to an office building. Heat stress peaks for a lightweight building construction without shading or
elevated air velocity. During heat wave events, offices only experience part of their overall overheating factors
but residential units experience all (or lack) of their overheating factors during the identified heat wave periods.

Keywords: Future climate, Heat Waves, Overheating office, TM52

1. Introduction
The severe effects of Global warming had been internationally recognized in the Rio Earth
Summitin 1992 (United Nations, 1992), Since then, there has been many efforts to fight global
warming, but despite these efforts, global surface temperatures are still projected to rise by
up to 4.8 °C by the end of this century (IPCC, 2013) (Liu, C., 2017). Such warming increases the
risk of heat waves and the problems of high summer temperatures in urban areas such as
London are likely to become worse in the future because of climate change (Oikonomou, E,
2012).

Some of the potential climate change impacts on London. (Source: London Climate
Change Partnership, 2002) Issue Key impacts such as:

J Higher Temperatures
J Intensified urban heat island, especially during summer nights
J Reduced comfort and productivity of workers

Reports have identified that most of the global warming over the past 50 years is
attributed to human activities; such activities will continue to change the composition of the
atmosphere; and that global mean temperatures and sea levels will continue to rise for many
centuries to come (IPCC, 2001). The Third Assessment Report (TAR) of the Intergovernmental
Panel on Climate Change (IPCC) sets out a strong case linking human emissions of greenhouse
gases to climate change (Wilby, R.L., 2007).

Climatologists are already beginning to detect and attribute changes in extreme events
to human influences on the global climate system (Zwiers and Zhang, 2003), as one of the
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most extreme overheating events was recorded in August 2003, where 14,729 excess deaths
occurred in France (Fouillet et al., 2006) and 2,139 in England and Wales, due to a severe heat
wave, primarily in large urban centres (Johnson et al., 2005). Current projections suggest a
heatwave of similar magnitude may occur as frequently as every third year by the 2050s
(Oikonomou, E, 2012). The risk of other extremes such as intense precipitation (Groisman et
al., 1999), destructive tropical cyclones (Emanuel, 2005) and flooding (Milly et al., 2002) is
also expected to increase.

Heat wave definitions vary widely. These definitions include weather periods in urban
centres, which have a trigger temperature that when increased an emergency services plan
is to be put in place (Diaz et al, 2015). Heat Island Effect in major urban cities is the result of
dese built up areas that result in an average rise of nighttime temperatures (Lemonsu et al,
2014). These criteria is the basis of the current heat wave plan for England (NHS, 2015)
requiring a preceding night to exceed a threshold temperature for a heat wave event to occur.

A range of differing parameters exist in defining what constitutes a heat wave. A heat
wave is an external weather event but has a significant impact on buildings and their
occupants. As an abnormal event, it is advantageous to use a future weather file that
highlights warm periods in the future to increase the frequency of heat wave events
experienced.

Due to the increased number of urban heat health warning systems; managing existing
weather-related risks has become an area for concern, key activities include the growing
measures for countering excessive temperatures in urban centres through improved planning
and building design (e.g., Shimoda, 2003). Some other studies have been conducted to classify
Inhabitants by location and social demographics to identify their venerability to temperatures
above 280C (Wolf and McGregor, 2012) which could be defined as a heat wave event

A range of differing mitigation measures have been defined in reducing the amount of
overheating discomfort felt over these periods but the evaluation of the significance of the
heat wave events compared to the whole cooling season needs to be evaluated. By using two
of the most common building typologies; that of an office and a residential unit allows an
evaluation of mitigation against differing building usage.

There is a need to assess the quantity of overheating experienced by the differing
buildings contrasting a few UK locations to see the impact of geography on the frequency of
heat wave events experienced.

2. Aim

The study aims to investigate that factors that impact overheating in heat wave events in two
differing building typologies within the UK. The main part of the study assesses the varying of
the parameters of TM52 including the mass of the building, air velocity and shading using
factors inputted into simulation software (Energy Plus v9.1.0). These characteristics have
been shown to be the most influential mitigation factors within a previous dwelling study (Din
and Brotas, 2016).

In the evaluation of the criteria in the TM52 protocol, the contrast between heat wave
events and a cooling season can be established. This requires the investigation of current
definitions of heat waves and the identification of when overheating occurs in available
weather files.
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3. Background
Previous studies have established the probabilistic weather for future years on established
climate change models (Eames et al, 2012). To maximise the incidences of heat waves, a 2080
file was used. This 2080 date coincides with the anticipated dwelling life of 60 years (RICS,
2017) and long-life office building to assess its fitness of purpose towards the end of its design
life. Given the slow rate of progress of the global tackling of climate change a high scenario
(alfi under IPCC modelling) was used with a 50% probability profile. More extreme files were
not used as they produce an unrealistic escalation in temperatures (Din and Brotas 2017).
The Design Summer Year (DSY) uses 20 years of the peak summer condition to weight
the weather file is used as the input data in the simulations as specified in TM52.

3.1. CIBSE TM 52 2013

The evaluation of overheating is defined by the proportion of uncomfortable conditions that

is experienced by building occupants. This is defined by TM52 which establishes a

methodology to assess a naturally ventilated building. This methodology cannot be assessed

simply on when a set of internal temperatures is exceeded. Therefore, updating the previous

BS EN 15251 standard.

TM52 has more of a relationship between the outside temperature, the occupant’s
behaviour, activity and adaptive opportunities, which affect comfort. Overheating in the
TM52 is defined in terms of three distinct criteria, which has some interdependency in their
calculation method:

1. The amount of degree hours above 1K over the limiting comfort temperature.
Assessed from 1st May to 30th September. This amount must not exceed 3% of
occupied hours.

2. The relationship between the high temperature and its significant effect. This test
guantifies the severity of temperature daily. The weighted excess of temperature
must be less than 6K on any one day for comfort to be achieved.

3. Reports heat stress events 4K above the limiting comfort temperature.

Occupants are likely to experience overheating if two or more of these conditions are
not met.

The Chartered Institute of Service Engineers (CIBSE) Technical Memorandum TM52
(2013) is used to establish overheating in naturally ventilated buildings. TM52 expands on
BSEN 15251 (BSi, 2007) by using other factors than the proportional hours in occupation when
the temperature is above an operative temperature.

The Chartered Institute of Building Service Engineers (CIBSE) Technical Memorandum
TM59 (2017) adds to the previous methodology the definition of the parameters for
equipment, occupancy and occupancy hours. However, since TM59 assesses the risk of
overheating for a range of units within a housing development, it cannot be effectively used
to evaluate two differing building typologies.

3.2. Overheating in offices

Other more long-term effects of overheating in the built environment mainly effect
human health and comfort. Exposure to warm conditions in excess of approximately 25°C is
associated to increased health risks, with thermal stresses affecting the performance of our
body, productivity, and mood (Sehizadeh & Ge, 2014).

Effects of overheating is expected to increase in inner-city London, in which maintaining
thermal comfort in summer will become more challenging (Sehizadeh & Ge, 2014). Such
challenges create a risk in managing the quality of the indoor environment where providing
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thermal comfort can improve productivity of the users especially in educational and office
buildings (Hauge et al., 2011).

In a recent assessment of the risks of overheating in office buildings, it appeared that
lightweight office buildings were more prone to internal heat gain with the increase in
external air temperature and a minimum heat capacity temperature (Brambilla and Jusselme,
2017). This resulted in the increase of indoor air temperature over the maximum heat band.
Therefore, in order to prevent the overheating in indoor environments, it is important to
consider the capacity of the building materials in retaining the internal heat (Aste et al., 2015)
which will vary depending on the building structure and geographic location.

The latest release of CIBSE weather data in early 2016 (Virk & Eames 2016) was
following the updated method discussed in TM49 — Design Summer Years for London (CIBSE
TMA49 2014). The term “weighted cooling degree hours (WCDH)” was defined to judge the
outdoor warmth. As a result, three complete weather years were selected from a much larger
source weather dataset (1950 to 2006). The three complete weather years are intended to
represent: inner urban (1976 — a year with a long period of persistent warmth), rural (2003 —
a year with a more intense single warm spell) and intermediate urban & sub-urban (1989 — a
moderately warm summer). WCDH is based on adaptive comfort temperature (CIBSE Guide
A 2006; BS EN 15251 2007), and it is closely related to the likelihood of thermal discomfort
(Smith & Hanby 2012).

CIBSE and Arup investigated how typical existing buildings would cope with future rising
summer temperatures. The results of the study existing buildings are already failing to meet
comfort levels (25°C and 28°C). The study showed that as the century progresses and external
temperatures rise, summertime comfort will deteriorate further (Gething, B., 2010.)

3.3. Overheating in houses

The future climate conditions must be considered when designing for the future built
environment. This was proven by many Architects such as Bill Dunster and Arup, which have
already started to design homes with energy efficiency features; these features main goal was
to balance the expected increase in air temperatures (Sehizadeh & Ge, 2014). Through their
R&D department (2005) Dunster Architects and Arup also demonstrated the importance of
mitigating climate change effects. They demonstrated that lightweight homes would result in
discomfort caused by higher internal temperature (Bill Dunster Architects, 2005).

Other efforts have been put forward by the built sector as a result of these future
climate challenges; such efforts include developing regulations to reduce energy consumption
by increasing the buildings’ envelope energy performance. This is found in the German
standard entitled PassiveHaus (PH). which is a well-known standard that attempts to reduce
energy consumption by 90% within dwellings.

One of the main goals of PassiveHaus (PH) standard, is that a building that demands low
energy requirements must also maintain appropriate comfort for occupants (Sehizadeh & Ge,
2014). In order to achieve the PH certification, buildings must meet the PassiveHaus standard
requirements of: High insulation, extremely air tight envelope, passive solar gain, heat
recovery, day lighting, shading, energy efficient appliances and lighting, and high performing
windows are issues that are stringently considered in the PassiveHaus standard (Straube ,
2009).

Another challenge appeared after further assessment of European dwellings that
achieved PassiveHaus standard (Psomas et al,. 2016). It was found that dwellings refurbished
to improve the thermal performance in winter are now facing overheating problems in
summer (Psomas et al., 2016)

87



A PassivHaus single dwelling has also been previously assessed against the overheating
used in building regulation methodology (McLeod et al, 2013) but this study is limited in its
results as this regulatory tool results in a crude overheating assessment, using historic climate
data ,not evaluating the residence’s fitness for purpose in the future.

The impact of the significant overheating variables has been analysed by Mavrogianni
et al (2013) but there is no clear statement of the significance of factors under the BS EN
15251 overheating criteria chosen.

Some further Research has also focused on the impact of the UHI on indoor summer
temperatures in the housing stock. For example, high temperatures were measured in five
occupied houses in London and four occupied houses in Manchester during the August 2003
heatwave, and found to be associated with a high level of discomfort in most dwellings
(Oikonomou, E, 2012).

4. Methodology
Three differing locations analysed in the UK Aberdeen, Birmingham, London. Within the
future weather files selected heat waves were identified. The heat wave definition used was
based on the threshold temperatures from the UK heat wave plan for England (NHS, 2015).
This was contrasted against the cooling season as defined in TM52 as the run period for the
dynamic models.

Two differing Energy plus model geometries were devised for the differing building
typologies. These are illustrated in figure 1 and figure 2 showing a south facing office bay of
7 m and living room of 6 m width respectively.

A TARP algorithm was used as the calculation algorithm which has been validated to
account for thermal storage from heavyweight materials (Henninger and Witte, 2014).
Windows openable during occupied hours. The office model additionally had top light
windows which, opened automatically when it is beneficial for cooling (by setting the rule of
opening when there was a 2K differential between the inside and outside temperature).

7m 6.75m

Figure 1. south facing office model

The office was modelled with a floor to ceiling height of 3.0 meters. The occupancy of
16 people based on the internal floor areas and desk layout typical for commercial spaces.
LED lighting used continuously during occupation as the incidental gain of this was low
compared to the incidental people load in the space. The equipment loads used in the model
was based upon each person with a laptop and 2 LED monitors, typical of an office.

88



/j”):r{t\ T~

em
5.5m

Figure 2. south facing residence model

For residential units the floor to ceiling height is 2.7 meters. The occupancy is 3 people
scheduled with 2 people in occupancy during the day to simulate a working family. Cooking
loads were accounted for using two hobs for 30 mins for each meal. LED lighting was used
early in the morning and in the evening. Internal gains were defined by a LED TV and games
system used during the evenings.

As can be seen the scheduling of loads was dictated by building usage and occur at
differing points during the day. The parameters for mitigation taken from previous study (Din
and Brotas 2016) as being the most effective on domestic properties and then applied to the
office model. This includes thermal mass, shading and air velocity (elevated air movement but
within acceptable comfort bounds). The dynamic simulations were conducted as a Monte
Carlo structure of models to ensure all options are considered individually and their impact
evaluated.

The baseline model used was of a lightweight construction 700kg/m3 on all surfaces
which held no thermal storage. In contrast the heavyweight model was 100mm of 2000kg/m3
concrete on all surfaces in line with CIBSE recommendations for using thermal mass within
buildings. This is recognised as an overestimate as the thermal mass only acts when in view
of the occupant. It is acknowledged that a large degree of blockage will occur from internal
furniture. This model uses the extreme case as the maximum differentiation that could be
obtained for passive thermal storage in buildings.

Of the mitigation aspects modelled the air velocity was elevated to 3.5 m/s. This level
of air movement would be uncomfortable in most situations but acceptable in periods of
elevated temperatures in both living and office areas. This may not be the same however in
rooms of differing usage such as bedrooms where there would be more sensitivity. This is
calculated separately from the dynamic energy model to align with the calculation in the
TM52 methodology.

The office and residential models have a similar amount of window wall ratio on their
south elevations of 38%. A shading device of 1 meter on the horizontal and vertical to each
side of the windows have been placed to be a reasonable structural proposition. It is
recognised that slightly differing shading outcomes due to differing geometries will result for
each building typology.

Rather than TM52 assessing when 2 of the criteria are broken to determine overheating,
each criterion is quantified with values compared between differing models and differing
assessment periods. For criterion 1, this was quantified as the number of overheating hours,
and for criterion 2, it was the number of overheating incidents. Criterion 3 is evaluated on the
number of hours that the heat stress temperature is exceeded. Each of the models was
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evaluated for heat wave periods and the whole cooling season. As illustrated by the list of
models in table 1.

Table 1. dynamic models with nomenclature and features

Model no Typology Location Building mass Features Time period

1 Office Birmingham Lightweight none Cooling season
2 Office Birmingham Lightweight none Heat wave

3 Office Birmingham Heavyweight none Cooling season
4 Office Birmingham Heavyweight none Heat wave

5 Office Birmingham Lightweight velocity Cooling season
6 Office Birmingham Lightweight velocity Heat wave

7 Office Birmingham Heavyweight velocity Cooling season
8 Office Birmingham Heavyweight velocity Heat wave

9 Office Birmingham Lightweight shading Cooling season
10 Office Birmingham Lightweight shading Heat wave

11 Office Birmingham Heavyweight shading Cooling season
12 Office Birmingham Heavyweight shading Heat wave

13 Office London Lightweight none Cooling season
14 Office London Lightweight none Heat wave

15 Office London Heavyweight none Cooling season
16 Office London Heavyweight none Heat wave

17 Office London Lightweight velocity Cooling season
18 Office London Lightweight velocity Heat wave

19 Office London Heavyweight velocity Cooling season
20 Office London Heavyweight velocity Heat wave

21 Office London Lightweight shading Cooling season
22 Office London Lightweight shading Heat wave

23 Office London Heavyweight shading Cooling season
24 Office London Heavyweight shading Heat wave

25 Residential Birmingham Lightweight none Cooling season
26 Residential Birmingham Lightweight none Heat wave

27 Residential Birmingham Heavyweight none Cooling season
28 Residential Birmingham Heavyweight none Heat wave

29 Residential Birmingham Lightweight velocity Cooling season
30 Residential Birmingham Lightweight velocity Heat wave

31 Residential Birmingham Heavyweight velocity Cooling season
32 Residential Birmingham Heavyweight velocity Heat wave

33 Residential Birmingham Lightweight shading Cooling season
34 Residential Birmingham Lightweight shading Heat wave

35 Residential Birmingham Heavyweight shading Cooling season
36 Residential Birmingham Heavyweight shading Heat wave

37 Residential London Lightweight none Cooling season
38 Residential London Lightweight none Heat wave

39 Residential London Heavyweight none Cooling season
40 Residential London Heavyweight none Heat wave

41 Residential London Lightweight velocity Cooling season
42 Residential London Lightweight velocity Heat wave

43 Residential London Heavyweight velocity Cooling season
44 Residential London Heavyweight velocity Heat wave

45 Residential London Lightweight shading Cooling season
46 Residential London Lightweight shading Heat wave

47 Residential London Heavyweight shading Cooling season
48 Residential London Heavyweight shading Heat wave
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5. Results

Figure 3 shows that no heat wave events occur in Aberdeen in year 2080 on a 50% probability.
This was subsequently excluded from subsequent modelling at an early stage and is reflected
within table 1. As heat wave events are linked to the urban Heat Island Effect (Lemonsu et al,
2014) an examination on the number of heat wave event based on the NHS (2015) definition
was conducted evaluating not only peak daytime temperatures but the previous night
temperatures as well. The number of events was plotted against the population of cities as
an indicator of urban density and the link to hard surfaces. These two factors are defined as
significant factors in causing the Heat Island characteristics.
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Figure 3. Heat wave events against population for 3 UK locations

The number of overheating hours experienced for all models during the identified heat wave
periods for the two locations are illustrated in Figure 4. There are more overheating hours in
residential than the office model. This is partially a reflection of the occupancy. While the
residential occupancy was 17 hours, occupancy was 10 hours for office buildings, and they
were not occupied during late evenings. The occupancy hours and the number of overheating
hours is largely in proportion to the results obtained.

The overheating threshold for criterion 1 of TM 52 was 240C. Above this temperature
the number of hours were accumulated as overheating periods regardless the magnitude of
overheating. This threshold was used for both offices and dwellings.

There are more overheating hours in London than Birmingham, which is reflective of
the number of heat wave days in each location.
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Figure 4. Heat wave overheating hours against building model

There is a larger difference in the reduction of the number of hours of overheating in
London due to mitigation aspects applied in London compared to Birmingham. The largest
difference is between residential models 38 and 44 both located in London of 225 hours

(Figure 5).
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Figure 5. Difference of heat wave overheating hours compared to model 2

The difference to base case is shown in Figure 5 being a Lightweight office building in
Birmingham. The results clearly show where more overheating hours occur (results above the
above the line) compared to less overheating (results below the line). Those models of a
lightweight construction generally experiencing more overheating hours as do models located
in London.
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For the overheating hours, in Figure 6, for the cooling season the largest differences are
again experienced in the London residential model of about 700 hours. Overall, the pattern is
similar the heatwave characteristics, but the results look less coherent compared to the
smaller heat wave timeframe.

There are more pronounced peaks for lightweight structures showing that mitigation
impacts are more effective over the whole season whether this is in combination with thermal
mass or not. Thermal mass seems to have more impact in London than Birmingham.
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Figure 6. Cooling season overheating hours against model
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Figure 7 Difference of cooling season overheating hours compared to model 1

Mitigation has more impact for both heavyweight and lightweight construction and
within both locations (Figure 7). The lightweight constructions have more frequency of
overheating hours.
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The other overheating factors in TM52 can be split up similarly according to heat wave
and cooling season. As shown in Figure 8, there are very few incidents of overheating factor
2 is equating criterion 2 in TM52. In considering very short heat wave periods, a one-day
increase is not a significant measure.

OFFICE P RESIDENTIAL o
250 < < > 3
B'HAM LONDON B'HAM LONDON
< < 4+—p<¢ >
200
..“_,:" 2
o 150
=
=
. 100
(&1 1
50
0 0

2 4 6 81012141618202224262830323436384042444648

N ) s—S

Figure 8. overheating according to factors 2 and 3 during a heat wave

The heat stress hourly events for lightweight offices and residences show up as peaks.
Model 38 being a lightweight residence is shown as a peak as it is assessed for more heat
wave days than its Birmingham counterpart (model 26). The difference between lightweight
and heavyweight is marked showing the capacitance of the building structure being an
important factor in considering heat stress hourly events. There is less heat stress in offices
in Birmingham than London overall.
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Figure 9. overheating according to factors 2 and 3 during a cooling season
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In Figure 9 there is around 5 times less overheating factor 2 daily events rather than
hourly heat stress events (factor 3). The profile however broadly similar for heat stress to a
heat wave event although this is 1.5 times the amount compared to the heat wave periods

Lightweight structures create significant spikes in heat stress events and daily average
events (factor 2) when compared to a lightweight office building in Birmingham. A
heavyweight structure with an additional mitigation feature creates the most significant
difference between models.

In the comparison between heat wave and cooling season the proportion of the two
time periods of the overheating factors identified. There is less of a pattern with the office
typology, shown in Figure 10, but a pattern does emerge with London offices having higher
percentages the more mitigation occurs as can be seen by models 14, 16 and 18 being
lightweight, heavyweight and heavyweight with increased velocity respectively.
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Figure 10. Comparison between heat wave events and cooling season for offices
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Figure 11. Comparison between heat wave events and cooling season for residential units

In the residential units shown in Figure 11, higher levels of mitigation the
representativeness of heat wave events on the overall cooling season increases. The
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residential in London is most represented by heat wave events rather than over the whole
cooling season

6. Conclusion

Overall the results demonstrate that heavyweight buildings perform better for both
typologies and act as the best form of mitigation against overheating. Shading and air velocity
add significantly to the mitigation effect both in heat waves and during the whole cooling
season but there is not enough data to classify which is better.

Residential mitigation is more effective in London than Birmingham through the
demonstration of the heat wave event being more representative of the whole cooling season
excluding overheating factor 2. In Birmingham this varied from 20% to 100% depending on
the factor being evaluated.

Thermal mass is equally important to residences and offices in terms of thermal
capacitance and coolth storage. The combination of thermal mass with a mitigating feature
makes buildings fit for purpose at the end of a 60-year life cycle and eliminates the risk of air
conditioning being installed in a naturally ventilated building.

Definite rules on mitigation to be given to designers or to be used as overall building
strategies in both building typologies are difficult to fully define without a certain amount of
risk.

7. Further work

These results should be matched with daylight availability in offices to see what fraction
of internal loads can be saved. As LED lighting is highly efficient other parameters such as
productivity or health benefits to occupants should be evaluated.

The life cycle carbon of concrete needs to be more carefully assessed to show cost
effectiveness in designing new buildings for the future with thermal mass. Adequate levels of
climate mitigation can be achieved through different construction selection, not requiring air
conditioning (and the replacement factors and energy that these use). This will have the
resultant reduced impact of energy and carbon expended over the service life of the building
making naturally ventilated buildings a lower risk proposition to deal with climate change.

The paper used a single zone model which has its limitations as larger cells are more
prone to error in evaluating overheating results. This is due to the variation of temperature
within the internal spaces from the facade to the back of the plan. The size of the cell should
be varied to show the sensitivity to air flow and natural ventilation of the spaces considered.

Although a range of surfaces were classified as adiabatic this is rarely the case. A range
of adjacent insulation conditions should be used to evaluate the influence of transfer of heat
to adjacent zones to determine the sensitivity of the modelling assumptions made.
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As a consequence of global warming, overheating has become the main source of discomfort when speaking
about the thermal performance of buildings. On the one hand, energy consumption together with the risk of
heatstroke rises during warm periods and in extreme situations such as heatwaves. On the other hand, there is
no broadly accepted method to measure overheating. Most of the literature is limited to a simple countof hours
above comfort limit, disregardingthe intensity and temporal extent of the periods, whereas other methods have
a limited application since they were developed for a certain type of building and location. This paper proposes
a novel method for overheating assessment in existing and projected buildings based on 5-step criteria. The
objective of the process is to assess the intensity and the total time extent of overheating following adaptive
theory and established limits of human comfort. The method consists in hourly counts of overheating hours
divided into five segments (i.e. hours above 0.1°K, 1°K, 2°K, 3°K, and 4°K) using the upper comfort limit as a
threshold. The output of the method thus provides a quantitative answer regarding overheatingin a building,
assessing not only the intensity but the range of the problem, allowing to evaluate different strategies to regain
comfortable conditions for the occupants.

Keywords: thermal comfort, overheating, tropics

1. Introduction
There is compelling evidence that the climate across the globe is changing. Yearly
temperature averages, as well as absolute peaks, have been rising and they are expected to
reach even higher marks in the near future. As a consequence, there will be longer and more
intense heatwaves during warmer summer and spring seasons (de Wilde and Coley, 2012).
The consequences of overheating in the human body are many, and they vary depending on
different factors. Nevertheless, the starting point is always heat stress induced thermal
discomfort, and sadly, for the most vulnerable occupants, the endpoint may be death or life-
threatening diseases. Speaking about building performance, the main problem with this
temperature increasesis the fact that space cooling requires more energy than space heating.
While global warming is happening everywhere around the globe, recent studies have
found that the developing world is suffering the worse part of it (Chen and Chen, 2013).
Climate change has triggered a worldwide desertification phenomenon that is mostly
occurring in the tropical and subtropical areas, encompassing the most populated countries
in the world such as Brazil, Mexico, Indonesia, Nigeria, Pakistan India, and China (Figure 1).
Temperature peaks are constantly escalating above 40°C and becoming a real threat to the
wellbeing of the population in these regions in which, unlike other developed countries, the
only available solution to overcome the overheating problem is restricted to passive means
due to the socio-economic limitations (IPCC, 2013).
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Figure 1. Map representation of future forecasted temperatures where is possible to appreciate how the
highest temperatures are concentrated in the tropical and subtropical areas (Image source: NASA)

Itis understood that the tropics are the immediate regions surrounding the equator. On
the Northern Hemisphere, these are delimited by the tropic of Cancer at the coordinates
23°26'12.0"” and by the Tropic of Capricorn at the coordinates 23°26'12.0” in the Southern
Hemisphere. The subtropics are the areas between the tropics of Cancer and the tropic of
Capricorn, and the latitude marks of 66.5° north and south. Nine of the ten most populated
countries in the world fall within this area, which are also catalogued as developing regions
(Figure 2).

Figure 2. Global location of tropical and subtropical areas.

As part of a global effort to reduce energy consumption and therefore, CO? emissions,
energy-saving policies for buildings have been implemented in many countries across the
globe (Walsh, Céstola and Labaki, 2017). In recent years, thermal comfort models have been
used as the foundation to create healthy and comfortable spaces, while reducing their energy
consumption. Meanwhile, comfort models for active or mechanically climatized buildings
have been broadly developed and discussed for several decades. The current performance
limits for passive or free-running buildings are relatively new, and for some specific cases,
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they remain unknown. Moreover, it is important to consider that two of the most relevant
and most used comfort models, the ASHRAE standard 55 and the CEN Standard BS EN 15251
(renamed to EN 16798), were developed considering very specific survey and climatic data,
which would have differ from that on a tropical or subtropical context (Nicol, Humphreys and
Roaf, 2012). Thus, some modifications need to be addressed before assuming their
effectiveness in a warmer context. Although some other comfort models seem to be more
suited for this contexts, such as the ones developed by Humphreys and Szolokolays-Auliciems
(Szokolay, 2008; Nicol, Humphreys and Roaf, 2012), the current implementation of energy
standards such as BREEAM and LEED in developing countries, are somehow forcing the
implementation of ASHRAE's and CEN Standard's comfort models, since this countries lack
energy-saving regulations of their own.

There is not a broadly accepted method or formula to measure or quantify the possible
overheating of a free-running building in a tropical or subtropical context. Most published
literature is limited to a simple count of overheating hours above 0.1 or 1.0 °K, completely
disregarding the intensity and length of the overheating phenomena. Other documents, such
as the CIBSE'sTM-52 (CIBSE, 2013), were written keeping in mind its implementation in a high
latitude context (such asthe UK ), Nowadays, this document is being studied more as an early
out-dated approximation to solve the problem rather than as a possible answer, partly
because of the yearly progressive overheating due to climate change, but also due to their
impractical application in other European settings where temperatures frequently rise above
30°C, such as the south of Portugal, Spain, and Italy.

This paper presents a new method to measure and assess overheating in free-running
naturally ventilated buildings in tropical and subtropical climates. It was developed to
measure the intensity and chronological length of overheating as means to determine the
possible effectiveness of one or many adaptive opportunities and passive strategies to
maintain or regain indoor comfort. Additionally, based on the theoretical principles of
adaptive thermal comfort, this method intends to stablish the theoretical base to consider a
possible limit of overheating to ensure comfort for the occupants and the effective
applications of adaptive opportunities.

2. Method

Comfort models are limited by different factors according to their specific application. The
width of a comfort band, thus its upper limit, is defined by the building class or acceptable
limits (Carlucci et al., 2018).Adaptive comfort theory suggests that a comfort band of +4K,
would ensure an 80% of acceptability limit on a predicted mean vote (PMV) scale, One of the
reasons for this comfort width of 4K, is that it can be possible when considering the
previously experienced temperature of the user, therefore, the thermal history would be
encompassed and taken into account (Nicol, Humphreys and Roaf, 2012).

There is not a common agreement between comfort models or literature regarding the
highest possible temperature limit in which occupants of a free-running building would still
be comfortable and fully operable. The ASHRAE standard 55 suggest an upper limit of 33.5°C
for the U.S. while the original EN 15251 suggest 30.5°C for Europe. The reason for this is
because both standards are based on user’s satisfaction questionnaires from which thermal
expectations of the occupants were pre-established, as well as the common limit of what
could be considered comfortable at those specific locations (CIBSE, 2013). The same applies
to relative humidity levels Early work by (Lee and Givoni, 1971; Fanger, 1972) established that
the optimum operative range of relative humidity is between 20 and 80% according to the
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findings in their experiments and fieldwork. Nevertheless, in tropical locations close to the
equator such as Puerto Rico, Cuba or Barbados, occupants are constantly experiencing higher
levels than the suggested 80% during daytime throughout the year. In a similar way, sub-
tropical desert locations such as Egypt and Saudi Arabia, as well as most of the subtropical
African countries, experience extreme dry conditions during great part of the daytime for
most of the year. Despite of such conditions, building occupants in these areas are still
functioning and most dwelling and workplaces are naturally ventilated, free running, relying
on passive strategies to procure thermal comfort.

There is no further research that establishes the actual limits of thermal comfort for
workspaces or living spaces in a tropical or subtropical setting. Research by (Goémez-Azpeitia
et al., 2012) and (Mishra and Ramgopal, 2015), reached different and apparently opposed
conclusions, mainly because they followed different objectives and methodologies, obtaining
incomparable results, but still, it is possible to say that they both agree when stating that
there should be a different comfort limit corresponding to each location as a consequence of
the thermal history, expectations and cultural background of the subjects. In most cases,
those limits are different than the original suggested by the standards In a similar manner,
research by (Vellei et al., 2017) concluded that those limits are not only variable based on
temperature but also on relative humidity. In line with this, they propose a method that
significantly extends the relative humidity range for acceptable indoor conditions in naturally
ventilated buildings, according to the thermal history and expectations of the users.

Adaptive opportunities are an efficient solution to achieve and maintain comfort.
However, they are not necessarily faultless whenever they are applied. Adaptive theory
suggests that the correct use of passive strategies together with adaptive opportunities may
improve the thermal sensation and therefore push further the upper comfort limit (Nicol,
2017) (Figure 3).Still, the effectiveness of these strategies and opportunities is variable
depending on the conditions in which they are applied, they are more efficient when
preventing overheating rather than when solving overheating (Oropeza-perez, 2019). Thus, it
is important to anticipate its application in the early design stages and analysis.
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Figure 3. Effect range of passive strategies on a temperature curve with respectto the comfort zone and
thermal stress (Taslim, Parapari and Shafaghat, 2015)

When speaking about tropical and subtropical locations, it is important to keep in mind
that despite of what comfort models and adaptive thermal comfort theory suggest, most of
the building stock of developing countries are solely depending on passive strategiesas means
to create and maintain comfortable conditions. Users maintain a closer relationship with
outdoor spaces and therefore, they easily acclimatize and closely relate to exterior conditions,
resulting in a more uniform thermal history (Humphreys and Nicol, 2002). This means that,
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according to some of the comfort models, people inthese regions may have lived and will be
living under what could be considered overheating conditions for most of their time.
Nevertheless, regardless of the possible location of the comfort limit, in order to pursuit a
better understanding and to evaluate the threat, it is necessary to quantify and fully
appreciate the extent of this overheating phenomenon.
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Figure 4. Graphical representation of overheating hours subdivision criteria

This paper proposes a method based on 5-step hourly subdivision criteria to assess the

intensity and frequency of overheating in a sensitive manner. The method divides overheating
temperatures depending on how far they are from the upper comfort limit. Each criterion
could be described as follows:

Number of hours above 0.1K. The total amount of hours where temperature is strictly
above comfort but less than 1°K. The number of hours may represent in a rigorous
way time outside of the comfort limit but not an overheating problem since a
temperature change of less than 1°K is almost imperceptible to the body. (Nicol,
Humphreys and Roaf, 2012).

Number of hours above 1°K. The total amount of hours where temperature is one
whole degree or more above comfort but less than 2°K. This specific distance from the
upper comfort limit is taken as a starting point since sensitive subjects would start
feeling thermal stress, although it would still not represent a problem or a significant
thermal stress.

Number of hours >2°K. The total amount of hours where the temperature is 2°K or
more above comfort limit, but less than 3°K. This is where thermal stress is already
manifested, and something should be done to regain comfort.

Number of hours >3°K. The total amount of hours where the temperature is three
degrees or more above comfort but less than 4°K. This is where thermal stress is
clearly present, but still itis possible to be solve and re-gain comfort.

Number of hours >4°K. The total amount of hours where the temperature is four
degrees or more above comfort. The last step before severe overheating where
conditions may still be bearable for the less sensitive subjects.

Once the overheating hours corresponding to a reading or a simulation result are
distributed across the five division method, it is possible to appreciate the frequency of
overheating hours, as well as their distance from the upper comfort limit. Figure 3 provides a
graphical representation of this.
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3. Interpretation of results

With the interest of providing a better understanding of the method, six different examples
were elaborated. The same building was simulated with six different weather files
corresponding to three tropical locations and three subtropical locations.These locations are
spread across 3 different continents, at different conditions and with variations on latitude,
longitude, climate and altitude. Table 1 provides an overview of location specifics, climate
generalities and simulation results.

%
% Above
Type of Avrg. Max %in upper Below
City Country Lat. Long. m.a.s.l. ] Yearly ) lower
climate Class. Temp. [ comfort | comfort
Temp. . comfort
limit A
limit
1 | Cancun | Mexico 20.03 | -86.86 5 | tropical Aw 26 35.3 92.99 6.88 0.13
2 ISJZ?JIO Brazil -23.5 | 46.617 792 | subtropical | Csc 20.2 33.5 91.55 0.65 7.80
3 | Lagos Nigeria 6.58 3.33 40 | tropical Aw 27.5 34.9 94.16 5.84 0.00
4 | Cairo Egypt 30.083 | 31.283 36 | subtropical [ BWh 22.5 41.8 83.49 7.59 8.92
5 | Jakarta | Indonesia -6.15 | 106.85 5 | tropical Af 26.3 34.5 96.55 3.45 0.00
New . .
6 Delhi India 28.583 77.2 212 | subtropical | BSh 24.9 44.4 78.14 17.53 4.33

Table 1. Specifications and details of the locations and their simulation results.

The simulation file was setup assuming a completely passive, naturally ventilated
building, excluding any possible neighbouring or contextual buildings. The average U-Value
for the building envelope is 3.06 W/m?K and is composed by single glazing windows, plastered
brick walls and a concrete slab cover. It considered a infiltration airflow of 0.75 air-changes
per hour , as well as an automated window operation according to the interior and exterior
temperature, imitating the potential user’s behaviour.

The yearly hourly temperature of each of the locations is represented in Figure 5, where
it is possible to appreciate the chronological occurrence of temperature peaks according to
the weather files. In a similar way, the simulation hourly results are plotted in Figure 6,
following the BS EN 15251 standard for naturally ventilated office buildings with a +4K width
comfort band. Following the established standard limits, everything that falls outside the
upper comfort limits is considered as overheating despite the distance from the upper
comfort limit. It is possible to appreciate in the results that the buildings located in tropical
locations suffered only occasional overheating while the ones in subtropical climates
experienced both overheating and underheating., In Table 1, it is possible to appreciate the
percentages of comfort and overheating corresponding to the simulation results of Figure 6.
With the purpose of focusing only in the overheating analysis, underheated periods will be
excluded from examination.
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Following the methodology proposed, the simulation results were distributed across the
different criteria. The data of each criterion was interpreted in the following way:

Criterion 0, hours >0.1°K but <1°K: the total amount of hours where overheating is
occurring but still imperceptible to the human body. This step provides a sensible
representation of how prone to overheating a building might be, even when it does
not necessarily represent a problem or require a solution, a high number means that
in a particularly hot season, the building is in danger of displaying a constant
overheating problem that will escalate further.

Criterion 1, hours >1°K but <2°K: the total amount of hours where temperature is one
whole degree above comfort but less than two. This number of hours represent the
total time outside the comfort limit, where overheating can be perceived by sensitive
users, but not necessarily indicate an overheating problem since the temperature rise
is only 1°K. Yet, not all that time can be accounted for as effective time overheated
since it depends on the sensitivity of the occupants. This is where thermal stress
begins to be present and one single adaptive opportunity can be highly effective
against thermal stress. It can be summarized as the possibility of changing the

surrounding environment by, for example, access to cold drinks, airflow improvement
or clothing adjustments.

Criterion 2, hours >2°K but <3°K: the total amount of hours where temperature is two
degrees or more above comfort but less than three. This is where thermal stress is
already present and something should be done in order to regain comfort. These are
the number of hours where access to more than one passive opportunity would be

psychologically relieving since the effect of multiple passive opportunities can be
accumulative.

Criterion 3, hours >3°K but <4°K: the total amount of hours where temperature is three
degrees or more above comfort but less than four. At this distance from the upper
comfort limit, thermal stress is a problem for occupants and depending on the context
and the subjects, it may not be possible to be endured for long periods without
experiencing discomfort and performance reduction. During short periods of
exposure, multiple adaptive opportunities can be relieving and efficient against
thermal stress, but they can be rendered useless if overheating persist for longer
periods.

Criterion 4. hours >4°K: the total amount of hours where temperature is four degrees
or more above comfort. This means that there are at least 8 °K or the same length of
the comfort band between the current temperature and thermal neutrality.
Overheating is occurring, and depending on the subjects and the context, it might not
be possible to be endured, human performance is decreased, and physiological
manifestations of thermal stress will be present. This condition should be avoided in
all possible cases, the access of passive strategies can be helpful to provide
psychological relief and decrease the thermal stress, although they may not increase
the human performance of the users.
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In figures 7 to 9 overheating hours in the simulation results of every location are plotted
according to the criteria. The yearly accumulative count in Figure 7, the yearly percentage of
time overheated in figure 8, and in Figure 9 the distribution of the intensity of overheating
according to each of the criteria within total overheating time, or in other words, out of the
total overheated time, what percentage of it corresponds to each of the criteria.

It is possible to appreciate that, while Jakarta performs best among tropical locations
remaining 96.55% of the time in comfort, Cancun has the lowest percentage of time in
comfort (92.99%). However, none of the three tropical locations (Cancun, Lagos or Jakarta)
presents a persistent or threatening overheating problem since none them show hours above
3°K or 4°K. Jakarta and Lagos have only 3 hours of discomfort above 2°K during a year, which
is perfectly manageable with adaptive opportunities, and even when Cancun has 31 hours of
discomfort above 2°K, it only represent the 0.35% of time during a year, which is as well still
manageable with adaptive opportunities. Infigure 10itis possible to see the concurrence and
intensity throughout the year of these overheating events.

Speaking about sub-tropical locations, it is possible to appreciate that Sao Paulo is the
best performing sub-tropical location, remaining 91.55% of the time in comfort with a 0.65%
of time overheated, while New Delhi has the lowest percentage of time in comfort with a
78.14% of time and a 17.53% of time overheated, and Cairoin the middle of the two with a
83.49% of time in comfort and 7.59% of time overheated. It is possible to say that Sao Paulo
does not have an overheating problem of any kind since all its numbers in every criteria are
low and the very few it has, are mainly in criterion 0 and 1. In the case of Cairo, despite of the
high number of overheating hours within criterion 0 and 1, these are fully manageable
through adaptive opportunities, and the 12 hours during the year corresponding to
overheating hours >2°K, can be considered quite insignificantin a broader perspective since
the overheating does not escalate any further, as it is shown in Figure 10. In the case of New
Delhi, even when the graphs may apparently indicate the contrary, it does not necessary have
a significative overheating problem, the numbers of the criterion 0 and criterion 1 does not
necessarily representa constant problem during the year since they can be manageable with
adaptive opportunities. The numbers of the last 3 criterions do represent a recurrent
problem, but given the amount of hours or percentage of time, it can be argued that they are
manageable events spread during the year, in the number of hours above 2°K limitor criterion
2 is translated as 32.5°C, meaning that temperature has escalated that for 2.25% of the
occupancy time. And .6% of the time 33.5°C or 52 hours, and 0.10% of the time 34.5°C or 8
hours, the original CIBSE TM-52 (CIBSE, 2013) suggest that a non-domestic building can be
safely free-running or naturally ventilated if temperature never exceeds a maximum of 4°K
and the 1°K limit is not exceed for more than 3% of occupancy time during the hottest 5
months of the year, even when these limits where drawn for buildings in the UK and the
building in New Delhi would fail to pass these, and all the criteria in the CIBSE TM-52. People
in New Delhi would still be occupying and using the building, and they would only consider
having arecurrent overheating problem during the months of Mayand June when is frequent.
(Mishra and Ramgopal, 2015).
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Figure 10. Yearly distribution of overheating hours and their distance to thermal neutrality

4. Conclusions

This method provides a novel approach to visualize and understand overheating hours. The
first three criteria prove useful sensible information regarding what could be interpreted as
"the beginning of overheating", where adaptive opportunities are highly effective as means
to remain in comfort and address thermal stress. The fourth criterion represents the
theoretical limit of overheating for sensible subjects, while the fifth criterion could be
interpreted as the beginning of unbearable temperatures. Nevertheless, further research
needs to be conducted specifically focused in every location to establish the possible
overheating limits in a clear and exact way according to the specifics of the users, since this

methodology is case-sensitive.

1. References

Carlucci, S. et al. (2018) ‘Review of adaptive thermal comfort models in built environmental regulatory
documents’,  Building and  Environment. Elsevier, 137(February), pp. 73-89. doi
10.1016/j.buildenv.2018.03.053.

Chen, D. and Chen, H. W. (2013) ‘Using the Koppen classification to quantify climate variation and change: An
example for 1901-2010’, Environmental Development, 6(1), pp. 69-79. doi:
10.1016/j.envdev.2013.03.007.

CIBSE (2013) ‘The limits of thermal comfort : avoiding overheating in European buildings’, CIBSE Tm52, pp. 1-
25.doi: 10.1017/CB09781107415324.004.

Fanger, P. O. (1972) Thermal comfort: analysis and applications in environmental engineering. New York:
McGraw-Hill.

Gomez-Azpeitia, G. et al. (2012) ‘Extreme adaptation to extreme environments: case study of hot dry, hot sub-
humid, and hot humid climates in Mexico’, Proceedings of the 7th Windsor Conference: The Changing
Context of Comfort in an Unpredictable World., 8(8), pp. 12—15.doi: 10.17265/1934-7359/2014.08.001.

Humphreys, M. A. and Nicol, J. F. (2002) ‘Adaptive thermal comfort and sustainable thermal standards for
buildings’, Energy and Buildings, 34(6), pp. 563—-572.doi: 10.1016/5S0378-7788(02)00006-3.

Humphreys, M. A, Rijal, H. B. and Nicol, J. F. (2013) ‘Updating the adaptive relation between climate and comfort
indoors; new insights and an extended database’, Building and Environment. doi:
10.1016/j.buildenv.2013.01.024.

108



IPCC (2013) Climate Change 2013 The Physical Science Basis Working, Intergovernmental Panel on Climate
Change. doi: 10.1080/03736245.2010.480842.

Lee, D. H. K. and Givoni, B. (1971) Man, Climate, and Architecture, Geographical Review. doi: 10.2307/214009.

Mishra, A. K. and Ramgopal, M. (2015) ‘An adaptive thermal comfort model for the tropical climatic regions of
India (K6ppen climate type A)’, Building and Environment. Elsevier Ltd, 85, pp. 134-143. doi:
10.1016/j.buildenv.2014.12.006.

Nicol, F. (2017) ‘Temperature and adaptive comfort in heated, cooled and free-running dwellings’, Building
Research and Information. Taylor & Francis, 45(7), pp. 730-744.doi: 10.1080/09613218.2017.1283922.

Nicol, F., Humphreys, M. and Roaf, S. (2012) Adaptive Thermal Comfort, Principles and Practice. London:
Routledge.

Oropeza-perez, |. (2019) ‘The Influence of an Integrated Driving on the Performance of Different Passive Heating
and Cooling Methods for Buildings’.

Szokolay, S. V. (2008) Introduction to architectural science: the basis of sustainable design, Architecural Press.
Elsevier. doi: 10.1016/j.jacr.2010.08.020.

Taslim, S., Parapari, D. M. and Shafaghat, A. (2015) ‘Urban design guidelines to mitigate urban heat island (UHI)
effects in hot-dry cities’, Jurnal Teknologi, 74(4), pp. 119-124.doi: 10.11113/jt.v74.4619.

Vellei, M. et al. (2017) ‘The influence of relative humidity on adaptive thermal comfort’, Building and
Environment. Elsevier Ltd, 124, pp. 171-185.doi: 10.1016/j.buildenv.2017.08.005.

Walsh, A., Céstola, D. and Labaki, L. C. (2017) ‘Review of methods for climatic zoning for building energy
efficiency programs’, Building and Environment, 112, pp. 337-350.doi: 10.1016/j.buildenv.2016.11.046.

de Wilde, P. and Coley, D. (2012) ‘The implications of a changing climate for buildings’, Building and Environment,
55, pp. 1-7. doi: 10.1016/j.buildenv.2012.03.014.

109



VYV VY Y ) WINDSOR 2020

The Future of Thermal Comfort in a Warming World

Abdulla Alnuaimi! and Sukumar Natarajan?
L University of Bath, UK, Department of Architecture & Civil Engineering

Abstract:

Building cooling energy demand in the warmer climates of the world is increasing due to population growth and
built environment expansion. Currently, cooling energy demand is increasing at a rate of 8% per annum, and this
is projected to increase more rapidly with global warming. However, much of this demand is driven by
unsustainably low indoor building temperature set points, that are also fundamentally seen as undesirable by
most building occupants. In this study, we examine the effect of this “overcooling” in a changing climate using
data from Qatar as a case study of a location with high average and peak external temperatures. Field data from
4 buildings in public and private settings demonstrate that cold discomfort is about 20 percentage points higher
than warm discomfort due to excessive air-conditioning. Computer energy simulations using morphed future
weather data and the extrapolated effect of observed low internal building temperatures, demonstrate that
overcooling exacerbates the effect of a warming world by 16 percentage points. In other words, the use of more
climatically appropriate thermal comfort standards that avoid unnecessary overcooling could reduce 28% of
global carbon emissions in a future warmed world. As anecdotal evidence of excessive cooling in other warm
climates demonstrates that the effects of overcooling are true, the reduction of building overcooling results in
a greater achievement of thermal comfort, a decrease in cooling energy consumption, and a decline in carbon
emissions across the warm climates of the world.

Keywords: Thermal Comfort, Warm Climates, Overcooling, Building Energy, Space Cooling

110



1 Introduction

1.1 Environmental Crisis

Environmental degradation is the negative change of the environment through actions that
result in an undesirable environmental change, which is caused by actions such as the
pollution, destruction, and depletion of the natural resources (UNEP, 2007). The rate at which
the environment has been deteriorating is increasing yearly. Negative impacts such as climate
change, global pollution, and the loss of biodiversity are linked to environmental degradation
(Stocker et al., 2013). Current biodiversity loss is a thousand times larger than the natural
level. The documented loss is roughly three quarters of wild animals and half of plant life as
a result of habitat destruction and over-usage of natural resources (Stocker et al., 2013).
Increased air, land and sea contamination is observed globally as a result of pollution. The
increase in pollution has led to larger occurrences of diseases, allergies, and in some cases
death (l. C. Change, 2014). The current change in the climate is correlated with endangering
environmental phenomena such as increased precipitation changes, rising sea levels, and
global warming. Researchers explain that the current trend in climate change is a direct result
of the increase of greenhouse gas production such as carbon dioxide, which has increased
40% within the last century and a half (I. C. Change, 2014).

1.2 Human Population and Built Environment Expansion

The human population globally is experiencing rapid growth facilitated by advances in health
care, food production, material manufacturing, transportation, and construction. The rapid
population growth and the shift from a rural to urbanized life contributes to the large built
environment expansion. As a result of the growing urbanized human lifestyle, human-made
carbon emissions increase yearly resulting in global warming (UN, 2011). By 2050, the urban
population is estimated at 85% for developed regions and 60% for developing regions (Stocker
et al., 2013).

1.3 Global warming

Global warming is the gradual rise in the average surface temperature of the Earth’s climate
system. Global warming is a key aspect of climate change, as it has been observed by direct
temperature measurements. Climate change and global warming are terms that are
frequently used interchangeably (I. C. Change, 2014). The increase in global surface
temperatures and its forecasted continuation that is caused by human-made greenhouse gas
emissions is considered as global warming, while climate change involves both global
warming and its impacts, such as shifts in precipitation. Greenhouse gases such as methane,
nitrous oxide, and most importantly carbon dioxide are concluded to influence global
warming directly. Simulated climatic modelling projects an increase in global surface
temperature by a lower 1.5°C or a higher 4.5°C, depending on the growth rate of greenhouse
gas emissions (Stocker et al., 2013).

1.4 Energy Consumption and Cooling

More than half of the global population lives in urban built environments. The built
environment accounts for the consumption of roughly 40% of the total energy produced
primarily from non-renewable energy sources (EIA, 2019). The non-renewable energy focused
consumption generates about a third of global carbon emissions (Stocker et al., 2013) (IEA,
2018).

In the built environment, space conditioning is a significant energy use sector about 16%
globally (IEA, 2018). Space cooling is the largest end-use of energy consumption in warm
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climates, consumption as high as 40% of the building energy could be used for space cooling,
(IEA, 2018). Space cooling energy demand globally is projected to triple by 2050 (IEA, 2018).
As the largest expansion of the built environment will be in inherently warmer climate
developing regions. Space cooling energy demand in warmer climatic regions will witness the
greatest increase. As space cooling is a means of establishing habitable built environments,
understanding space cooling and the associated energy consumption through thermal
comfort in a warming world presents the opportunities for its optimization.
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2 Background

2.1 Measuring Thermal Comfort

Thermal comfort is a significant component of building design in the context of the built
environment. Thermal comfort impacts building occupant satisfaction and energy demands.
Standards exist for achieving and maintaining thermal comfort throughout the built
environment. The International Organization for Standardization (1SO) 7730 (ISO, 2005), the
ASHRAE Standard 55 (ASHRAE, 2010), the European Standard (EN) 15251 (CEN, 2007), and
the CIBSE (The Chartered Institution of Building Services Engineers) Environmental Design
Guide (CIBSE, 2015) are examples of entities that address the guidelines and regulations of
thermal comfort in the built environment. Assessing thermal comfort involves the
combination and evaluation of physical and subjective metrics. The physical metrics evaluate
the thermal environment of a space. Physical parameters such as the air temperature, the
mean radiant temperature, the air velocity, the relative humidity, the occupant clothing
insulation value, and the metabolic rate, are considered in assessing the thermal comfort
within a building (ASHRAE, 2010; CEN, 2007; CIBSE, 2015; I1SO, 2005). Additionally, the thermal
sensation and preference votes are subjective metrics for assessing thermal comfort within a
building. Thermal comfort models such as the predicted mean vote attempt to identify the
thermal sensation of a building's occupant through evaluating physical parameters (ASHRAE,
2010; CEN, 2007; CIBSE, 2015; Fanger, 1970; ISO, 2005; Toftum & Ole Fanger, 2002). Assessing
thermal comfort in principle depends on assessing subjective thermal comfort metrics such
as the thermal sensation and preference vote through occupant responses or calculations.

In thermal comfort studies, subjectively assessing building occupant’s thermal sensation in
each environment involves gathering the thermal sensation vote given by occupant
responses. The thermal sensation vote as a metric most accurately describes the occupant’s
thermal sensation response as it takes into consideration any prejudices based upon age, sex,
body mass, metabolic rate, clothing, and thermal adaptation (ASHRAE, 2010; CEN, 2007; ISO,
2005). The thermal sensation vote is most commonly gathered on a seven-point thermal scale
from cold (-3) to hot (+3) (ASHRAE, 2010; CEN, 2007; ISO, 2005). In addition, a subjective
metric like the thermal sensation vote is the thermal preference vote. The thermal preference
vote assesses the occupant’s thermal preference by indicating the desire to be warmer,
cooler, or to have no change. The thermal preference vote conveys an accurate description
of the occupant’s thermal preference as it directly indicates their thermal preference in the
given environment. The thermal preference vote is gathered on a preference scale of warmer,
cooler, and a no-change (ASHRAE, 2010; CEN, 2007; I1SO, 2005). The thermal sensation
gathers the building occupant’s response on a thermal scale. The thermal preference vote can
either represent a desire of cooler, warmer, or no change either aligning with the thermal
sensation vote or not. The agreement of both the thermal sensation and preference vote on
either the cold or hot thermal discomfort identifies the occupant’s thermal attitude towards
a given space.

2.2 Comfort Temperature

Evaluating a groups’ thermal sensation votes in relation to the existing internal temperature
through the Griffiths method can establish the proposed comfort temperature for that group
(Baker & Standeven, 1997; Griffiths, 1990; Humphreys, 1998; F Nicol et al., 1994; Fergus Nicol
& Roaf, 1996; Oseland et al.,, 1998). The Griffiths method assumes that the comfort
temperature represents a neutral vote (0) on a thermal scale. The relationship between the
comfort temperature on a thermal sensation scale in relation to the internal temperatures is
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represented by a coefficient in the Griffiths method (Griffiths, 1990). The Griffiths coefficient
is identified as the Griffiths constant with the values for the constants generally applied being
0.25, 0.33 and 0.50 (F Nicol et al., 1994; Rijal et al., 2010). The size of the group of votes and
the Griffiths constant affect the accuracy of the evaluated comfort temperature. Thermal
comfort studies evaluate the comfort temperatures by employing several Griffiths constants
(Bouden & Ghrab, 2005; Indraganti, 2010; F Nicol et al., 1994; Rijal et al., 2010).

2.3 Energy Performance Simulation

EnergyPlus is a software that simulates whole building performance through building systems
operations and thermal equations in an energy model under given parameters. EnergyPlus
facilitates the manipulation of parameters such as the building schedule, the envelope of the
building, the systems for space conditioning, etc. Through these manipulations, EnergyPlus
allows for the evaluation and optimization of the performance of buildings (Crawley et al.,
2000). Additional parameters are constants in the energy simulations as effects of the
environment, such as climatic conditions included in simulations as weather data (Crawley et
al., 2000). In the building energy simulations, weather data are common parameters. Weather
data files contain for an annual period, hourly combined weather trend data (Crawley, 1998).
To correctly evaluate the associated building energy demand for maintaining habitable
building conditions the weather data reflects the existing climatic conditions in the energy
model.

Global warming presents a change in the climatic conditions resulting in changes in building
energy demand. With the change of the climate, space conditioning demands in either cooling
or heating can be significantly altered. To assess future impacts on energy demand in the built
environment the morphing method of current weather data to suggest future climatic
conditions based on carbon emission data is applied (Belcher et al., 2005). The morphing
method joins the existing weather data with global emission scenarios to reflect the average
weather in the future while maintaining the existing weather patterns from the source
weather data. The morphing method results in morphed weather data that are considered in
building thermal simulations of future climatic conditions (Belcher et al., 2005).
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3 Methods

The field study conducted collected thermal comfort data in Doha through field visits of
various buildings. Buildings were selected that represent a large office working environment
which range from private to public organizations. The timing of the field data collection was
scheduled during the summer of 2019 as the summer periods within warmer climates heavily
rely on active cooling systems to offset the heat. Data collection started on June 14™ and
ended on August 20%™ of 2019, with a total of 4 visits to 4 buildings during this period.

Qualitative metrics such as the thermal sensation vote and the thermal preference vote were
collected in questionnaires. The questionnaires collected were presented to the occupants in
an English and Arabic format. Explanations of the data collection and procedures of input
were made available upon the beginning of the data collection. Consent of the building’s
occupant was acquired for their participation.

A questionnaire incorporating standardized thermal comfort questions found in ISO 7730 was
used for collecting occupant responses. The questionnaire was made anonymous for the
occupants to maintain anonymous responses. Additionally, the questionnaire established the
use of a continuous scale on several thermal comfort questions. The distribution of the
questionnaire was made to occupants of the building that have been in a prolonged seated
position to ensure a stable metabolic level that corresponds to seating.

The environmental parameters collected within the field study were the air temperature,
mean radiant temperature, relative humidity, and air velocity. The environmental parameters
are measured using calibrated thermal environment measurement sensors which conform to
ISO 7730. The air temperature and relative humidity measurements are collected using the
Swema HC2A-S air humidity probe, mean radiant temperature measurements are collected
using the Swema 05 767370 globe temperature sensor, and the air velocity measurements
are collected using the Swema 03 767360 anemometer. The measurements of the
environmental parameters are taken as spot readings at the desk of each building occupants’
workplace. This is conducted for each occupant that is included in the study. In addition, to
the physical measurement, a note of the time, date, building setpoint temperature, and
external weather conditions are made. Further, images are captured of any observable
indications of excessive cooling in additive clothing or alteration to cooling system equipment.

3.1 Establishing the Thermal Discomfort Classifications

Combining warm or cool thermal discomfort votes in the thermal sensation and preference
vote metrics establishes the thermal discomfort classification. The location of the thermal
sensation vote on a seven-point thermal scale describes the votes discomfort. A thermal
sensation vote above (+1) is warm thermal discomfort, below (-1) is cool thermal discomfort,
and in between represents neutral thermal comfort. Additionally, the identification of the
thermal preference vote on a thermal preference scale describes the vote's discomfort. A
thermal preference vote of cooler is warm thermal discomfort, a vote of warmer is cool
thermal discomfort, and a vote of no change represents neutral thermal comfort. The
combination of both the warm thermal discomfort occurrences in the thermal sensation and
preference votes account for a definite warm thermal discomfort classification as identified
by the occupant. In addition, the combination of both the cool thermal discomfort
occurrences in the thermal sensation and preference votes account for a definite cool thermal
discomfort classification as identified by the occupant. For each study, the warm and cool
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thermal discomfort classifications are evaluated for the definite combinations ignoring
periphery and contradicting combinations.

3.2 Establishing the Thermal Discomfort Distributions

The warm and cool thermal discomfort distributions within a given building are evaluated by
accounting for the warm and cool thermal discomfort classification percentages in each
building respectively. Calculating the warm thermal discomfort distribution percentage
involves accounting for all responses that are classified as a warm thermal discomfort against
the total responses in the study. Moreover, calculating the cool thermal discomfort
distribution percentage involves accounting for all responses that are classified as a cool
thermal discomfort against the total responses in that study. For each building, the warm and
cool thermal discomfort distributions are calculated.

3.3 Comfort Temperature Calculations

The Griffiths method is used to evaluate the proposed comfort temperature for each building
using equation (1) (Griffiths, 1990; F Nicol et al., 1994).

Tcg=Tg+(0-TSV)/G (2)

The evaluated comfort temperatures Tcg 0.25, Tcg 0.33, and Tcg 0.50 are the comfort
temperature by Griffiths’ method (°C) with the associated Griffiths coefficient (G) respectively
(Griffiths, 1990). The Griffiths coefficient applied is 0.50 as it conforms with thermal comfort
research and represents the lowest comfort temperature (F Nicol et al., 1994; Rijal et al.,
2010). The internal temperatures are taken from Tg (°C). The thermal sensation vote (TSV) is
collected from each occupant's response.

3.4 Building Energy Simulations in Current and Morphed Climatic Conditions

Applying EnergyPlus as a whole building energy simulation program and the ANSI/ASHRAE/IES
standard 90.1 large office prototype building model, comparative simulations are conducted
(DOE, 2019). The ASHRAE climate zone variant of the ANSI/ASHRAE/IES standard 90.1 large
office prototype building model is selected for Doha based upon the classification in the
ASHRAE climate zone and subtype (DOE, 2018). Additionally, the weather data for Doha’s
climate is acquired from the ASHRAE weather data center (ASHRAE). The weather data is
imported from the data center in EnergyPlus Weather Format (EPW) in the simulation for
each model (Crawley, 1998). The comparison study is conducted by simulating the operation
of a building in Doha in the initial temperature conditions from the collected setpoint
temperatures and the proposed comfort temperature conditions by use of Griffiths method
rounded to the nearest 0.5°C. The application of the temperature conditions is through
creating different building cooling setpoint schedules. The schedule uses the initial
temperatures and the proposed comfort temperatures with a two-degree (°C) setback after
working hours for each building respectively. The buildings are simulated in the current
climatic conditions to represent the energy demand for both the initial and comfort
temperature schedules. The simulated building energy demand is calibrated to current
building energy use intensities for cooling demand and whole building energy demand
provided by the Qatar national energy provider’s calculated energy use intensity averages
(Kahramaa, 2014, 2017).

Comparing the simulations for the buildings represents the energy demand difference
between the two scenarios. Further, the same process is followed with the morphed climatic
conditions. Representing future climatic conditions to assess the projected energy demand
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requires the morphing of current weather data (Belcher et al., 2005) Current weather data in
an EnergyPlus Weather Format (EPW) is morphed based on emission projections to represent
the future climatic conditions in 2050 using the climate change world weather file generator
tool (CCWorldWeatherGen) (Jentsch et al., 2013). The (CCWorldWeatherGen) tool relates the
Intergovernmental Panel on Climate Change Third Assessment Report (IPCC TAR) model
summary data of the Hadley Centre Coupled Model version 3 (HadCM3) experiment (C.
Change, 2001) to generate the climatic conditions. This application facilitates the application
of the “morphed” weather data that represent the climatic conditions in 2050 in energy
simulations. Comparably, the comparison simulation in the morphed climatic conditions is
conducted by simulating the operation of the buildings in Doha in the initial temperature
conditions from the setpoint temperatures and the rounded comfort temperature conditions
by use of Griffiths method. Furthermore, The building energy demand difference between
the morphed and unmorphed scenarios are evaluated based upon the calibration of the
unmorphed simulations to known building energy use intensities in Qatar (Ayoub et al., 2014;
Kahramaa, 2014, 2017; Krarti et al., 2017).
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4 Results

4.1 Thermal Comfort Conditions in the Doha Built Environment

The buildings examined during the filed visit of Doha represent typical buildings in Qatar. All
buildings are actively cooled and heated through building centralized air conditioning systems
and maintain non-operable windows throughout as dust is an issue in desert climates. During
the data collection period from June 14" to August 20" of 2019, the average external
temperatures ranged from 42°C to 45°C as the high dry bulb temperature and from 39°C to
43 °C as the low dry bulb temperature (Table 1). The total occupant response collected was
165, 40 female responses and 125 male responses are included from the buildings surveyed
(Table 1). The average age of the building occupants was 38 years.

Table 1 Doha Buildings Study Summary

. High Low
study Name Code Occupants Occupants Average Day of Visit Setfomt Tdb Tdb
Surveyed Responses Age (°C) o o
() (°c)
Public BPU1 39 11 (F) 28 (M) 38 6/17/2019 22.0 42 39
Building 1 )
Public BPU2 36 24(F)12(M) | 39 | 7/17/2019 | 22.0 45 39
Building 2 )
Private
Building 1 BPR1 55 5 (F) 50 (M) 36 8/20/2019 23,5 43 39
Private
Building 2 BPR2 36 1(F) 35 (M) 48 7/15/2019 24.0 45 43

Observing the thermal comfort conditions in the Doha built environment identifies slight
variations in the public and private buildings (Table 2). The mean internal temperatures
recorded in the study are observed to be in range with the temperature setpoints with
minimal deviation (Table 1,2). In public buildings, the observed internal temperatures are
cooler than private buildings which is also observed in the average TSV and TPV values as
cooler votes. The PMV values for the buildings are in majority within acceptable ranges and
the PPD does not exceed 15% (Table 2). Clothing values recorded in the study are observed
to be in the range of 1.27 to 0.94 CLO with slight deviation (Table 2). As the study involved
seated occupants within office settings the assumed MET value is 1.20 (Table 2).

Table 2 Doha Buildings Study Thermal Comfort Summary

Study Name | Size | TSV | TPV | PMV | PPD | Ta(°C) | Tg(°C) Rh (%) | Av(m/s) | CLO | MET
BPU1 39 | -0.76 | -0.11 | 0.35 | 11.45 | 22.10 22.42 52.03 0.13 1.18 | 1.20
Std. Dev. 142 | 143 | 0.43 | 5.58 1.60 1.42 6.18 0.14 0.23 | 1.20
BPU2 36 | -1.31 | -0.16 | 0.24 9.03 21.65 21.47 58.22 0.20 1.27 | 1.20
Std. Dev. 140 | 1.27 | 038 | 2.74 0.31 0.20 4.73 0.21 0.31 | 1.20
BPR1 55 | -0.31 | 0.06 | 0.66 | 15.00 | 24.75 24.84 38.77 0.18 1.09 | 1.20
Std. Dev. 136 | 1.03 | 0.19 | 4.72 0.76 0.64 1.91 0.22 0.14 | 1.20
BPR2 36 | -0.67 | 0.15 | 0.31 | 9.61 | 23.74 24.02 43.64 0.12 0.94 | 1.20
Std. Dev. 1.06 | 0.90 | 0.35 4.43 0.86 0.81 2.07 0.09 0.25 | 1.20
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4.2 Thermal Discomfort Conditions in the Doha Built Environment

Observation of the thermal comfort conditions of the buildings in the Doha built environment
identifies several indications of excessive active building cooling. An elevated cool thermal
discomfort in contrast to warm thermal discomfort is observed in all buildings based on the
collected occupant responses. The elevated cool thermal discomfort percentage is greater in
public buildings compared to private buildings (Figure 1-8). Considering the highest evaluated
comfort temperatures by the Griffiths method, the suggest comfort temperatures evaluated
are on average higher from the building setpoint temperature by a range of 1.5-2 °C (Table
3). The PMV observed in the buildings predicts the thermal sensations to be on average in the
acceptable PMV range. However, the PMV illustrates higher thermal sensation in contrast to
the range of observed thermal sensation votes (Table 3).

Table 3 Public Building 1 Thermal Comfort Summary

Study Size | Item TSV | TPV | PMV | Ta(°C) | Tg(°C) | Tc 0.50 (°C) | Tc 0.33 (°C) | Tc 0.25 (°C)

39 Mean -0.76 | -0.11 | 0.35 22.60 | 22.42 23.95 24.74 25.48
Std. Dev. | 1.40 1.42 0.43 1.40 1.40 2.29 3.61 491

Max 3.00 2.40 0.93 24.67 | 25.63 28.47 31.56 34.47

Min -3.00 | -3.00 | -1.08 | 19.81 19.63 17.50 14.41 11.50

+ + =2
o
=) = - |

Figure 1, Thermal sensation vote, thermal preference vote, and predicted mean vote distribution on the seven-
point thermal scale for Public Building 1

50.0%

40.0% 36.1%
30.0%
20.0%
5.6%

B Cool Thermal Discomfort B Warm Thermal Discomfort

10.0%

0.0%

Figure 2, Percentage comparison of thermal discomfort based upon the combined thermals sensation and
preference metric for Public Building 1

119



Table 4 Public Building 2 Thermal Comfort Summary

Study Size Item TSV TPV | PMV | Ta(°C) | Tg (°C) | Tc 0.50 (°C) | Tc 0.33 (°C) | Tc 0.25 (°C)
36 Mean -1.31 | -0.16 | 0.24 | 21.65 | 21.47 24.09 25.45 26.72
Std. Dev. | 1.38 | 1.26 | 0.37 0.31 0.20 2.76 4.18 5.51
Max 3.00 | 2.00 | 0.65 | 22.71 | 21.89 27.77 30.86 33.77
Min -3.00 | -3.00 | -0.65 | 21.24 | 21.09 15.64 12,55 9.64
°
+ *
= a a

Figure 3, Thermal sensation vote, thermal preference vote, and predicted mean vote distribution on the seven-
point thermal scale for Public Building 2

50.0%
40.0%
30.8%
30.0%
20.0%
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B Cool Thermal Discomfort B Warm Thermal Discomfort

Figure 4, Percentage comparison of thermal discomfort based upon the combined thermals sensation and
preference metric for Public Building 2

Table 5 Private Building 1 Thermal Comfort Summary

Study Size Item TSV TPV PMV | Ta(°C) | Tg(°C) | Tc 0.50 (°C) | Tc 0.33 (°C) | Tc 0.25(°C)
55 Mean -0.31 0.06 0.66 2475 | 24.84 25.46 25.78 26.09
Std. Dev. | 1.35 | 1.02 | 0.19 0.75 0.63 2.76 4.12 5.42
Max 3.00 | 2.00 | 094 | 25.76 | 25.71 31.63 34.72 37.63
Min -3.00 | -2.00 | 0.08 | 23.64 | 23.98 18.40 15.31 12.40
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Figure 5, Thermal sensation vote, thermal preference vote, and predicted mean vote distribution on the seven-

point thermal scale for Private Building 1
50.0%
40.0%
30.0%

20.0% 14.5%

B Cool Thermal Discomfort B Warm Thermal Discomfort

Figure 6, Percentage comparison of thermal discomfort based upon the combined thermals sensation and

preference metric for Private Building 1

Table 6 Private Building 2 Thermal Comfort Summary

Study Size Item TSV TPV | PMV | Ta(°C) | Tg(°C) | Tc 0.50 (°C) | Tc 0.33 (°C) | Tc 0.25 (°C)
36 Mean -0.67 | 0.15 | 0.31 | 23.74 | 24.02 25.35 26.04 26.68
Std. Dev. | 1.05 | 0.89 | 0.35 0.85 0.80 2.26 3.29 4.29
Max 1.00 | 2.00 | 0.79 | 24.73 | 24.99 30.81 33.90 36.81
Min -3.00 | -2.00 | -0.31 | 22.34 | 22.30 21.41 20.48 19.61

we-

=l 2 O

Figure 7, Thermal sensation vote, thermal preference vote, and predicted mean vote distribution on the seven-

point thermal scale for Private Building 2
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Figure 8, Percentage comparison of thermal discomfort based upon the combined thermals sensation and
preference metric for Private Building 2

4.3 Unconventional Observations of Overcooling

Observing the thermal comfort conditions through thermal comfort metrics in the buildings
have identified hints of excessive cooling. In addition, unconventional evidence of excessive
cooling is observed during the field visits. Observed alterations of the cooling system
equipment are attempts by occupants to minimize the cooling in the offices they occupy.
Elements such as napkins, papers, and cardboard are used to reduced or block the cooler
airflow from the ducts (Figure 9).

Figure 9, Images of observed occupant alterations to building air cooling distribution systems

Also, additional garments and jackets are used frequently in the cold office setting as methods
of warming. These garments and jackets can be found in offices as if they are part of the
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permanent office fixtures. Further, the garments would also remain in the offices and not be
taken home later once the occupant left the office at the end of the day (Figure 10).

Iy
f WERTE ) A

Figure 10, Images of occupant’s garments in offices as additional insulation for warming when needed

Discussions with the building occupants during the field visits have noted accounts of
behavioural adjustments as measures of gaining heat in the cold environment. Occupants
resort to taking several breaks throughout the workday outside the building to heat their
bodies. In addition, occupants have stated relying on hot beverages to keep warm.

4.4 Current and Morphed Climatic Conditions

Observing the current and morphed climatic conditions of Doha depicts the climatic warming
in 2050. The current climatic conditions of Doha represent an average external temperature
ranging from 35.5 - 37.0 °C during the summer season and 18.1 — 25.9 °C during the winter
season (Table 7). The relative humidity follows an opposite pattern of higher humidity range
from 59.5 — 69.0 % during the winter season and lower humidity range from 30.2 —50.3 % in
the summer season (Table 7). As Doha is a desert climate, precipitation is minimum
throughout the year increasing slightly in the winter monsoon season (Table 7).
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Table 7 Doha Current Monthly Climatic Conditions

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
Dry Bulb Temperatures [°C] | 18.1 | 19.1 | 23.5 | 28.1 | 33.3 | 35.5 | 37.0 | 36.1 | 34.1 | 30.8 | 25.9 | 20.7
Relative Humidity [%] 62.0 | 69.0 | 55.2 | 45.3 | 40.2 | 30.2 | 47.5 | 50.3 | 60.2 | 59.3 | 65.5 | 59.5
Air Velocity [m/s] 35 (40 | 3.8 | 39 | 41 52 | 41 | 40 | 23 | 29 | 33 | 34
Precipitation [mm)] 00 (21.0|220|130| 00 | 0.0 | OO | OO | 0.0 | 0.0 | 43.0| 0.0
DOHA CURRENT
80.0
70.0 69.0
- 65.5
c00 620 \ 602—s503” 595
55.2
50.0 - 47.5—503
40.0 ~40. / 70 43.0
><35. U=36.1—
33.3 34.1
300 2817 30.2 3038
§§ 5/ ’ 25.9
. " N
200 40,339 20.7
10.0 13.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0.0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
— =—Dry Bulb Temperatures [°C] == ==Relative Humidity [%] Wind Speed [m/s] == ==Precipitation [mm]

The morphed climatic conditions of Doha illustrate an increase in the average external
temperatures ranging from 35.8 - 39.9 °C during the summer season depicting an average
increase in temperature by 2.70 °C from the current conditions. The winter season
temperatures range from 20.4 — 28.5 °C during the winter season depicting an average
increase in temperature by 2.45 °C from the current conditions (Table 8). The relative
humidity follows a similar opposite pattern of higher humidity during the winter season and
lower humidity in the summer season with an average of 2 % decrease in relative humidity as
temperatures are higher throughout the year and can hold more moisture (Table 8).
Moreover, precipitation is minimum throughout the year increasing slightly during the
monsoon season (Table 8).
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Table 8 Doha Morphed Monthly Climatic Conditions

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
Dry Bulb Temperatures [°C] | 20.4 | 21.2 | 25.6 | 30.2 | 35.8 | 38.4 | 39.9 | 39.3 | 37.1 | 33.5 | 28.5 | 23.0
Relative Humidity [%] 59.9 | 68.0 | 54.2 | 44.3 | 39.3 | 28.3 | 46.6 | 49.3 | 58.1 | 57.4 | 62.4 | 56.3
Air Velocity [m/s] 36 (| 40 | 38 | 40 | 41 | 51 | 39 | 37 |23 |29 | 33 | 34
Precipitation [mm)] 00 (00 00| 00| 00| 00| 00| 00 00| O00]) 00| 00
DOHA 2050
80.0
70.0 /68.0
62.4
600  59.9 \ 58.1——57.47 e
54.2 .
50.0 49.3
—
24.3 46.6
40.0 O—
gg.s 38.4—439.9 39.3\37.1\
— ] 33.5
30.0 30.2 ~
— 28.3 28.5,
—26 230
20.0 - 20.4——21.2 '
10.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
— =—Dry Bulb Temperatures [°C] == ==Relative Humidity [%] Wind Speed [m/s] == ==Precipitation [mm]

4.5 Energy Consumption in Warm and Warmer Conditions
Examining the simulated energy use for the initial setpoint temperature scenario results in an
average energy use intensity of 127.7 KWh/m? for the total building energy demand and
roughly 38.3 KWh/m? for a 30% cooling energy demand (Table 9). Qatar’s national energy
provider Kahrama’s annual energy statistics report states an average energy use intensity of
131.9 KWh/m? for typical office buildings (Kahramaa, 2014, 2017). In addition, the U.S.
Department of Energy (DOE) Standard Benchmark Energy Utilization Index states an average
of 115.6 KWh/m? for office buildings within the 1A, 2A, and 2B ASHRAE climate zones. The
difference between the simulated energy use for the initial setpoint temperature scenarios
and the Qatar and DOE averages for office buildings is below 10%. The proximity of the
simulated energy use to measured averages validates the energy models for further

comparisons.
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Table 9 Doha Buildings Energy End-Use Summary in Current Climatic Conditions

Building Qatar Qatar | USDOE | USDOE | USDOE
Designation BPU1 BPU2 BPR1 BPR2 2014 2017 1A 2A 2B
Average Total
Energy Use 133.8 133.8 123.0 120.1 135.3 128.5 113.5 119.8 113.5
(KWh/m2)
Average

Cooling

Energy Use
(KWh/m2)

40.1 40.1 36.9 36.0 40.6 38.6 34.1 35.9 34.1

Observing the simulated energy demand for the initial and comfort temperature scenarios in
both current and morphed climatic conditions of Doha represents the current and projected
energy impact of excessive building cooling in Doha. The average cooling energy end-use for
the buildings in current climatic conditions is 284.4 MWh accounting for an average of 44.6 %
of the total energy demand (Table 10).

Table 10 Doha Buildings Energy End-Use Summary in Current Climatic Conditions

BPU1 BPU2 BPR1 BPR2

Energy End Energy Portion Energy Portion Energy Portion Energy Portion
Use (MWh) (%) (MWh) (%) (MWh) (%) (MWh) (%)
Heating 63| 0.95% 63| 0.95% 09| 0.15% 06| 0.09%
Cooling 306.0 | 45.90% 306.0 | 45.90% 268.6 | 43.82% 257.0 | 42.96%
—
LT;::::; 83.7 | 12.55% 83.7 | 12.55% 83.7 | 13.65% 83.7 | 13.99%
Ei";:tri':; 125 | 1.88% 125 | 1.88% 125 |  2.05% 12.5 2.10%

. - . 0 - . 0 o . 0 . . 0
'Er:i'::em 208.4 | 31.25% 208.4 | 31.25% 208.4 | 33.99% 208.4 | 34.83%
o

. . o 0 . o 0 . . (1] . . 0
E:tj':;rent 33| 0.49% 33| 0.49% 33| 0.53% 33| 0.55%
Fans 466 | 6.98% 466 | 6.98% 356 | 5.80% 328 | 5.48%
Pumps 00| 0.01% 00| 0.01% 00| 0.01% 00| 0.01%
LZZ' End 666.8 666.8 613.0 598.2

Comparing the initial and comfort temperature building cooling scenarios illustrates an
increase in energy demand on average by 16.1% with the associated average of 2.0 °Cincrease
in internal temperature (Table 11). In addition, the average increase in the internal
temperature by 1.5 °Cis associated with a 12.6% increase in energy demand for cooling (Table
11).
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Table 11 Doha Buildings Initial and Comfort Temperature Cooling Energy Demands in
Current Climatic Conditions

Initial Temperature Comfort Temperature Difference
Temp:-zrature Energy Temp:erature Energy Temp:erature Energy Change (%)
(°C) (Mwh) (°C) (Mwh) (°C) (Mwh)
BPU1 22.0 306.0 24.0 257.0 2.0 49 16.01%
BPU2 22.0 306.0 24.0 257.0 2.0 49 16.01%
BPR1 23.5 268.6 25.5 224.6 2.0 a4 16.38%
BPR2 24.0 257.0 25.5 224.6 1.5 324 12.61%

In morphed climatic conditions, comparing the initial and comfort temperature scenarios
represent an average energy demand increase by 14.5% associated with an average of 2.0 °C
increase in internal temperature (Table 12). Additionally, the increase in the internal
temperature by 1.5 °C is associated with an energy demand increase by 11.4% for cooling
(Table 12).

Table 12 Doha Buildings Initial and Comfort Temperature Cooling Energy Demands in
Morphed Climatic Conditions

Initial Temperature Comfort Temperature Difference
Temp:erature Energy Temp:erature Energy Temp:arature Energy Change (%)
(°Q) (MWh) (°Q) (MWh) (°) (MWh)
BPU1 22.0 386.6 24.0 331.1 2.0 55.5 14.36%
BPU2 22.0 386.6 24.0 331.1 2.0 55.5 14.36%
BPR1 235 344.3 255 293.1 2.0 51.2 14.87%
BPR2 24.0 331.1 25.5 293.1 1.5 38 11.48%

Comparing the initial temperature scenarios in current and morphed climatic conditions
represent an average cooling energy demand increase by 27.4% associated with the warming

of the climate alone (Table 13).

Table 13 Doha Buildings Initial Temperature Cooling Energy Demands in Current and

Morphed Climatic Conditions

Current Climate Morphed Climate Difference
Temp:erature Energy Tempoerature Energy Temp:erature Energy Change (%)
(°Q) (Mwh) (°) (Mwh) (°Q) (Mwh)
BPU1 22.0 306.0 22.0 386.6 0 80.6 26.34%
BPU2 22.0 306.0 22.0 386.6 0 80.6 26.34%
BPR1 235 268.6 23.5 344.3 0 75.7 28.18%
BPR2 24.0 257.0 24.0 331.1 0 74.1 28.83%
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5 Discussion

Through the collection of the thermal sensation vote and the thermal preference votes, it is
observed that the thermal sensation and preference vote depict an elevated cold thermal
discomfort level in the buildings surveyed. These are indications of the occupants
representing a cold thermal discomfort through the physical manipulation of the
environment. In addition, Elevated levels of excessive cooling are apparent through the
occupant’s clothing and manipulation of the cooling systems within the buildings. This result
aligns the findings in the questionnaire to the occupant’s manipulation of the environment to
maintain a warm body temperature in additive clothing and cooling system alterations.

The comfort temperatures found for the selected buildings all represented internal
temperatures that are higher than the observed internal temperatures. This is an initial
indication that occupants prefer warming internal temperatures. Additionally, the observed
cooler thermal discomfort votes in the thermal sensation and preference metric align with
the notion of a cold internal building temperature. Further, the observation of increased
cooling is the underlying logic for the ongoing cultural conversations around occupants being
cold in their workspaces. The increased level of cold thermal discomfort is associated with an
excessive cooling of the building located within the warm climate of Doha. As the climate of
Doha is a warm climate the only means of cooling is from active systems, therefore the
excessive cold thermal discomfort is a result of resource use in a form of energy. Considering
the increased warming phenomena of the globe, warmer temperatures imposed on buildings
will increase resulting in additional energy use to cool the building. The current wasteful use
of energy in overcooling buildings in the warm climate of Doha consumes as much energy as
predicted by the effect of global warming alone. The understanding of cooling in the
expanding warm climate built environment is considered relativity recent and requires
additional research.

As the majority of developed regions are concentrated in heat demanding cooler regions, cool
demanding warmer climates have been historically overlooked. There exists a shortage in
complete current thermal comfort studies within warmer climates. Further research
representing current space cooling culture is called for as current urbanization trends within
developing warm climate regions are expected to significantly increase the issues of
overcooling. In addition to being the largest sector of energy consumption within warm
climate built environments, space cooling is likewise the fastest growing. Research around
global space cooling projects a significant increase in future cooling demand. This increase is
linked to population growth, the built environment expansion, and the increase in the
availability and affordability of space cooling systems. Without a proper interpretation of
overcooling within the built environment, attempts in its reduction would be unfeasible.
Unresolved, overcooling will result in increased building occupant thermal discomfort and
contribute to developing regions' energy consumption, considerably increasing its associated
environmental degradation.
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6 Conclusion

A field study is conducted in buildings of Doha to understand the thermal comfort conditions
that exist within them. Elevated levels of cold thermal discomfort are observed through
physical observations and collected occupant responses. Observing physical manipulations
made by the occupants to keep warm to the environment highlights the excessive cooling
within the building. Using the combined thermal sensation and preference metric, increased
building overcooling in Doha are observed. The impact of overcooling on energy is estimated
to be significant as the majority of the built environment expansion will see a focus in warmer
climates where cooling demand is greater. In a warming world, global warming and the built
environment expansion are expected to raise cooling demand even further. Without the
means to reduce overcooling in warm climate buildings, occupant thermal discomfort,
wasteful resource consumption, and increased global carbon emissions would persist.
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Abstract: The UK Government’s 2018 National Adaptation Programme identified summertime overheating in
care settings as a key risk and research priority for the health and social care system. This paper empirically
investigates the risk of overheating during summer 2019 by monitoring indoor temperatures and thermal
comfort in three purpose-built nursing care homes in London. The methodological approach combined
continuous monitoring of indoor and outdoor temperature (objective data) with thermal comfort surveys of
residents and staff (subjective data). The average indoor temperature during the monitoring period across the
three care settings was measured as 25.8°C between 8am and 8pm, exceeding 30°C frequently, much above
the Public Health England’s recommended threshold of 26°C. Despite this, majority of residents found their
thermal conditions ‘neutral’ even at high temperatures, while the responses of care staff were on the
‘warm/hot’ end of the thermal sensation scale. This difference was likely to be due to staff being more active
that residents. Nevertheless staff were willing to put up with up with uncomfortably hot temperatures if they
felt it was in the residents’ best interest. Given that care settings are hybrid buildings (residential and offices),
it is vital to provide adequate comfort to staff and residents through better management of the indoor
environment.

Keywords: Care home, overheating, temperature, thermal comfort, monitoring

1. Introduction

The UK care home population is around 410,000 (CMA, 2017) and is increasing as the
population continues to age. The Office for National Statistics predicts a 36% growth in
persons aged 85+ between 2015 and 2025 (CMA, 2017), which will likely lead to a significant
demand for care home services. Current climate predictions indicate that temperatures will
continue to rise, bringing heatwaves more often and with greater severity. Research has
shown that heat wave periods coincide with increased levels of mortality, and that elderly
are vulnerable to heat-related deaths (Kovats et al., 2006). A study of heat-related mortality
throughout England and Wales found the strongest correlation between heat and mortality
in elderly people, particularly women, in nursing and care homes (Hajat et al., 2007).
Medical conditions linked to excessive heat include cardiovascular and respiratory disease,
heat stroke (leading to cell, organ and brain damage) and dehydration (leading to
bloodstream infections) (PHE, 2014, Al-Hasan et al., 2009). High temperatures can also
affect sleep, with studies finding that at least half of over-65-year-olds experience difficulty
in sleeping (Martin et al., 2000), and those with dementia can experience 40% of their
bedtime hours awake (Dewing, 2003).

During a ten-day heat wave in 2003, mortality in England and Wales increased by 13.5% in
the under-75’s, but by 33% in those aged 75 and over. In nursing homes, mortality increased
by 42% (Kovats et al., 2006). Heat-related mortality could increase by more than 250% by
2050, the majority of which would be in vulnerable groups such as the elderly (Hughes and
Natarajan, 2019). This is why the UK Government’s 2017 Climate Change Risk Assessment
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report and the 2018 National Adaptation Programme has identified summertime
overheating in care homes as a key risk and research priority for the health and social care
setting (DEFRA, 2017, DEFRA, 2018).

Care homes in the UK have historically been designed to keep residents warm, and often
have features such as heated corridors which are distinctive to residences for the elderly
(Lewis, 2014) and heating systems which are designed to operate all year round. Care
Quality Commission (the independent regulator of all health and social services in England)
inspections include checking room temperatures and questioning staff on how they deal
with residents feeling cold (Neven et al.,, 2015). Consequently, care homes can find
themselves ill-prepared to regulate indoor temperatures during periods of high outdoor
temperatures.

Given this context and the limited research on summertime performance of care homes in
the UK, this study assessed three London-based care homes over the summer of 2019,
combining temperature monitoring (indoor and outdoor) and repeated thermal comfort
surveys with residents and staff. The overall aim of the study was to better understand the
prevalence and severity of summertime overheating in care settings, and the perception of
indoor temperature by those who live and work there.

2. Evidence to date

Extensive literature review was conducted to identify studies investigating the effects of hot
environments on elderly people and their carers in the UK and internationally, as shown in
Table 1 below. A study of nursing homes in the Netherlands found a correlation factor of
R?=0.9 for mortality rates and weekly average maximum daily temperature (Luscuere and
Borst, 2002). Analysis of the 2003 heatwave in France found that it was the least physically
fragile residents in nursing homes that were the most susceptible to heat-related illness,
potentially because carers focussed their attention on more dependent residents, leaving
the ‘healthier’, more independent residents to self-care, possibly unaware of the onset of
their own heat-related iliness (Anderson et al., 2013). In a study by Luff et al., residents were
found to spend nearly 11 hours per night in bed, but a significant amount of this time was
spent awake, with bedtimes and getting-up times often determined by staff shift patterns
rather than resident choice (Luff et al., 2011).

Table 1 Selected studies investigating the effects of hot environments on elderly people and their carers
in the UK and internationally.

No. Study Methods Key findings
UK studies
1 (Abrahamson and Interviews with older people and Some respondents acknowledged that
Raine, 2009) their carers (not in care homes) older people might be adversely
(London, UK). Themes included affected by the heat, but they did not
perception of vulnerability in perceive themselves to be particularly
relation to heat-related risks, vulnerable. Most respondents reported
likely actions in extreme heat and | changing their behaviour during
factors that may impede/promote | previous heatwaves and described
protective behaviour. taking ‘common sense’ actions, such as
alterations to their routine.
2 (Guerra-Santin and One care home (UK). Summer Most staff considered the building to be
environmental and energy too warm and reported to be
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Tweed, 2013)

monitoring in various locations
(including bedrooms lounge,
dining room, nurse station). 14
interviews (staff, not residents)
concerning staff and resident
comfort and the operation of the
building.

(thermally) uncomfortable most of the
time.

(Brown and Walker,
2013)

One residential care building (UK).
Observation of care and
conversations with residents and
carers. Outdoor environment also
monitored.

Residents encouraged to be dependent
on staff. When hot weather arrived,
residents therefore relied upon nursing
staff to carry out preventative
measures. Staff were not fully aware of
how to manage heat effectively.

(Mavrogianni et al.,
2015)

Three case study social housing
dwellings (London, UK) occupied
by vulnerable individuals
(elderly/ill health/mobility
impairment). Environmental
monitoring used to inform
modelling for future climates.

Temperature monitoring showed
overheating in the current climate.
Modelling suggested that improved
natural ventilation strategies could help
to reduce overheating in future
climates. Night cooling and shading
were found to be more effective than
all-day rapid ventilation, but high
outdoor temperatures could limit the
effectiveness of this in future climates.

(Tweed et al., 2015)

Five extra-care homes and six care
homes (UK). Interviews
investigated influence of thermal
conditions on use of space,
preferred thermal environments
and spaces, understanding of the
thermal environment.

Interviews revealed that when
conditions were not considered
extreme, preferences for spaces were
not usually determined by thermal
conditions. However, the thermal
environment was often cited as an
important factor in the interviews.

(Lewis, 2015)

13 interviews with those involved
in the design, development and
management of extra-care
housing (UK).

Participants characterised the typical
occupants of their buildings as
vulnerable to cold, at risk from fuel
poverty, at risk of being burned by hot
surfaces or falling from high windows.
These ideas were inscribed into the
design of extra-care housing schemes
(e.g. under-floor heating, restricted
window opening and heated corridors).

(Walker et al., 2016)

Six care homes (UK). Interviews
with care home owners, managers
and staff.

Respondents understood the core
function of care homes was to provide
thermal comfort. Much more emphasis
was placed on keeping residents warm
than cool. Consequently, carers were
routinely overheated, particularly when
doing more physical work. Respondents
consistently stressed cold as a risk to
residents, with little discussion about
risk of residents becoming too warm.

(Gupta, Barnfield and
Gregg, 2017)

Two care and two extra-care
homes (UK). Temperature
monitoring, building surveys,
interviews with design and

Summertime overheating was found to
be a current and prevalent risk in the
case study schemes, yet currently little
awareness or preparedness existed to
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management teams.

implement suitable adaptation
strategies. There was a perception that
cold represents a bigger threat to older
occupants’ health than excessive heat.
A lack of effective heat management
was found that included unwanted heat
gains from the heating system,
confusion in terms managing indoor
temperatures, and conflicts between
window opening and occupant safety.

9 (Gupta and Gregg, Two care and two extra-care Dynamic thermal simulation results
2017) homes (UK). Dynamic thermal demonstrated the magnitude of
simulation. Interviews with design | projected summertime overheating in
team. care and extra-care schemes, yet there
was little awareness amongst designers
about the risk of overheating and
implementation of long-term
adaptation approaches such as external
shading, provision of cross-ventilation.
International studies
10 (Hwang and Chen, Older people at home (not care Only 8% of respondents used
2010) home) (Taiwan). Questionnaires mechanical cooling (air-conditioning) as
conducted alongside concurrent an adaptive strategy, compared to 34%
indoor environmental monitoring. | using electrical fans and 90% using
Questions included thermal window-opening. The temperature
sensation and thermal preference | range corresponding to 80% thermal
votes, level of clothing and what acceptability in the summer was 23.2—
thermal adaptation behaviours 27.1°C (around 2°C warmer than in the
were used when thermally winter).
dissatisfied.

11 (Mourits, 2012) Two nursing homes (Netherlands). | Staff found indoor temperatures
Questionnaires/interviews for uncomfortable; either too hot or too
residents, family members, staff, cold. Respondents had problems
volunteers and visitors. 5-point regulating temperature and ventilation.
Likert scale used to investigate Both buildings used concrete core
aspects of the building including heating and cooling, so temperature
accessibility, safety, space and adjustments were small and slow to
indoor environment. respond. The cooling system meant

staff were asked by facility managers to
not open windows or doors on hot days,
which was unpopular with staff and
residents.

12 (Mendes et al., 2013) | Six elderly care centres (Portugal). | Dissatisfaction with thermal conditions

Environmental monitoring in
dining rooms, medical offices and
bedrooms. Thermal comfort
surveys conducted on residents.

was lower in summer than in winter.
Analysis showed that medical offices
and bedrooms had the highest percent
of dissatisfied residents in both summer
and winter.

Another common theme that emerged from the studies was the understanding that older
people are more vulnerable to cold than excessive heat. This was seen in those who
designed care homes (Lewis, 2015), managers and frontline carers (Walker et al., 2016) and
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residents (Abrahamson and Raine, 2009). Brown and Walker’s observational research
revealed institutionalisation whereby residents were encouraged to be dependent on staff
to meet many of their needs (Brown and Walker, 2013). Consequently, when periods of hot
weather came, residents did not take initiative themselves, even if they were cognitively
and physically able to do so, because there was an expectation that their carers would deal
with it. They also observed that some residents felt uncomfortable at the prospect of
wearing lighter clothing during hot weather because it exposed more flesh, suggesting
dignity may trump thermal comfort for some.

In a more recent study on care and extra-care settings in the UK, Gupta, Barnfield and Gregg
(2017) and Gupta and Gregg (2017) study found summertime overheating was found to be a
current and prevalent risk in the case study schemes, yet currently little awareness or
preparedness existed to implement suitable adaptation strategies. The perception that
older people ‘feel the cold’ was again prevalent.

Some studies have found that thermal comfort models (both PMV/PPD ISO 7730 and the
adaptive I1SO 15251) did not match the occupant responses, with occupants feeling
comfortable at temperatures where the models predicted they should feel warm/hot
(Hughes and Natarajan, 2019). However, at the same temperatures, carers have felt
overheated (Walker et al., 2016, Guerra-Santin and Tweed, 2013, Mourits, 2012). This
discrepancy between thermal comfort/preference for residents and carers is a fundamental
issue that care homes face on a regular basis. This difference between thermal sensation of
residents and staff will be empirically investigated in this study.

3. Methods and case studies

3.1. Environmental monitoring

The research methods used in this study were socio-technical and combined continuous
monitoring of temperature and relative humidity (RH) (objective data) with a thermal
comfort survey (subjective data). Indoor temperature and RH were recorded using Hobo
UX100 and iButton loggers (logging at 5- and 10-minute intervals respectively). Outdoor
temperature and RH were recorded at each case study using Hobo MX2300 loggers.
Specifications for these devices are given in Table 2. Environmental monitoring was
conducted during June, July and August 2019.

Table 2 Specification, accuracy and resolution of data loggers used in the study.

. Measures and Specification
Device . -
details Range Accuracy Resolution
Hobo Indoor Temperature: Temperature: Temperature:
UX100 temperatureand | -20-+70°C 10.21°C 0.024°Cat25°C
RH RH: 15 -95% RH: £3.5% RH: 0.07%
iButton Indoor -40 - +85 °C 10.5°C 0.0625 °C
DS1922L temperature
Hobo Outdoor Temperature: Temperature: Temperature:
MX2301 temperature and | -40to +70 °C 10.2°C 0.04°C
RH RH: 0-100% RH: £2.5% RH: 0.05%

Devices were deployed in a number of locations within the care homes, categorised as
‘offices’ (staff-only locations), ‘lounge/dining rooms’ (communal areas used by residents and
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staff), and ‘bedrooms’. The characteristics of the locations within the three case study care
homes (AL, AS and VI) are shown in Table 3.

Table 3 Location characteristics of data loggers.

Case Location Location Floor Orientation Temperature RH Co2
study type code
Office ALO1 G south v v v
ALO2 G east v
Lounge/ ALL1 G north + west v v v
dining ALL2 1 north + east 4 v 4
room ALL3 1 south + east 4
ALB1 G v v v
AL ALB2 1 south v v v
Bedroom ALB3 L d d 4
ALB4 1 east 4
ALB5 2 v
ALB6 2 west v
AL-
Outdoor outdoor outdoor v 4
outdoor
ASO1 G west v
Office ASO2 G internal v v v
ASO3 2 v v v
Lounge/ ASL1 G west v v v
diniﬁg ASL2 1 east d d d
room ASL3 G v
AS ASL4 G south + west v
ASB1 G v v v
ASB2 G v v
Bedroom ASB3 1 east v v v
ASB4 1 v v
ASB5 G v
Outdoor AS- outdoor 4 4
outdoor
Office VIOl G internal v v v
Lounge/ ViLl 1 v v v
‘::)n;:f VIL2 2 north-east v v
! Bedroom viBl L d d d
VIB2 4 south-west v v v
Outdoor vI- outdoor 4 v
outdoor

3.2. Overheating metrics

Analysis of the data collected included testing for the prevalence of overheating using static
and dynamic (adaptive) criteria, defined in Table 4. In the static definition of overheating,
‘living areas’ were taken to be offices and lounge/dining rooms. Occupied hours were
defined as 09:00-18:00 (offices) and 08:00-21:00 (lounge/dining rooms). ‘Bedrooms’ in
residential dwellings would generally not be occupied during the day. However, in care
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homes, some residents were bedbound and others chose to stay in their bedrooms
throughout the day, effectively using them as a ‘living area’. Therefore for the analysis,
bedrooms temperatures were divided into ‘day’ (07:00 — 22:00) and ‘night’ (22:00 — 07:00).

Table 4 Criteria for assessing overheating using static and dynamic criteria.

Overheating

o . Definition
criterion

1% or more of occupied hours over 28°C in living areas.
1% or more of occupied hours over 26°C in bedrooms.
Static A cool room/area within the building to be available where
Heatwave plan for .
Eneland temperatures are kept below 26°C.
& Excess deaths may become apparent at 24.5°C and higher.

CIBSE Guide A

CIBSE Guide A Threshold comfort temperature:
Tthreshold = 0.33(Toutdoor) + 21.8°C
- Criterion 1 Temperatures are at least 1°C above the threshold comfort
temperature for 2 3% of occupied hours.
- Criterion 2 Daily weighted exceedance (W,) = 6.
W, = S(DT x Hor)

where DT is the temperature difference above T eshoigand Hpris

the number of hours spent at DT

- Criterion 3 Maximum indoor temperature is 4°C or more above Treshold-

Dynamic overheating is deemed to have occurred if any two of these three criteria
have been fulfilled.

Dynamic
(Adaptive)

3.3. Thermal comfort surveys
Thermal comfort surveys were conducted up to three times a day on multiple days
throughout the summer period, with a focus on days when outdoor temperatures were

forecast to be warmer (Figure 1).
30 1

Outdoor temperature (*C)
-
[+

01/06/2019
04/06/2019
07/06/2019
10/06/2019
13/06/2019
16/06/2019
19/06/2019
22/06/2019
25/06/2019
28/06/2019
01/07/2019
04/07/2019
07/07/2019
10/07/2019
13/07/2019
§ 16/07/2019
* 19/07/2019
22/07/2019
25/07/2019
28/07/2019
31/07/2019
03/08/2019
06/08/2019
09/08/2019
12/08/2019
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18/08/2019
21/08/2019
24/08/2019
27/08/2019
30/08/2019

I Surveys (AL) I Surveys (AS) I Surveys (V1) === Outdoor temperature
s ViOnitoring (AL) s Monitoring (AS) Monitoring (V1)

Figure 1 Daily outdoor temperatures (averaged across the three case study care homes, with indoor
environmental monitoring periods and dates when surveys were conducted also shown.

A total of 477 surveys were conducted over the summer period, 53% with staff and 47%
with residents (Table 5). It was necessary to be selective with residents who participated in
the survey since many residents had a degree of dementia and/or communication
difficulties that meant they were either unable to understand the questions or unable to
provide appropriate responses. Their responses would have introduced randomness into
the dataset, so it was necessary to exclude them from the thermal comfort surveys.
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Table 5 Survey counts (staff and residents) in the care homes.

Care home AL AS VI Total
Staff 86 90 76 252
Residents 91 65 69 225
Total 177 155 145 477
No. of days surveys conducted 5 6 5 16

The surveys were designed to be brief, gathering thermal sensation and thermal preference
votes from the respondents along with contextual information (Table 6). As the surveys
were conducted, concurrent local environmental conditions were recorded using hand-held
monitoring devices (Extec HT200 and ATP hotwire anemometer), allowing cross-relation of

these subjective and objective datasets.

Table 6 Summary of data gathered from surveys.

Measure

Response / data gathered

Thermal sensation: “At present
| feel...”

Responses on a 7-point scale: cold / cool / slightly cool / neutral
/ slightly warm / warm / hot

Thermal preference: “l would
prefer to be...”

Responses on a 5-point scale: much warmer / a bit warmer / no
change / a bit cooler / much cooler

Clothing: “I am currently
wearing...”

To indicate level of clothing insulation, 16 options including
short sleeve shirt/blouse, trousers/long skirt, dress, tights,
shoes, slippers

Activity: “In the last 15
minutes | have been”

To indicate active or passive behaviour, 7 options including
sitting, standing, walking, laying down

Controls: “Where | am there

”

IS...

Interviewer observed local controls including state of
doors/windows, curtains/blinds, air conditioning, fans, lights

Contextual information

Date, time, location (floor/room), role (staff/resident)

Concurrent climate
measurements

Air temperature, black globe temperature, relative humidity,
air speed

3.4. Overview of case study care homes

The key characteristics of the three care homes (AL, AS and VI) are shown in Table 7. All
three homes catered residents over 65, many of whom were suffering from a range of
dementia-related issues. Care home VI had a small number of younger residents (18-65
years old) who had various learning disabilities and mental health issues. Care homes AS and
AL were similar in size, whereas care home VI had almost three times as many rooms.

Table 7 Key characteristics of the three case study care homes.

Care home AL Care home AS Care home VI

Location: East London Location: West London Location: London NW10

Built: 1950’s (purpose built) Built: 1980’s (purpose built) Built: 2013 (purpose-built)

Type: Nursing (local authority) | Type: Nursing (privately

owned)

Type: Nursing (privately owned)

No. of storeys: 3 No. of storeys: 5

No. of rooms: 43 No. of storeys: 3 No. of rooms: 110

No. of rooms: 40

Age of occupants: 65+ Age of occupants: Mainly 65+,
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Care provided: Includes Age of occupants: 65+ with some 18+ residents with

i zhei ! . .
dementia, Alzheimer’s, old age Care provided: Includes acute needs

€QC rating: Good dementia, old age, nursing Care provided: Includes
and palliative care nursing, dementia, learning

€QC rating: Good disabilities
CQC rating: Good

4. Findings

4.1. Temperature monitoring

Temperatures in the care homes were consistently in the high-20’s (°C) throughout the
monitored period (June-August 2019) averaging 25.8°C between 8am and 8pm. In areas
occupied by residents (lounges, dining rooms, bedrooms), indoor temperatures often
exceeded 30°C and rarely fell below 23°C. The daily average indoor temperature profiles for
the three care homes (Figure 2) show similar overall trends in relation to the outdoor
temperatures. In care home AL, average lounge temperatures were higher than average
bedroom temperatures. The ground floor offices were 1-2°C cooler than the lounges and
bedrooms. In care home AS, the average office temperatures were significantly higher than
lounges or bedrooms, skewed by the temperatures in the second floor staff room ALO3,
located next to the laundry and boiler rooms, which reached temperatures of almost 40°C.
The care staff was aware that this room was the hottest room in the building, and therefore
rarely used it, preferring to spend their breaks in the dining rooms when residents were not
eating. The ground floor office in care home VI was around 3°C cooler than the monitored
lounges and bedrooms. This office was an internal room (i.e. with no windows, doors or
walls to the outside) and thus much less affected by outdoor temperatures. In all three care
homes, indoor temperatures spiked significantly during the two periods of particularly hot
weather around 21% July 2019 and 25™ August 2019, exacerbated by high overnight
temperatures which prevented the buildings from purging their daytime heat gains.
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Figure 2 Daily average temperatures in case study care homes AL (left), AS (middle) and VI (right).

Descriptive statistics for the three care homes are shown in Table 8, 9 and 10 by bedrooms,
lounges and offices. For bedrooms, results cover all hours of the day; for the lounge/dining
rooms and offices they cover occupied hours (08:00-21:00 and 09:00-18:00 respectively). It
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is found that for the monitored period (June to August 2019), mean and median indoor
temperatures are above 24°C in all the spaces across the three care homes, with maximum
indoor temperatures around 30°C or above. In case study AL, the ground-floor lounge ALL1
was found to be around 1°C cooler than the two first floor lounges, partly due to its north
and west facades allowing less solar gain than the east and south facades of the other
lounges, and partly because it had a door to the garden area which could be opened to
allow cross-ventilation when required. This implies the effect of orientation and cross-
ventilation on indoor temperatures. On the other hand in case study AS, the two east-facing
lounges, ASL2 and ASL3 (which had heavy occupancy throughout the day) were significantly
warmer than west-facing dining rooms ASL1 and ASL4 (which had intermittent occupancy
during meal times).

Table 8 Descriptive statistics for indoor temperatures in case study AL.

Bedroom Lounge/dining room Office
ALB1 ALB2 ALB3 ALB4 ALB6 ALL1 ALL2 ALL3 ALO1 ALO2
N 25648 25639 25639 4096 8192 13875 8604 4426 9630 3076

Mean 25.96 26.82 26.73 26.58 26.20 26.50 27.59 27.72 25.80 25.96
Median | 25.80 26.68 26.55 26.67 25.83 26.33 27.36 27.62 25.65 25.83
Min 20.65 21.01 20.85 23.11 23.02 20.77 21.23 25.05 20.96 24.14
Max 29.97 31.26 31.21 30.30 31.83 32.11 32.26 32.11 31.88 29.70

Table 9 Descriptive statistics for indoor temperatures in case study AS.

Bedroom Lounge/dining room Office
ASB1 ASB2 ASB3 ASB4 ASB5 ASL1 ASL2 ASL3 ASL4 ALO1 ALO2 | ALO3
N 25077 | 25074 | 25066 | 25068 | 7562 13575 | 13580 | 4087 2219 2835 9400 9410

Mean 2470 | 24.12 | 26.06 | 25.17 | 24.81 | 23.69 | 25.15 | 26.05 | 21.32 | 24.77 | 25.14 | 27.28
Median | 24.49 | 23.89 | 25.77 | 24.90 | 24.53 | 23.48 | 25.00 | 25.94 | 21.13 | 24.69 | 24.97 | 26.77
Min 20.56 | 18.77 | 22.40 | 21.49 | 21.66 | 1894 | 1851 | 22.00 | 13.99 | 21.94 | 22.61 | 20.25
Max 32.70 | 33.74 | 3434 | 33.79 | 30.53 | 31.70 | 32.29 | 30.44 | 28.69 | 31.88 | 30.40 | 39.92

Table 10 Descriptive statistics for indoor temperatures in case study VI.

Bedroom Lounge/dining room Office

ViB1l VIB2 ViL1 ViL2 Viol
N 26495 26352 14352 14352 9857
Mean 26.92 27.42 26.48 27.38 24.17
Median 26.75 27.31 26.46 27.46 23.96
Min 20.58 22.78 20.01 22.30 21.66
Max 31.47 32.49 31.42 32.06 30.17

The distribution of monitored indoor temperatures in the three care homes are presented
in 3, grouped by room type. The indoor temperature distributions in the bedrooms and
lounges of case study AL had similar profiles, with slightly lower office temperatures. In case
study AS, bedroom temperatures were slightly higher than lounge temperatures on average,
while case study VI experienced the greatest difference in temperature distributions
between staff-occupied offices and staff/resident occupied lounges and bedrooms, with
office temperatures lower than lounges and bedrooms.
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Figure 3 Distribution of indoor temperatures in bedrooms, lounges and offices in case study care homes

AL (top), AS (middle) and VI (bottom).
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To further investigate indoor temperature in the care homes during a particularly hot week
(22nd to 28" July 2019), diurnal profiles for each of the care homes are generated in 4.
During this week, overnight outdoor temperatures rarely fell below 20°C, thus preventing
night-time purging of heat from the buildings. AL and VI experienced average temperatures
of 28-30°C, with little diurnal variation in any of the monitored rooms (other than the office
of VI). Case study AS had more diurnal temperature ranges of around 4°C in the lounges, 2°C
in the bedrooms and 3°C in the offices. Mobile air-conditioning units deployed in the
lounges during this period helped to limit peak temperatures, while the east and west-facing
orientations of lounges meant more significant differences in solar gain during the mornings
and afternoons.
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Figure 4 Diurnal temperature profiles averaged over a hot week (22-28 July 2019) in case study care homes AL
(left), AL (middle) and VI (right).

Public Health England’s Heatwave Plan for England recommends that for care homes, a cool
room/area be available for staff and residents to relocate to, where temperatures are kept
below 26°C. Interestingly none of the monitored lounges or dining rooms in the case study
care homes managed this, with temperatures exceeding 26°C for up to 92% of occupied
hours. The Heatwave Plan for England also states that excess deaths may become apparent
at temperatures over 24.5°C, which obviously occur for an even higher percentage of
occupied hours in the case study care homes. The prevalence of summertime overheating
was further confirmed by the analysis below.

4.2. Overheating analysis

Using CIBSE Guide A’s static overheating criteria, almost all of the monitored spaces across
the three care homes were found to meet the overheating criteria (exception being the
ground floor manager’s office ASO1). Temperatures in the monitored rooms are presented
along with the static overheating thresholds in Figure and Figure . The grey bars highlight
the periods when outdoor temperatures exceeded the threshold overheating temperatures
(28°C for offices and lounges, 26°C for bedrooms). Tables to the right of the figures show the
percentage of hours that rooms exceeded the thresholds.

In AL, the offices exceeded 28°C for less than 8% of occupied hours and the lounges for
between 10 and 35% of occupied hours. By comparison, monitored bedrooms exceeded the
26°C threshold for up to 78% of the day and 77% of the night. In AS, the staff room (ASO3)
exceeded 28°C for a third of occupied hours and lounges for between 1 and 7% of occupied
hours. AS bedrooms exceeded 26°C for between 10 and 43% of hours. VI's office only
exceeded 28°C for 1.5% of occupied hours. There was a significant contrast between the 1%
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Figure 7 Case study VI: Temperatures in monitored rooms showing static overheating thresholds for lounges
and offices (top) and bedrooms (bottom), with percentage of time thresholds were exceeded also shown.

Dynamic overheating criteria (Table 4) take account of how high outdoor temperatures can
mitigate the effects of high indoor temperatures. Overheating is deemed to have occurred if
any two of these three criteria have been fulfilled. As presented in Table 11, only a few
monitored spaces (highlighted cells in orange) across the case study care homes
experienced overheating. While in AL, one lounge and one bedroom were found to
overheat, in AS, one office and one lounge were overheated. In VI, both bedrooms were
overheated. These rooms had orientations mostly towards east, west and north-east.

When analysed by overheating criteria, it was found that in AL, two lounges and one
bedroom fulfilled criterion 1 (at least 3% of occupied hours at least 1°C above the threshold
comfort temperature), one lounge and one bedroom met two out of three criteria and were
deemed to be overheated. In AS, one office (second-floor staffroom described before) and
one lounge, but none of the monitored bedrooms, fulfilled criterion 1. In VI, both monitored
bedrooms fulfilled criterion 1, with a much higher proportion of occupied hours exceeding
1°C over threshold comfort temperature than any other monitored room other than ASO3.

Criterion 2 (daily weighted exceedance of at least six hours per day) was fulfilled by 16 of
the 27 monitored spaces, including six of the seven monitored spaces that fulfilled criterion
1: two lounges and three bedrooms in AL; two offices, two lounges and three bedrooms in
AS; and both lounges and both bedrooms in VI. Interestingly, only two monitored spaces,
both in AS, fulfilled criterion 3 (maximum indoor temperature more than 4°C above
threshold comfort temperature), indicating that although temperatures in the monitored
spaces were exceeding threshold comfort temperatures, the duration of overheating was
more of an issue than brief periods of extremely high temperatures.
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Table 11 Dynamic overheating analysis in monitored rooms across the three care homes.
Highlighted cells indicate where overheating criteria were met (units given below).

AL AS Vi
Critl | Crit2 | Crit3 Critl | Crit2 | Crit3 Critl | Crit2 | Crit3

ALO1 0.09 0 ASO1 0.04 0 Vio1l 0.0 0
ALO2 0.00 0 ASO2 0.43 1 VIL1 1.2 5
ALL1 0.65 1 ASO3 8.41 8 8.70°C | VIL2 2.3 7
ALL2 4.77 4 ASL1 0.00 0 ViB1 6.9 44
ALL3 3.57 0 ASL2 1.20 2 VIB2 8.8 50
ALB1 0.30 3 ASL3 3.26 1 4.09°C
ALB2 2.94 11 ASL4 0.00 0
ALB3 3.38 11 ASB1 0.00 0
ALB4 0.00 0 ASB2 0.07 1
ALB6 0.49 0 ASB3 2.69 10

ASB4 0.69 3

ASB5 0.84 0

Units: Criterion 1 - % of occupied hours; Criterion 2 — No. of days when daily weighted exceedance was
greater than 6; Criterion 3 — maximum indoor temperature if more than 4°C over threshold comfort temp.

4.3. Thermal sensation and thermal preference
The thermal comfort surveys were conducted over five days in AL and VI and six days in AS.
The trends in responses were similar in all three care homes, with the most significant
differences seen between residents and staff. The results presented therefore represent the
combined responses from all three care homes.

Only 6% of resident responses and 3% of staff responses were on the ‘cool’ end of the
thermal sensation vote (Figure 8, left). Half of resident responses were ‘neutral’ compared
to less than a third of staff responses. More than one-in-three staff responses were ‘hot’ as
compared to fewer than one-in-seven resident responses. The responses to thermal
preference showed similar trends (Figure , right). Only 5% of resident responses and 1% of
staff responses expressed a desire to be warmer. Two-thirds of residents’ responses were
for ‘no change’ in their thermal conditions, compared to one-third of staff responses. A third
of staff responses wanted to be ‘much cooler’ compared to fewer than one-in-eight resident
responses.
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Figure 8 Distribution of responses for thermal sensation (left) and thermal preference (right) for all three case
study care homes, grouped by resident/staff.

The majority of surveys conducted also had concurrent localised conditions recorded. No
significant trends or correlations were found between survey responses and either RH or air
speed (although it is worth noting that unless a respondent was in the direct path of a fan,
the measured air movement was extremely low). Boxplots were used to show the
distribution of black globe temperatures (a measure of the radiant heat transfer from the
human body) recorded for different thermal sensation and thermal preference votes from
residents and staff (Figure 9).

The mean temperature that residents considered ‘neutral’ was 1°C warmer than the
temperature considered ‘neutral’ by staff. Indeed, resident’s ‘neutral’ temperature was
considered by staff to be ‘slightly warm’. Interestingly, the mean temperature for ‘hot’
responses was the same for both residents and staff. Regarding thermal preference, the
mean ‘no change’ temperature was 0.9°C warmer for residents than staff, and the mean ‘a
bit cooler’ temperature was 2°C warmer for residents than staff. These results indicate that
residents had a significantly higher tolerance of warmer temperatures than the staff.
However the extreme ‘much cooler’ temperature was almost the same for residents and
staff (29.8°C and 30.0°C respectively).
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Figure 9 Boxplots showing distribution of black globe temperatures recorded concurrently with thermal
sensation votes (top) and thermal preference votes (bottom), grouped by residents and staff, with statistic.

Converting the thermal sensation votes and thermal preference votes into numerical values
allowed trend lines to be plotted against concurrent black globe temperatures (Figure 10).
The Pearson correlations were found to be similar for staff and residents for both thermal
sensation vote vs. black globe temperature and thermal preference vote vs. black globe
temperature (between 0.41 and 0.45), suggesting that the extent of influence that indoor
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temperature had on thermal sensation and thermal preference was similar for both
residents and staff.
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Figure 10 Trend lines showing the relationship between thermal sensation votes (left) and thermal preference
votes (right) with concurrent black globe temperatures for residents and staff, with Pearson correlations (R)
also shown.

The levels of clothing insulation and controls (see Table 6) did not show any statistically
significant relationship with thermal sensation or thermal preference votes. As expected,
activity in the 15 minutes prior to the survey was predominantly ‘passive’ (sitting, laying
down, occasionally slow walking) for residents, but staff reported being more ‘active’. The
differences in thermal sensation and thermal preference votes for residents and staff who
had been active, passive or a combination of both in the 15 minutes prior to responding are
shown in figure 11, where the y-axis represents the percentage of responses within each
group (active, mixed and passive).

The 8% of resident responses and 62% of staff responses where respondents had been
active prior to the survey were more likely to express thermal sensation towards the ‘hot’
end of the scale and thermal preference towards the ‘cooler’ end of the scale than those
who had been passive. The difference between ‘active’ and ‘passive’ was much more
evident in the residents than the staff. By assigning a numerical value to both the activity
responses (from (1) ‘laying down’ to (5) ‘walking indoors/outdoors’) and thermal
sensation/preference votes, it was possible to conduct a Spearman’s Rho correlation
analysis to evaluate the strength of this relationship. For residents, the correlations with
‘activity’ were 0.17 and 0.14 for thermal sensation and thermal preference respectively. For
staff, the correlations with ‘activity’ were 0.14 and 0.15 for thermal sensation and thermal
preference respectively (all statistically significant at the 0.05 level). Although these
relationships were statistically significant, they were much less strong than the relationship
between black globe temperatures and thermal sensation/preference.
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Figure 11 Distribution of responses for thermal sensation (top) and thermal preference (bottom) for residents
(left) and staff (right), grouped according to their activity in the 15 minutes prior to responding. Percent of
responses (y-axis) represents percentage of group responses.

5. Discussion

The three case study care homes showed similar trends, both in their measured indoor
environmental temperature, as well as in the responses to thermal sensation and thermal
preference from residents and staff. Indoor temperatures in the monitored spaces were
high, exceeding static overheating thresholds in 26 out of the 27 monitored rooms, and
dynamic overheating thresholds in 16 rooms. Analysis found that overnight, indoor
temperatures often remained high, particularly during hot periods when overnight outdoor
temperatures remained high. In the communal lounges and dining rooms, and in staff
offices, unoccupied overnight hours would have been ideal for temperatures to be able to
fall to ambient outdoor levels. However, this often did not happen. This was due to windows
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needing to be closed overnight for security, particularly in ground floor rooms, or because
the rooms were internal — i.e. they had no windows/doors/walls connecting them to the
outdoors.

Overheating analysis suggested that the issues were more to do with extended periods of
time when temperatures were slightly above the overheating thresholds, rather than short
periods of time when temperatures were very high. Staff offices tended to be cooler than
spaces occupied by residents (with the notable exception of ASO3, which staff described as
‘unbearable’ during much of the summer and consequently did not use it on their break
times as intended). All of the lounges/dining rooms were ‘statically’ overheating, but only 1
of the 9 were ‘dynamically’ overheating.

To counteract the high lounge temperatures, some had mobile fans or air conditioning units
brought in during the summer months, with mixed results. The fans created air movement,
which was generally pleasing to those within range. The air conditioning (AC) units provided
some cooling. However, as they were mobile units, they provided a stream of cooled air at
floor level (in contrast to permanent units often located in the ceiling). Residents in the way
of this would often complain of the cold draught, and also about the units’ noise. Thus the
AC units were limited in what they could achieve.

While all of the monitored bedrooms were ‘statically’ overheating, only 3 out of 12 met two
out of the three ‘dynamic’ overheating criteria. Staff would often ensure that bedroom
doors and windows remained open to allow some cross-ventilation. However, this was
always at the discretion of the residents, some of whom would insist on their windows in
particular remaining closed. Safety regulation meant that windows could only open a
maximum of 10cm, so even when open, cross ventilation was limited. Some residents chose
to have their curtains closed to prevent direct solar gain or glare. During the summer period,
small fans were installed in the bedrooms of VI, providing some air movement and proving
popular with the majority of residents.

The survey responses revealed a striking difference between how residents and staff
perceived their thermal sensation and thermal preference. The mean neutral temperature
(thermal sensation ‘neutral’, thermal preference ‘no change’) was around 1°C warmer for
residents than for staff, and for thermal sensation on the ‘warm’ end of the scale and
thermal preference on the ‘cooler’ end of the scale, between 0.6 and 2.0°C warmer for
residents than for staff. Members of staff were much more likely to feel the environment to
be warm/hot and want it to be cooler, partly due to the fact that they were more physically
active, attending to the needs of the predominantly passive residents.

Analysis found Spearman’s Rho correlations between thermal sensation/preference and
activity to be much smaller than between thermal sensation/preference and measured
temperatures for both residents and staff. Staff duties (including helping residents to dress
and undress, get into and out of bed or chairs, as well as cleaning and serving meals) were
often physically demanding. Although they were able to drink to help alleviate the effects of
the heat, their uniforms limited how much they could adjust their clothing comfort levels.
Staff often commented that although they would encourage residents to drink more during
the hot weather and dress more lightly, many residents would want to stick to the same
habits and routines regardless of the weather.
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6. Conclusion

This study has investigated empirically the indoor temperatures over the summer of 2019,
in three purpose-built nursing care homes located across London. Through surveys, the
research has also investigated for the first time, the response to thermal sensation and
thermal preference from residents and staff occupying the case study care home settings.
All three care homes were found to experience overheating (both static and dynamic) in the
majority of monitored rooms, particularly lounges and bedrooms. However, there was a
significant disparity between how residents and members of staff perceived the same
environmental conditions: residents were much more content with warmer conditions than
the staff caring for them.

Care homes are hybrid buildings, serving both as living spaces for the residents (the majority
of whom lead passive, sedentary lives) and as offices and workspaces for the staff members
(whose work is often physically demanding). In addition, the residents are inherently much
older and have more acute medical needs than the staff. The dichotomy between these two
groups of people occupying the same spaces makes providing comfortable environments
challenging, particularly during periods of hot weather. This raises the question of whether
current definitions for overheating are appropriate for care home settings or whether they
need tweaking for these bespoke buildings.

As a consequence of the findings presented here, it is evident that building design of care
homes should be carefully considered, thinking beyond the obvious needs of keeping
occupants warm during the cold winter months, to keeping them comfortable during the
hot summer months. This could be through passive design features such as shading (with
trees or breeze soleil), cross-ventilation (with careful consideration as to how window
openings could facilitate this whilst conforming to safety standards which limit how much
they can open), or evaporative cooling using water features in garden areas. The
deployment of (ceiling or wall mounted) fans could help to augment the effectiveness of
cross-ventilation strategies, although there are constraints on how fans are used due to
regulations aimed at reducing the risk of spreading infections. For existing care homes
retrofitting external shading and evaporative cooling strategies could be relatively low cost
and, since, they are essentially external changes, cause relatively low disruption to residents
in their implementation. Retrofitting air conditioning would be expensive and disruptive,
and residents may not accept it.

Further to building-related measures, changes to staff and patient routines could be
considered. Staff often complained that they were limited in how much they could adapt
what they were wearing, both due to uniform policies and health and safety constraints (no
open-toed sandals, for example). Research could investigate how different clothing options
could help alleviate staff discomfort during hot weather. Providing staff with ‘cool rooms’
and designing shift patterns to allow regular visits to these locations to cool down may also
help staff cope. However, neither of these solutions deal with the issue of residents
overheating (whether they feel it or not). Overnight, bedrooms often had windows and
doors closed. Allowing, where possible and with occupants’ consent, windows to remain
open overnight would allow more nocturnal purging of heat. In conclusion, satisfying the
comfort needs of residents and staff remains a challenge, but could be achieved through
better management of the indoor environment, if those responsible have the knowledge
and resources available.
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Abstract: Extreme weather conditions have profound negative impacts on health and well-being. Among those
who are impacted the most are older people, or those who are 65 years and over. This paper presents a study
to understand the thermal conditions in the homes of older South Australians as well as the occupant’s thermal
comfort, responses and well-being. The study is critical as 95% of older Australians prefer to age-in-place, or live
as long as possible in their own home. The paper focuses on the method and tool to capture this information
using a robust indoor environmental monitoring system, integrated with an occupant survey system based on
an ‘older people-friendly’ electronic tablet that allowed the participants to reflect on their “right here right now”
experience over summer, autumn and winter seasons in 2019. The development of this integrated system is
discussed in detail, while a number of examples of the data collected during the summer and winter periods are
presented, including indoor temperatures, thermal sensation votes, clothing behaviours, perception of indoor
quality, and self-reported health/well-being. Lessons learned from the study are also reported.

Keywords: Thermal comfort study, older people, monitoring

1. Introduction

In the last few decades, studies have demonstrated the relationships between temperature,
particularly outdoor temperatures, health and wellbeing, mortality and morbidity. Mortality
and morbidity rates tend to increase at extreme temperatures, either low or high, and
decrease at moderate temperatures (Barnett et al, 2012; Gasparrini et al, 2015). Among those
vulnerable to heat or cold are older people, or those aged 60 or 65 years and over. As we age,
we experience physiological changes, such as reduced vascular reactivity, lower metabolic
rate and reduced muscle strength, all of which can affect our thermal sensitivity and
regulation (Blatteis, 2012). A number of age-related medical conditions, such as
cardiovascular disease, respiratory disease and diabetes mellitus are exacerbated by hot
environments (Ishigami et al, 2008). These conditions decrease the body’s ability to adapt to
changes in environmental conditions (Lomax and Schonbaum, 1998). Likewise, cold winter
periods are linked to excess mortality and morbidity due to cardiovascular disease and
respiratory illness (Baker-Blocker, 1982; Conlon et al, 2011; Ryti et al, 2016). Geographic
location and city size have also been found to contribute to cold weather vulnerability.
Cardiovascular-cause mortality has been found to be higher in smaller, rural communities
than in larger metropolitan areas (Gomez-Acebo et al, 2010). It was argued that denser, more
populated urban environment retain more heat, which may buffer people’s exposure to cold
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winter temperatures (Wu et al, 2011). On the other hand this heat island affect, increases the
vulnerability of those living in highly urbanized cities in hot climates.

Most of these studies, however, focus on the relationship between outdoor ambient
temperatures and health. With the increasing proportion of older people from the overall
population worldwide, and the fact that the vast majority of older people want to ‘age-in-
place’, or live in their own home for as long as possible, it is as important to investigate the
relationship between indoor environment and older people’s health and well-being. The
understanding of this relationship will inform relevant stakeholders in the housing sector and
assist with the development of policies and regulation as well as design approaches and
construction techniques that will ensure a quality living environment for older people.

Studies about the relationships between the living environment and older occupants
have emerged in the past decade particularly in countries where there is an increase in the
proportion of older people from the general population (e.g. Hwang and Chen, 2010; Jiao et
al, 2017; Wang et al, 2018). Nevertheless, such research is scarce in Australia, one of the
nations with an increasing population of older people. The study reported in this paper aims
to advance our knowledge of optimal housing for older people in Australia in order to support
them to live independently. The study was conducted in South Australia, focusing on three
climatic zones: warm temperate (Csa) of an urban metropolitan area, cool temperate (Csb)
found in regions with higher altitudes as well as in a coastal area, and hot arid (BSk) consisting
of very low density regional towns.

As the first step, a general survey of 250 randomly selected older people was conducted
in the second quarter of 2018 to investigate whether there were associations between
climatic conditions, housing types and constructions, heating and cooling behaviours and the
participants’ health and well-being (Soebarto et al, 2019). Additionally, to obtain insights
about the strategies to achieve thermal comfort undertaken by older people as well as
existing problems related to planning and house design, a series of focus group discussions
were held in a number of locations in the three climate zones during the third quarter of 2018
(van Hoof et al, 2019).

Finally, to gain further understanding of the actual living conditions of older people and
the relationships between indoor environment, particularly temperature, humidity, air
movement and quality, and occupant’s perceived health and well-being, indoor environment
monitoring and occupant surveys were conducted in 57 homes involving 71 older occupants.
The study was conducted from the third week of January to the end of October in 2019,
covering a period of summer, autumn and winter. The participants were recruited from those
who participated in the initial survey and focus group discussions as well as from publicity in
various media outlets. Human ethics approval to conduct the indoor environment monitoring
and occupant survey was received from the Human Research Ethics Committee at The
University of Adelaide, approval number H-2018-042.

This paper focuses on the methodology and tools developed to conduct the monitoring
and occupant survey, while the results of the study are reported in another paper (Williamson
et al, 2020). Note that in addition to conducting the long-term monitoring and occupant
survey, the researchers gathered information about the participants (e.g. age, income and
education levels, general health and quality of life, strategies for cooling, heating and
ventilation) and about their house (e.g. type - separate house, detached, apartment-
construction, heating and cooling devices, and energy use records). These data are necessary
to interpret the monitored indoor environmental data and the occupant’s survey responses.
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2. Overview of data acquisition and survey tool developments

There is a long tradition of field studies of thermal comfort in actual buildings that combine
indoor environmental quality monitoring and thermal comfort surveys (for an overview see
Mishra and Ramgopal, 2013; Rupp et al, 2015). Researchers have conducted such studies to
investigate whether the indoor environment in an existing building is acceptable (see for
example Mumovic et al, 2009; Huizenga et al, 2006), to compare satisfaction with different
control systems e.g. fully air conditioned, mixed-mode, or natural ventilation (de Dear et al,
1991; Andreasi et al, 2010; Rupp et al, 2015); to look at thermal comfort in particular building
types such as offices (Rijal et al, 2017), health and aged care buildings (Tartarini et al, 2016)
and educational buildings (de Dear et al, 2015), as well as to investigate the influence on
thermal comfort of personal characteristics of the occupants such as age or gender (Del
Ferraro et al, 2015; Maykot et al. 2018).

For thermal comfort studies, the indoor environmental parameters collected are, at
least, dry bulb and globe temperatures, relative humidity and air velocity. Depending on the
purpose of the study, other environmental parameters affecting indoor air quality may also
be measured and recorded: CO, and VOC levels (for indoor air quality), illumination levels (for
visual quality), and noise level (for aural quality). These parameters may be measured at a
particular point in time (when an occupant survey is being administered) or are continuously
recorded, normally every 15-30 minutes (ASHRAE 2017), for a certain period. The BOSSA Nova
IEQ cart is an example of such data acquisition system (Candido et al, 2013).

To understand the conditions in homes at different times in a year, studies of the indoor
environment are usually conducted over a relatively long period, between 3 to 12 months.
Ideally the data acquisition devices should be small, unobtrusive and battery-powered to
ensure that they do not interfere with the occupants’ regular activities and do not contribute
to the occupants’ electricity usage (for example, Soebarto and Bennetts, 2014; Parkinson et
al, 2015; Daniel et al, 2017). Figure 1 shows an example of such device.

Figure 1. Small and unobtrusive data acquisition device (Daniel et al 2017)

Alongside the collection of indoor environmental data, occupants are often asked to
respond to an indoor environmental survey throughout the data collection period. Many
studies use paper-based survey forms (for example Indraganti and Rao, 2010; Takasu et al,
2017) while others use an online survey on computers or smart phones (for example de Dear
et al, 2018).

The challenge of such data acquisition and survey methods is that both types of data
collected (i.e. the indoor environmental parameters and the occupant’s survey responses)
have to be merged manually by the researcher in order to analyse the relationships between
the survey responses and the various parameters at the time the occupant responded to the
survey. Using paper-based surveys also poses an additional challenge as it relies on the
researcher’s diligence in transferring the information into a readable format for further
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analysis. The survey participants may also accidently, or intentionally, skip some questions,
thus resulting in incomplete survey responses.

An early attempt to streamline thermal comfort data collection and analysis, and to
ensure that all survey questions were answered, was built, tested and deployed in 1986 by
researchers at The University of Adelaide in South Australia. The Comfort Vote Logger (CVL)
was a self-contained, compact and easy-to-use device to record indoor environmental
parameters and occupant responses (Williamson et al, 1995). While the device was recording
the environmental parameters, the user entered relevant responses, such as their individual
identification (up to 4 users), thermal sensation (on a 7-point scale), clothing level (three
options), activity level (three options) and heating/cooling operation as well as air movement
(three options). See Figure 2. The device not only automatically recorded dry bulb
temperature and humidity at hourly intervals but also recorded when the occupants entered
their responses. The data were stored in a removable ‘Memory Module’ containing two
battery backed RAM chips capable of storing up to 2046 complete time-stamped voting
records. A big disadvantage of this device, however, was that it required a 240Volt connection
and it required the researcher to retrieve the data by physically removing the memory
module. Nevertheless, over a number of years of operation, around 40,000 individual voting
records were recorded in cities and towns throughout Australia (Williamson et al, 1991).

COMFORT
vors

USER NUMBER s || vy || wonen
LOGGER fxtee

Figure 2. Comfort Vote Logger developed in 1986

An advancement of the CVL is a much smaller indoor environmental quality logger
developed by Carre and Williamson (2018). The logger continuously records environmental
parameters that affect thermal comfort as well as visual, aural and olfactory comfort. It also
provides an interface for the occupant to respond to relevant survey questions in the form of
a small (100 mm x 100 mm) touch screen (Figure 3). This logger is low cost and based upon
the Arduino microcontroller platform (Arduino, 2016). Using the built-in 3G cellular modem,
data collected are automatically sent to the Cloud daily, thus, unlike the CVL, it does not
require the researcher to be physically with the logger in order to retrieve the data.

Figure 3. Indoor environmental quality logger (Carre and Williamson 2018)
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3. Development of a new integrated data acquisition system for studies of older people
While the indoor environmental quality logger developed by Carre and Williamson (2018) is
robust, remotely accessible, and small enough to not interfere with occupants’ activities, it is
not practical for use by older participants, ironically due to its small size. Some older people
have weakening eyesight while others may experience muscle and joint problems in their
hands, making it difficult for them to read the text on a small screen or to respond to the
survey questions by touching a small screen.

For older people, a much larger tablet with larger font size is required. Nevertheless,
the new system must meet the same requirements: (1) robust, (2) unobtrusive, (3) not rely
on the occupant’s electricity (and internet connection), and (4) user-friendly. The new indoor
environment survey tablet and data acquisition system are described below.

3.1. Indoor environment survey tablet

The indoor environment survey tablet was intended for the participants to complete regular
comfort surveys electronically - once a day whenever possible, or at least two times a week -
about their perceptions, preference, response and satisfaction particularly on the thermal
conditions inside their dwelling but also on other indoor environmental factors such as air
guality and air movement. Note that assessing the visual and aural parameters and
satisfaction was outside the scope of the study.

Based on the four principles mentioned above and the need for a larger user interface,
an electronic tablet with a 7” touch screen (Nextion by Itead) was used. Each tablet was
secured in a sturdy custom-made laser-cut acrylic enclosure. A strong handle was then
screwed into one end of the enclosure so that the participant could easily lift it up or carry it
to different rooms. A single button was added to ‘wake up’ the tablet (Figure 4). The tablet is
powered by a 20,000 mAh power bank (Xiaomi), giving a theoretical battery life of 6 months,
and controlled by an Arduino development board (Seeeduino Stalker V3.1), which
incorporates a Real Time Clock (RTC). All of these are connected by a printed circuit board
(PCB) which was custom fabricated for this purpose.

Figure 4. The new indoor environment survey tablet

To commence a survey, the participant presses the button below the screen to ‘wake
up’ the tablet and start the survey. The next question will appear after the participant touches
‘Next’ on the screen. Shortly after the completion of the survey, the screen switches off and
the survey responses are automatically transmitted wirelessly to the logger (see below),
where they are time-stamp recorded along with the environmental measures taken within
five minutes of the survey response.

The first question is intended for the participant to identify who she or he is (Person
1/Person 2), in case there are two participants in a household (if there is one person per
household, she or he will be advised to press ‘Person 1’). The next question is to indicate
which room she or he is in (Living room/Bedroom). The following questions cover the
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conditions about the participants (such as their activity and clothing) and their environment
as well as their perceptions, sensations and preferences. The questions are either multiple-
choice questions (e.g. Are windows in this room: all closed, some closed/open, all open), on
5 to 7-point scale (e.g. Do you feel: cold, cool, slightly cool, neutral, slightly warm, warm, hot),
or requiring yes/no answers (e.g. The heater in this room is: on, off). Each question requires
only one answer.

Both the text and appearance of the questions on the tablet were discussed and tested
in two focus group discussions with older participants. In general, the participants indicated
that all the questions were understandable; however, the main criticism was of the original
appearance of the tablet: it had white text on a black screen, similar to the screen on the
indoor environmental quality logger developed by Carre and Williamson (2018). While Carre
and Williamson’s respondents had no issue with the tablet appearance, as the majority were
younger adults, the older participants found it particularly difficult to read white text on a
black screen. Also, initially some graphics and colours were used to represent the answers.
There were, for example, pictures of people wearing different types of clothing accompanying
the answers for a question on clothing, and colours were used to accompany the answers for
thermal sensation questions (from dark blue to represent ‘cold’ to dark red to represent
‘hot’). Very quickly, such representations were criticized by the older participants, stating that
they were unnecessary.

Based on all the feedback, the survey questions and the screen interface were modified
and then presented to a third focus group. This group found all the questions and interface
to be very clear, thus the screen design was then finalized. A summary of the questionnaire
and options for the answers is presented in Table 1. Note that there is only one question
presented at a time and the participant needs to touch the Next “button” to go to the next
question, until the end of the survey. Therefore, no question can be skipped because the next
guestion will not appear until the participant answers the question. A user manual was also
created to provide explanations about each question and the answers.

3.2. Indoor environmental conditions logger

The indoor environment conditions logger consists of a CCS811 sensor which measures air
temperature, relative humidity (RH), CO2 and VOC levels, a Maxim DS18B20 temperature
sensor mounted in a matt-black 38mm table tennis ball to measure globe temperature and a
ModernDevice Wind Sensor RevC mounted on the logger box. All instruments are polled at
30-minute intervals and when a participant completes a comfort survey. The data are then
stored locally on a Secure Digital (SD) card of 8 GB capacity as a text file. An XBee (Digi) radio
isincorporated in the logger and this allows communication with the survey tablet. The logger
is also equipped with a 3G cellular modem, which allows the data, containing time-stamped
participant surveys and logger measurements, to be transmitted to an external FTP (File
Transfer Protocol) website once per day.

The logger architecture is based on the Atmega 328 microprocessor (Amtel Systems
Corporation) and employs an Arduino derived development board (Seeeduino Stalker V3.1)
with a Real Time Clock (RTC) which is battery backed in case of loss of power, similar to the
survey tablet. Likewise, the logger uses a Printed Circuit Board (PCB) connections to manage
the power supply for the logger, provided by a 20,000 mAh Xiaomi power bank. Firmware,
written using the Arduino Integrated Development Environment (IDE) in a version of C++,
controls the core functions of the logger and survey tablet. Similar to the survey tablet, the
logger is then placed in a sturdy enclosure (Figure 5).
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Table 1. Summary of indoor environmental survey questionnaire

Type

Questions

Choices for answers

Identification

Person No:

Person 1, Person 2

Which room are you in?

Living room, Bedroom

Thermal comfort
related questions

How are you currently dressed?

Very light, Light, Moderate, Heavy,
Very heavy

Describe your activity in the last 15 minutes in
this space:

Very relaxed, Relaxed, Light,

Moderate, Active

How do you feel right now?

Cold, Cool, Slightly cool, Neutral,
Slightly warm, Warm, Hot

Would you prefer to be...

Cooler, No change, Warmer

How satisfied are you with the temperature in

Very satisfied, Satisfied, Partially

this room? satisfied, Dissatisfied, Very
dissatisfied
Heating, cooling, | The air conditioner in the room is... On, Off
ventilation A heater in this room is ... On, Off
related questions | A fan in this room is ... On, Off

Curtains / blinds in this room are...

All open, Some open/closed, All
closed

In this room, windows and door(s) to outside are:

All open, Some open/closed, All
closed

In this room, door(s) to other room(s) are:

All open, Some open/closed, All
closed

Air quality related
questions

Do you think the air in this room is...

Stuffy, OK, Draughty

Do you feel that the air quality in this room is:

Very good, Good, OK, Poor, Very
poor

Health/well-being
related questions

How would you describe your health and well-
being at the moment?

Very good, Good, Reasonable, Poor,
Very poor

The conditions in this room influence my health
and well-being:

Definitely yes, Probably yes, Yes,
Unsure, Probably not, Definitely not

Figure 5. The indoor environment data logger (left); with the survey tablet (right)

3.3. Calibration and testing
The temperature, humidity and CO; sensors were tested against a calibrated HOBO® MX CO;
Logger (MX1102) while the wind sensor/anemometer was tested against a TSI 8475 Air
Velocity omnidirectional probe to develop a calibration curve Voltage versus Air Speed
(m/sec). During the deployment it became obvious that the anemometer results were
temperature sensitive. A series of laboratory tests confirmed this suspicion and a software
compensation methodology was developed based on the device voltage measurement that
was recorded at each logger output. Subsequent testing with a number of wind sensors
against the TSI 8475 confirmed the accuracy of this conversion.
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At the completion of monitoring, all sensors were again tested and compared with the
HOBO® MX CO; Logger (MX1102) along with an Assmann Aspirated Psychrometer measuring
dry and wet bulb temperature (from which RH was calculated), in a controlled environment
during a period of 24 hours. All environmental loggers showed little measurement drift during
their deployment and presented +/- 0.5 degrees Celsius accuracy for temperature and +/- 5%
accuracy for relative humidity.

4. Operation and communication

Once a day during the research period, each logger transmitted a data file containing time
stamped indoor environmental measurements and survey data to a FTP website. The file was
stored in a directory linked to the logger’s unique telephone number which related to the 3G
modem and SIM card installed in the logger. Researchers were able to access daily data files
on the FTP site, which are named based on the date when they were created by the logger.

The communication between each logger and survey tablet pair was tested prior to
installing them in a participant’s home. Additionally, as each logger transmitted a file once
per day, the researchers were able to identify if a logger stopped working or if there was an
issue with the survey tablet, and could take corrective actions immediately. The rigid structure
of the logger file structure also facilitates the aggregation of files for analysis purposes. Files
can be quickly downloaded and aggregated using simple batch scripts for more detailed
analysis.

One limitation of the newly developed system is the battery life. At the time of the
development, the only battery that was able to power the logger with its various sensors as
well as the survey tablet, and was within the budget of the project, had 6 months of battery
life. This meant that just before the end of the first six months of the monitoring study, the
researchers had to go back to each of the houses to replace the batteries. While replacing the
batteries did not result in any data losses, this process added some operational cost to the
project. However, returning to the participants’ homes also allowed the researchers to have
further conversations with the participants, which provided additional insights into their
behaviours, health and well-being during the study.

5. Sample results

Software scripts have been prepared to automatically: (1) collate all the daily indoor
environmental parameters from each house as well as from all houses, and (2) collate the
survey responses as well as indoor environmental parameters from each house as well as all
houses. Up to the end of October 2019, in total there were 10,788 responses from the
occupant survey. This means, on average, during the 8.5 months of study, each person
responded 154 times, or about 3 to 4 times a week, which was more than the minimum that
was expected (twice a week). However, upon a closer inspection of the data, we found that 3
people responded less than 30 times while a few others responded twice a day for the entire
study period. Such information will be useful in interpreting the collated results, but also
indicated the need to carefully look at individual responses.

Figure 6 is an example of the raw data from one house. It shows the date and time when
the indoor environmental parameters were measured, followed by the data (e.g. dry bulb
temperature, relative humidity, globe temperature, air velocity, CO, level). The row with the
time of 06:08:27 indicates the data from the survey tablet with the responses to the survey
questions presented in Table 1. Note that the options for the answers that appeared in text
on the survey tablet were replaced by numbers. For example, a very light clothing is indicated
by “1” whereas a very heavy clothing is indicated by “5”.
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HH Creat:2019-83-29 80:08:20
HH LogID:NB47
HH ACal:@@le

2019-03-29 00:00:20,M,22.41,0.00,61.83,22.43,0.09,720,0,400,0,0,0,0
2019-03-29 00:30:20,M,22.44,0.00,61.83,22.43,0.08,659,0,407,1,0,0,0

2019-03-29 01:00:20,M,22.45,0.00,60.63,22.50,0.08,672,0,400,0,0,0,0

2019-03-29 01:30:20,M,22.45,0.00,60.43,22.50,0.08,681,0,403,0,0,0,0

2019-93-29 02:00:20,M,22.42,0.00,58.13,22.43,0.08,668,0,400,0,0,0,0

2019-03-29 82:30:21,M,22.36,0.80,55.36,22.43,0.128,758,0,405,8,0,0,0

2019-83-29 83:00:20,M,22.41,8.08.55.34,22.37.8.88, 662,0,468,1,0,0,0

2019-03-29 ©3:30:20,M,22.35,0.00,54.76,22.31,0.08,656,0,403,0,0,0,0

2019-03-29 04:00:20,M,22.23,0.00,53.57,22.18,0.08,684,0,406,0,0,0,0

2019-03-29 04:30:21,M,22.21,0.00,52.86,22.18,0.08,681,0,413,1,0,0,0

2019-03-29 ©5:00:20,M,22.13,0.00,53.69,22.18,0.08,688,0,413,1,0,0,0 Participant

2019-03-29 ©5:30:20,M,22.16,0.08,51.97,22.18,0.08,681,0,406,0,0,0,0 ;

2019-03-29 06:00:20,M,22.11,0.00,49.99,22.18,0.09,707,0,402,0,0,0,0 responding to survey
2019-03-29 06:08:27,5,0,1,1,3,4,4,2,2,2,2,2,1,3,1,2,3,3,5,0,0,0

2019-03-29 06:10:20,M,22.09,0.00,49.79,22.12,0.09,729,0,400,0,0,0,0

2019-03-29 96:30:20,M,22.13,0.00,49.59,22.06,0.08,688,0,409,1,0,0,0

2019-03-29 ©7:00:21,M,22.09,0.00,49.59,22.00,0.09,694,0,406,0,0,0,0

Figure 6. Example of raw data of indoor environmental parameters and survey response

Once the indoor monitoring data and occupant survey responses from the same house
have been collated and/or the data from all houses are put together, it is possible to conduct
various analyses to respond to the research questions to achieve the research aim, i.e. to
understand actual living conditions of older people and the relationships between various
indoor environmental condition parameters and occupant’s perceived health and wellbeing.
Some of the data are presented below, while detailed analyses from the study are presented
in another paper (Williamson et al, 2020).

5.1. Indoor temperatures and thermal sensation votes

Figure 7 shows the range of indoor temperature in every hour of the day when the
participants responded to the survey during summer and winter months. The data show that
the range of indoor temperatures during the summer months was wider than during winter
and that many of the participants let the indoor temperatures rise above 25 °C and even
above 30 °C. This confirms the responses from the occupant survey which indicated that 83%
of the time when they voted ‘slightly warm’ to ‘hot’, the air-conditioner was not being used
(either because of choice or because they did not own a cooling system), despite the fact that
61% of those who voted ‘slightly warm’ to ‘hot’ preferred to be cooler.
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Figure 7. Hourly indoor operative temperature range when participants responded to the survey in summer
(left) and winter (right)

Interestingly, the data also indicated that during the monitoring period, there was
always at least one person responding to the survey even in the early hours of the day and
that the participants routinely responded to the survey at more or less the same time of the
day (Figure 8). In both summer and winter, most responses occurred late in the afternoon as
well as in late morning.
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Figure 8. Percentage of responses every hour throughout summer (left) and winter (right)

Figure 9 shows the frequency of each thermal sensation vote during summer and winter
months. The results show that overall the participants perceived their dwelling (living room
and main bedroom) to be ‘neutral’ for around 50% of the time, followed by ‘slightly cool’
(between 22% during summer and 27% during winter), and slightly warm (14% during
summer and 9% during winter). Interestingly during summer, ‘cool’ votes were accounted for
10% of the time whereas during winter there were only 7% of the time that the participants
voted to be ‘cool’. The data showed that, when the participants responded to the survey
during winter months, 30% of the time the heater was in use and this may explain the lower
percentage of ‘cool’ responses during winter, whereas, during summer, the participants
indicated that no heater was in use despite the fact that the indoor temperatures in some
houses were below 18 °C, as indicated in Figure 7 above.
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Figure 9. Thermal sensation votes during summer (left) and winter (right) months

Figures 10 presents the indoor operative temperatures and thermal sensation votes
during summer and winter months, while Figure 11 illustrates the average thermal sensation
vote calculated for every 0.5K of indoor operative temperature with a regression model fitted
using weights according to the number of votes in each temperature bin, indicating neutral
temperature of 25.4 °C in summer and 23.8 °C in winter.
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Figure 10. Thermal sensation votes vs indoor operative temperatures during summer (left)
and winter (right) months
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summer (left) and winter (right) months.

5.2. Clothing

40

During summer months, the majority of participants indicated wearing ‘light’ clothing,
followed by ‘moderate’ and ‘very light’ clothing, whereas during winter months the majority
wore ‘moderate’ clothing, followed by ‘heavy’ clothing, as shown in Figure 12. Clothing seems
to be an important strategy for them to stay cool in summer or warm in winter, instead of

using the cooling or heating system.

Table 2 presents examples of clothing types for each clothing level used in the study
(this information was part of the instruction manual given to the participants). It is however
interesting to see that there were a few responses indicating that they were wearing ‘light’
clothing during winter months. Upon a closer investigation, these occurred when the
participants had just done an activity (such as vigorous housework or an exercise), or when

the heater was on.

Table 2. Examples of clothing types for each clothing category

(approx. 0.7 clo)

Clothing category Examples
Very light e underwear with sleeveless, lightweight pyjamas
(approx. 0.2 clo) e underwear or bathers and lightweight sarong
e underwear and t-shirt or light-weight sleeveless top
and shorts or light skirt with no shoes or sandals.
Light e underwear with short-sleeved pyjamas
(approx. 0.45 clo) e underwear and shorts or skirt with lightweight
short-sleeved top and sandals
Moderate e long-sleeved pyjamas with dressing gown and

slippers

underwear and skirt, dress or trousers with long-
sleeve shirt, sleeveless vest or light pullover and
shoes and socks

Heavy °
(approx. 0.95 clo)

as ‘moderate’ plus a sweater or jacket

Very heavy °
(approx. 1.2 clo)

as ‘moderate’ but thick trousers or thick skirt and
tights, thick pullover and sleeveless vest or jacket
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Figure 12. Participants’ clothing levels during summer (left) and winter (right) months.

5.3. Air quality and health
The data show a higher percentage of responses during winter months indicating a good
indoor air quality compared to during summer months (Figure 13). This also corresponds to a
higher percentage of responses in winter indicating good health and well-being compared to
summer (Figure 14). The difference in the perception of air quality and health between the
two seasons was found to be statistically significant (p = 0.038 and p = 0.000, respectively).
Thermal sensation votes were also found to significantly correlate with the perception
of good health and well-being (p = 0.000), but interestingly the perception of poor health
mostly correlated with a ‘cool’ thermal sensation. So even though overall the participants felt
that both the indoor air quality and their health and well-being were better during winter
months, they felt their health worsened when experiencing ‘cool’ instead ‘warm’ sensations.
This may be related to the fact that, overall, the homes of these older participants tend to be
on the cold spectrum, with minimum indoor temperature during winter found to be less than
5 °Cin one of the houses. For this house, however, no survey response was given at the time
to confirm how the occupants actually felt in such thermal environment.
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Figure 13. Perceptions of indoor air quality during summer (left) and winter (right) months.
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Figure 14. Perceptions of their health and well-being during summer (left) and winter (right) months.
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6. Lessons learned

6.1. Data acquisition and occupant survey tool

Each set of data logger and survey tablet costs no more than $S800 (in Australian dollars) while
subscription to the FTP server cost no more than $120 per month for the entire 57 loggers. In
other words, for the whole 8.5 months of study, it cost less than $850 to build and operate
one set of data logger and survey tablet. Despite this relatively low budget, the system is able
to collect very rich data providing insights into the indoor environmental conditions of a
sample of older people in South Australia as well as the behaviours of these people in
responding to their indoor environmental conditions. The only issue with this relatively low
cost system was the limited life of the batteries that were used in the system, which required
additional costs of travel to each of the participant’s homes to replace the batteries at around
6 months after the start of the study.

While remote, portable and affordable indoor environmental monitoring systems have
been developed by others, at the time this paper was written, we had not found any existing
system that was able to combine the indoor environmental parameters being monitored and
the participants’ responses. All other existing systems required the data from the two systems
or devices to be combined manually post the monitoring or after the participants completed
the survey. While a script can be written to combine the data to ensure that the time at which
the survey responses were given closely matched the time at which the environmental
parameters were being measured and recorded, there can still be a discrepancy between the
time stamps of the two systems. On the contrary, in this study, this discrepancy will not
happen because the two systems communicate with each other in real time and the
environmental parameters around the time the participants provided their survey responses
were automatically recorded. This minimizes the risk of having unsynchronized indoor
environmental data and survey responses, thus guaranteeing the accurate evaluation of
“right here right now” indoor environmental quality.

6.2. Participant feedback

Some participants recommended that at the end of each survey, they should be able to review
their responses before they touched the “End” button. A number of respondents also said
that they would like a ‘Back’ button.

We sent all participants the summary of their responses (as a plot of indoor
temperature and thermal sensation votes) as well as an example of the outdoor and indoor
temperature plots every three months, as shown in Figure 15. Keeping the participants
informed was an important aspect of the research. Not all the participants could understand
the summary but everyone appreciated getting some data about their house and their
responses as an indication of the information that was being generated by their 'button-
pushing'.

The study also identified two issues that need to be considered for future research into
indoor environmental conditions and survey of older people. First, although we have
endeavoured to use large font size for the survey tablet, some participants, particularly those
who had hand movement problems, found using the tablet challenging. Second, some
participants raised their concerns over the use of electronic devices and a wireless connection
in their house, as they were worried about the impact for the radiation of such devices on
their health. Despite the fact that the impact of the devices used in the study on health would
be no more than the impact of electronic devices found in the participants’ homes, such as a
television, a computer screen or a radio, such concern needs to be taken into account.
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Nevertheless, the majority of the participants reported that the data logger and survey tablet
placed in their living room had become a point of interest and discussion by anyone visiting
their house. For many, responding to the survey had become a daily routine, and they said
they would “miss them” when we had to retrieve the logger and tablet from their house at
the end of the study.
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Figure 15. Example of data summary sent to each participant: (1) indoor-outdoor temperature (left) and
(2) indoor temperature vs thermal sensation votes (right)

6. Summary

We have adopted a robust, unobtrusive and independent system to continuously monitor
indoor environmental parameters and record occupant responses to an indoor environment
survey. While the study focused on older people, the system can be applied to any other
indoor environmental studies with other groups of subjects. The system is capable of
recording a vast amount of data with a relatively low cost for what it can do. While the system
suffered from a limited battery life, which prohibits the use of such system for a study longer
than 6 months without having to go back to replace the battery, it has proven to be an
advancement of previous types of data acquisition system and survey tools for studies on
indoor environmental conditions and their relationships with occupant behaviours and
perceptions.
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Abstract: This paper will report findings of a research project aimed at investigating the actual thermal
environment of the housing of older occupants (aged over 65) in South Australia together with their thermal
preferences and behaviours during hot and cold weather and relationships to their well-being and health.
Information was collected with an innovative data acquisition system (reported elsewhere). The research
covered three climate zones and extended over a 9-month period. The study involved a total of 71 participants
in 57 houses. More than 10,000 comfort/well-being questionnaire responses were collected together with more
than 1,000,000 records of indoor environmental conditions. Relationships between thermal sensation and self-
reported well-being/health as it is influenced by indoor environmental conditions will be detailed as will the
various adaptive strategies the occupants employ to maintain their preferred conditions. The circumstances
found acceptable will be compared with present Standard recommendations.

Keywords: Thermal comfort, ageing, health, well-being

1. Introduction

At the First Windsor conference Standards for Thermal Comfort back in 1994, Michael
Humphreys presented a seminal paper entitled “Thermal Comfort Temperatures and the
Habits of Hobbits” (Humphries, 1995). In this paper he set out a field study process by which
we could discover the comfort temperatures and conditions most favoured by Hobbits and
by comparison the human occupants of buildings. These recommendations, as we know, have
led to the development of the Adaptive Thermal Comfort approach, now accepted in
Standards around the world. There was nothing in Humphreys’s paper to suggest that the
Hobbits being observed were anything except healthy young adults.

Inevitably however, even for Hobbits, age catches up with them and as Bilbo Baggins in
Tolkien’s The Hobbit laments, “l am old, Gandalf. | don't look it, but | am beginning to feel it
in my heart of hearts. Well-preserved indeed! ......... That can't be right. | need a change, or
something.” He goes on to wish that he could just, “... sit at home in my nice hole by the fire,
with the kettle just beginning to sing!”. Just like Bilbo Baggins, the vast majority of older
Australians want to live independently and comfortably in their own home for as long as
possible.

This paper reports on findings of a research project involving a field study aimed at
investigating the actual thermal environment of the housing of older occupants (aged 65 and
over) in South Australia together with their thermal preferences and behaviours during hot
and cold weather and relationships to their health and well-being. Overall, the project
involves several phases that include an extensive telephone survey of around 250
participants, 7 focus group discussions with 49 participants and detailed monitoring of a
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selection of houses. Human ethics approval to conduct the indoor environment monitoring
was received from the Human Research Ethics Committee at The University of Adelaide,
approval number H-2018-042.

When interviewed during the early stages of the project, participants said they feel both
the cold and the heat much more than when they were younger, and that getting older had
affected their perception of the thermal environment (van Hoof, et al. 2019) One participant
in a focus group meeting said “As I’'ve aged, | fear the cold and | feel the cold more than when
| was younger. The heat doesn’t affect me as much, | haven’t noticed suffering from heat, but
I do know that as I’'ve become older, | suffer more from the cold weather.” On the other hand,
another stated, “When it’s hot | can’t take the heat and | feel so cold nowadays so | definitely
feel a big change.” Other participants indicated that ageing had affected their activity levels
and mobility and this had implications for their thermal comfort, “I think that in many cases
we’re not as active as we used to be so we’re not warming ourselves up but we’ve also got a
lot more time to think about it rather than when we had a job.”. They were also aware that
their health can be affected by changing thermal conditions, with arthritis being a common
complaint. “Sometimes my arthritis tells me there’s going to be bad weather ..... when | get
more arthritis that really affects me because | get frustrated; | can’t do things that | want to
do.” They were often concerned about the costs associated with heating and cooling a
house. “..... because we all live on our own it’s easier for us to make do rather than have to
pay extreme electrical costs of running anything, heating or cooling. Like | said, my throw rug
only costs me 4 cents an hour to run”. Even so, ”I’m still scared of how much it’s going to cost
me because we’re on a pension”.

Questions that flow from these new circumstances of ageinginclude, “Do these changes

of habit and circumstance signal a change in preferences that needs to be accounted for in an
adaptive comfort model?” and “To what extent are thermal conditions and health and well-
being interrelated”?
The paper will explore these issues. It will describe the thermal conditions found in a sample
of houses and examine some of the adaptive strategies employed by the participants to
maintain their preferred conditions, as well as relationships between thermal sensation and
self-reported well-being/health as it is influenced by indoor environmental conditions. The
acceptable thermal conditions are compared with present Standard recommendations.
Another paper to be presented at the conference examines findings that relate to the effects
of personal characteristics on comfort and wellbeing (Arakawa-Martins, 2020).

2. Study setting

The State of South Australia (SA) is located in central southern Australia and has a population
of approximately 1.7 million, most of whom (77%) live in the State’s capital city of Adelaide.
In general, South Australia experiences warm to hot summers (December to February) and
relatively mild winters (June to August). For energy-efficient building design the National
Construction Code identifies three climate zones in the State - (1) semi-arid, (2) warm
temperate, and (3) mild temperate, specified as climate zones 4, 5 and 6. These are similar to
the BSk, Csa, and Csb zones in the Koppen-Geiger climate classification system (BOM, 2014)
and these classifications are used in this paper.

This study focused on regions in each climate zone with relatively high concentrations
of older people. Therefore, the semi-arid climate region (BSk) was represented by three towns
known in SA as the “Iron Triangle” (townships of Port Augusta, Whyalla and Port Pirie) in the
mid north of SA. The warm temperate climate region (Csa) was represented by the Greater
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Metropolitan Adelaide region, while the mild temperate climate region (Csb) was represented
by the southern coastal area in the Fleurieu Peninsula and parts of the Hills area east of
metropolitan Adelaide. Figure 1 shows the three regions for the study.

Iron Trianale

w0

o s _ Q Adelaide
O Fleurieu

Cllmate Danus

Adelaide

Figure 1. Climate zones in South Australia and the three study regions
Source: Adapted from Australian Building Codes Board, National Construction Code
(Zone 4 = BSk; Zone 5 = Csa; Zone 6 = Csb)

Figure 2 shows comparisons of the monthly mean maximum and minimum
temperatures at meteorological monitoring stations in these climate zones: Whyalla
(representing BSk), Kent Town (Csa) and Victor Harbor (Csb).

40
e
)
30
~E
29
Q
o 20
a
15
10
0
Jan Feb Mar Apr May Jun Jul Aug Sep Qct Nov Dec
— Adzlaide maan max temp - = = Adelaide mean min temp
—_— ',"U'P"J.‘a‘ia mean max temp - e = Whyalla mean min temp
Victor Harbor mean max temp = = = \fictor Harbor mean min temp

Figure 2. Monthly mean maximum and minimum temperatures in Whyalla (BSk), Kent Town (Csa) and Victor
Harbor (Csb)
Source: Compiled based on data from Australian Government Bureau of Meteorology
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2.1 Participants and houses

Householders who agreed to take part in the monitoring exercise were self-selected from the
initial phases of the research project, the telephone survey and the focus group discussions
as well as from publicity in various media outlets (Soebarto, et al., 2019). One criterion for
participation was an agreement not be absent for a period in excess of 6 weeks during the
monitoring period.

A total of 57 houses, consisting of 71 participants were involved in the exercise over
approximately 9 months from January to October 2019. This period covered summer and
winter months, as well as autumn and part of spring. About 67% of the participants were
female and 33% male. Their ages ranged from 65 years with 10% over 85 years.

Figure 3 shows some examples of the houses monitored and Figure 4 gives a breakdown
of the types of houses. Overall 23% of the houses were located in a retirement village setting.

)

Figure 3: A sample of typical houses included in the monitoring program

The houses were mostly typical of the construction types in South Australia: external
walls of cavity brick or brick veneer construction and roofs of corrugated steel sheeting or
concrete tiles. The older houses had suspended timber floors while newer houses had
concrete slab-on-ground construction. The approximate floor area of the separate and semi-
detached houses taken together was 156 sq.m., smaller than the average floor size of
Australian homes which is 186.3 sq.m. All houses had heaters and all but two houses had air-
conditioners (coolers) in at least one room of the house, generally the living area; however,
for majority of the time the houses were operated as free-running (FR), that is, without
heating and cooling.
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Figure 4: Types of houses monitored

3. Monitoring

Information was collected with an innovative data acquisition system which is described
elsewhere (Soebarto et al., 2020). The logger recording environmental conditions every 30
minutes was placed in the main living room of the house, but the portable Tablet allowed the
participant to record their responses (referred to as a vote) in the living room or the bedroom.
A HOBO® U12-013 data logger was placed in the main bedroom of each house to measure
temperature and humidity. Files of hourly weather data from eight Bureau of Meteorology
stations were obtained with the station closest to each house identified.

The monitoring included houses in the three climate zones and during the 9-month
period more than 10,000 comfort/well-being questionnaire votes were collected together
with more than 1,000,000 records of indoor environmental conditions.

Participants were asked to vote regularly, if possible, once per day. Some were more
diligent in their voting than others, with on average each participant recording around 150
votes. In general participants did notify the researchers prior to periods of absence.

Daily data text files of the recordings together with the vote information were
downloaded via the 3G network and regularly inspected by a researcher to identify any
anomalies or problems. If a suspected issue was identified, arrangements were made to visit
the house and rectify the problem. For example, in some tablets the battery became
dislodged causing the screen to not work. The repair involved adding a piece of plastic foam
to support the battery and took about 5 minutes.

A computer script was developed to assemble all the data from the loggers, HOBOs®
and BOM weather files for analysis. Comfort indices such as Predicted Mean Vote (PMV) and
Standard Effective Temperature (SET*) were also calculated and added to the compiled data
files. A total of 10787 completed votes were received during the monitoring period. A
number of votes were considered as outliers (e.g. PMV outside the range *4) and were
disregarded for analysis.

3.1 Internal temperatures

The weather in South Australia is generally described as Mediterranean with hot dry summers
and cool mild wet winters. Table 1 shows the cooling degree hours (base 28 °C) and heating
degree hours (base 15 °C) derived from the Bureau of Meteorology (BOM) hourly
temperatures for the 10 months (Jan — Oct) of the monitoring period in 2019. While, as seen
in Figure 1, the State is divided into several climate zones, Table 1 shows there is considerable
variation within a zone. While there may be short periods of extreme heat, in general as the
Table shows, in all zones the climate is heating dominated. This is mirrored in the
temperatures recorded in the houses.
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Temperatures in the living room and main bedroom of houses showed considerable
variation. This reflects not only the external weather, but factors such as the occupants’
behaviour, their use of heating and cooling appliances, as well as aspects of the house design
that influence the thermal environment.

Table 1: Heating and Cooling Degree hours for Bureau of Meteorology stations relevant to the locations of the
participants’ homes

Location Képpen Cooling degree hours Heating degree hours
Classification —base 28 °C —based 15 °C
Climate Zone
Whyalla — Iron Triangle BSk 2605 13697
Port Pirie — Iron Triangle BSk 4124 14810
Adelaide — West Tce Csa 2492 12008
Adelaide — Kent Town Csa 3003 13025
Adelaide — Airport Csa 1608 12318
Noarlunga Csa 1950 14957
Edinburgh Airport Csa 3147 14857
Parafield Airport Csa 3257 15009
Hindmarsh Island — Fleurieu Csb 1018 12394
Mount Lofty — Hills Csb 819 32191

Figure 5 shows the percentage of all hours for houses in each climate zone when the
dry bulb temperature was below 15 °C and above 28 °C in living rooms and bedrooms. A
perhaps surprising observation is the time when both living rooms and bedrooms are below
15 °C. While this Figure shows the average, a number of houses in Zones Csa and Csb recorded
temperatures in the living room and the bedroom below 15 °C for more than 30% of hours
even if in all cases heating was available.

Zone BSk

Ave % Living Room below 15 oC

Ave % Living room above 28 oC mm

Ave % Bed room below 15 oC

Ave % Bed room above 28 oC

Zone Csa

Ave % Living Room below 15 oC
Ave % Living room above 28 oC
Ave % Bed room below 15 oC
Ave % Bed room above 28 oC

Percent
4 6 8 10
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Figure 5: Percentage of hours below 15 °C and above 28 °C in living rooms and bedrooms.

The relatively low percent of time above 28 °C is indicative of several factors; the fairly
mild temperatures during most of the monitoring period, house construction that ameliorates
temperature extremes, and adaptive behaviours, for example, applying shading devices and
finally the use of air-conditioning (cooling).

3.2 Occupant behaviours

The survey Tablet sought responses to 17 questions concerning the indoor conditions,
perceptions and preferences that participants were asked to complete. These are shown in
Table 2. The following section presents a summary of the results in the three climate zones

to some of the questions.

Table 2. Summary of indoor environmental survey questionnaire

Type

Questions

Choices for answers

Identification

Person No:

Person 1, Person 2

Which room are you in?

Living room, Bedroom

Thermal comfort
related questions

How are you currently dressed?

Very light, Light, Moderate, Heavy,
Very heavy

Describe your activity in the last 15 minutes in
this space:

Very relaxed, relaxed, light, moderate,
active

How do you feel right now? Cold, Cool, Slightly cool, Neutral,
Slightly warm, Warm, Hot

Would you prefer to be... Cooler, No change, Warmer

How satisfied are you with the temperature in | Very satisfied, Satisfied, Partially

this room?

satisfied, Dissatisfied, Very dissatisfied

Heating, cooling,
ventilation
related questions

The air conditioner in the room is...

On, Off

A heater in this room is ...

On, Off

A fan in this room s ...

On, Off

Curtains / blinds in this room are...

All open, Some open/closed, All closed

In this room, windows and door(s) to outside
are:

All open, Some open/closed, All closed

In this room, door(s) to other room(s) are:

All open, Some open/closed, All closed

Air quality related
questions

Do you think the air in this room is...

Stuffy, OK, Draughty

Do you feel that the air quality in this room is:

Very good, Good, OK, Poor, Very poor

Health/well-being
related questions

How would you describe your health and well-
being at the moment?

Very good, Good, Reasonable, Poor,
Very poor

The conditions in this room influence my
health and well-being:

Definitely yes, Probably yes, Unsure,
Probably not, Definitely not

3.2.1 Use of heaters and coolers

Unlike houses in other countries, very few houses in South Australia have central heating and
cooling systems. Heating was supplied in the houses by a number of means that ranged from
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ducted systems to portable electric radiators and blower heaters. Heating in bedrooms was
generally with a portable device and generally used for only a few hours in the evening.
Cooling was achieved mainly with split systems, that is, an external compressor coupled to an
indoor fan coil unit. Tables 3 and 4 show for each climate zone the percent of time heating
and air-conditioning (cooling) were reported to be operating at the time of a vote. In climate
zone BSk the heating was reported to be on 22.3% during a vote and cooling 15.3% of the
time. The participants in climate zone Csb, in theory the coldest, reported the lowest use of
heaters when they voted at 14.1% of times. On the other hand, they recorded the air-
conditioner (AC) operating 12.6% of the time. Taking all Zones together the proportion of ACs
operating at the time of a vote increased with increasing external temperature. At 28 °C, 28%
of respondents indicated that the AC was On. This increased to 58% once the external
temperature increased to 38 °C.

Table 3: Percent of time heating On/Off during voting and corresponding TSV

TSV Climate BSk Climate Csa Climate Csb

Heater % Off % On % Off % On % Off % On
Cold 0.2% 2.4% 1.2% 0.6% 0.9% 2.6%
Cool 10.2% 0.0% 6.8% 1.7% 6.4% 7.4%
Slightly cool 17.8% 10.2% 27.1% 17.8% 25.6% 25.1%
Neutral 53.3% 23.6% 52.1% 58.4% 54.4% 49.9%
Slightly warm 12.6% 25.2% 10.0% 14.0% 9.9% 11.5%
Warm 4.3% 38.6% 2.2% 7.4% 2.4% 3.5%
Hot 1.6% 0.0% 0.7% 0.1% 0.4% 0.0%
Overall TOTAL % 77.7% 22.3% 81.0% 19.0% 85.9% 14.1%

Table 4: Percent of time cooling (AC) On/Off during voting and corresponding TSV

TSV Climate BSk Climate Csa Climate Csb
Cooler % Off % On % Off % On % Off % On
Cold 0.2% 3.4% 1.2% 0.5% 0.9% 2.5%
Cool 7.2% 11.5% 5.2% 11.3% 6.6% 5.6%
Slightly cool 16.4% 14.9% 25.8% 21.3% 26.1% 21.6%
Neutral 46.0% 50.6% 54.6% 42.0% 54.0% 52.1%
Slightly warm 15.9% 12.6% 9.7% 20.2% 9.4% 15.7%
Warm 13.3% 4.6% 3.2% 2.9% 2.6% 2.5%
Hot 1.0% 2.3% 0.4% 1.8% 0.4% 0.0%
Overall TOTAL % 84.7% 15.3% 89.7% 10.3% 87.4% 12.6%

Examination of Tables 3 and 4 reveals some interesting aspects regarding heating and cooling
responses. An analysis of the figures in Table 3 shows that when heaters were reported as
on, compared to the off state, the participants reported thermal sensation votes (TSVs) that
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increased towards warmer conditions. This is much as expected. However, an examination of
Table 4 shows that, compared with the off state, only in climate Zone BSk, did the participants
indicate TSVs tending towards cooler conditions when the AC was on. In the other two Zones
the participants reported generally warmer TSVs with the AC on. This apparent anomaly will
require further investigation.

3.2.2 Clothing

The clothing levels reported by the participants in the 3 zones is shown in Figure 6. On balance
the climate zones show similar results. The somewhat greater variation of clothing levels in
climate Zone BSk, with more “very light” and “heavy”, is likely due to the greater variability
of the weather in that region. The slightly higher level of “moderate” clothing reported in
Zone Csb is in line with the hot/warm and cold/cool weather that can be implied from Table
1. Otherwise there appears to be little difference in clothing worn in the three climate zones.
Typical “moderate” clothing would be trousers and a long sleeve shirt or a knee-length skirt,
a long sleeve shirt and pantyhose.
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Figure 6: Clothing levels reported by participants in three climate zones

Taking all climate zones together, Figure 7 shows that the participants adjusted their
clothing level in relation to the internal operative temperature (binned at 0.5K intervals). The
weighted regression line shows clearly that as the temperature increased lighter clothing was
employed. The slope of the line indicates that this is a main adaptive strategy.
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Figure 7: Internal operative temperature (°C) versus clothing levels reported by participants all climate zones

3.2.3 Activity

The activity levels reported by the participants are shown in Figure 8. In all climate zones
around 80% of the time the participants reported being “very relaxed”, “relaxed” or “light”
(perhaps waiting for their kettle to boil?). In zone BSk, the higher percent reported as
“relaxed” is probably a reflection the smaller number of votes and the health conditions of
the participants. For further analysis each reported activity is associated with a Met level. For
example, “Light” is designated as Met 1.5 and “Active” as Met 2.0.
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Figure 8: Activity levels reported by participants in three climate zones
Note: Zone BSk — N=570, Zone Csa — N=4261, Zone Csb — N=5965

For all zones combined, Figure 9 shows that activity reduces as the internal operative
temperature increases. That is, the participants tend to slow down as reported in the

interviews. The increases in activity when the temperature is below 15 °C could be
interpreted as efforts to keep warm.
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Figure 9: Internal operative temperature (°C) versus activity level reported by participants all climate zones
4. Thermal sensation and preference

Figure 10 shows the frequency of responses recorded for the question “How do you feel right
now?” over the whole monitoring period - the thermal sensation vote (TSV). For climates Csa
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and Csb the balance of votes was slightly on the cool/cold side, while for zone BSk the balance
was about equal.
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Figure 10: Frequency of thermal sensation votes (TSV) by participants climate zones

A crosstabulation of TSV and responses to the question “How would you prefer to be?”
(Preference) is shown in Table 5 for all votes

Table 5: Crosstabulation TSV and Preference - N=10787

Cooler No change Warmer TOTAL
Cold 0.0% 1.1% 1.1%
Cool 0.1% 2.5% 3.7% 6.3%
Slightly cool 0.1% 13.4% 11.4% 25.0%
Neutral 0.5% 51.2% 1.6% 53.2%
Slightly warm 2.8% 7.5% 0.5% 10.7%
Warm 1.2% 2.0% 0.1% 3.3%
Hot 0.5% 0.0% 0.5%
TOTAL 5.1% 76.5% 18.4% 100.0%

Each climate zone showed similar results. Of significance is that around 77% of the time
the participants had a preference for “No change” and more than 25% of these votes
corresponded to a TSV other than neutral with a significant preference (13.4%) expressing the
preference for the sensation of “Slightly cool”. Back in 1994, Williamson, et al., (1995)
suggested “.. the notion that neutral or preferred temperatures are equivalent must be
questioned. The preference for, or acceptance of, non-neutral thermal conditions is an
important fact which should be considered when assessing design options”. This
recommendation has not changed.

4.1 Thermal sensitivity

The thermal sensitivity of occupants in the three climate zones was assessed by plotting the
internal operative temperature against their TSVs. The regression coefficient or gradient of
these plots is interpreted as being inversely related to the occupant’s thermal adaptability,
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the greater the slope the more sensitive (or less accepting) are they to temperature changes.
A slope of 0.13/K was reported by de Dear et al. (2018) in their study of houses in Sydney and
Wollongong. Daniel et al. (2019) reported a slope of 0.11/K for a cohort of occupants
monitored during cold weather in Adelaide, SA. Williamson and Daniel (2018) showed a
regression coefficient of 0.31/K for a recent cohort in naturally ventilated houses in Darwin,
NT.

Figure 11 shows the weighted regression lines for internal temperatures binned at 0.5K
for zone Csa.
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Figure 11: Thermal sensation votes (TSV) versus Internal operative temperature binned at 0.5K intervals

Similar plots for the other climate zones give, for Csb a slope of 0.12/K, and for BSk a
slope of 0.076/K. A t-test analysis applied to each pair of slopes indicates that these slopes
are significantly different- Csa/Csb (t=9.14, p<0.05), Csa/BSk (t=3.36, p<0.05) & Csb/BSk
(t=3.35, p<0.05). Comparing with other studies this cohort of older residents would seem far
less sensitive to temperature variations compared with a more general cohort.

4.2 Thermal satisfaction

One survey question “How satisfied are you with the temperature in this room?” sought to
elicit a response regarding the point-in-time overall approval of the thermal conditions. The
results for each zone are shown in Figure 12.
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Figure 12: How satisfied are you with the temperature in this room?
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Overall, the participants reported “Very satisfied or “Satisfied” on 78% of occasions.
Only in Zone Csb were the votes “Very dissatisfied” and “Dissatisfied” greater than 5%.
Overwhelmingly the participants were satisfied with their thermal environment.

5. Health and well-being

As described above the participants in this project were generally aware that thermal
conditions could affect their health and well-being. Two questions of the survey were
designed to explore this issue — “.... describe your health and well-being at the moment?” and
“... the conditions in this room influence my health and well-being?”. The crosstabulation of
results is shown in Table 6.

Table 6: Cross tabulation of influence of conditions in the room on present health/well-being

Definitely  Probably Probably Definitely
yes yes Unsure not not TOTAL
Very good 5.9% 8.4% 0.3% 3.7% 0.5% 18.8%
= Good 13.2% 19.2% 3.7% 5.4% 0.3% 41.8%
@
2 Reasonable 2.7% 15.5% 4.8% 6.6% 5.0% 34.6%
§ Poor 0.3% 1.6% 0.5% 1.3% 0.6% 4.3%
cth Very poor 0.1% 0.0% 0.0% 0.1% 0.3% 0.5%
TOTAL 22.2% 44.7% 9.4% 17.0% 6.7% 100.0%

About two-thirds of responses reported “Definitely yes” or “Probably yes” that the
thermal conditions in the room influenced their health and/or well-being. On about 61% of
occasions the participants indicated that their health was “Very good” or “Good” with a
further 35% suggesting “Reasonable”. An understanding of these results becomes clearer
with a plot of health/well-being against internal operative temperature as shown in Figure
12. The influence of temperature is more pronounced (presumably adversely) below about
15 °C and above about 28 °C.

Health/well-being

Definitely not

Probably not

Unsure [ J
Probably yes N ? ( N
. » F
Definitely yes o o

5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Internal operative temperature (°C)

Figure 13: Specified participant health/well-being versus Internal operative temperature
N =10787

6. External versus indoor acceptable temperature
The operational utility of the adaptive comfort concept in Standards such as ASHRAE 55 and
EN 15251 show a relationship between the external running mean prevailing temperature
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and the indoor neutral or acceptable temperature. Williamson and Daniel (2019) have
recently proposed an adaptive comfort model based on a large database assembled for
temperate regions of Australia and computed by a Modified Griffiths technique,
- Tcomf=15.940.26Tpma(out)

Using the same method, the present data produces a relationship between the
prevailing mean outdoor temperature (alpha = 0.6) and indoor acceptable temperature as
shown in Equation 1 (R?>=0.62)

Teomf= 16-3+0-29Tpma(out) Eq (1)

Figure 14 shows for comparison these models as well as the ASHRAE 55 Standard model
neutral temperature - Tcomf= 17.8+0.31Tpma(out). The present model indicates that the older
participants of this study prefer slightly higher temperatures compared to the general
population in the temperate regions of Australia. The Figure also illustrates that using the
ASHRAE 55 model for housing in Australia is inappropriate

Adaptive Comfort Model
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Eg ASHRAE 55 Neutral temperature
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Figure 14: Adaptive comfort models, Prevailing mean outdoor temperature versus Indoor acceptable
temperature.

7. Conclusion

This paper reports on part of a study involving older South Australians aimed at better
understanding the relationship between external weather, aspects of the built form of the
dwelling, the occupants’ thermal comfort and energy use. The overall aim is to investigate
strategies and develop guidelines for improving the thermal environment so that as people
age, they may remain in their own house with conditions that do not adversely affect either
their health or well-being.

The mass of data collected during the field study phase shows that the older cohort of
South Australians who participated in this study were less sensitive to temperature variations
compared to the general population in Australia reported in other studies. They appeared to
be adept at employing adaptive strategies, for example, altering their clothing and activity as
a function of temperature as well as the judicious use of heating and /or cooling. In general,
the participants operated their house in free-running mode, with on average heating or
cooling employed for around 33% of the time a vote was recorded. On the whole, they
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expressed satisfaction with the thermal environment in their house even in conditions that
might normally be considered beyond Standard comfort limits.

As Bills (2018) reported from study of a small sample of the older population in SA
cold/cool conditions were accepted or tolerated and even preferred and that this situation
was associated with an increase in reported health symptoms. The current study has
confirmed the prevalence of indoor temperatures below those conventionally considered as
comfortable. In particular, in each of the three climate zones, measurements showed
significant portions of time when the temperature, particularly in bedrooms, was below 15
°C. This is an issue that future guidelines should address. Periods of hot weather were found
to be less an issue because of adaptive measures adopted by the participants together with
the use of air-conditioning used to alleviate the extremes of temperature.

An acceptable temperatures adaptive model developed from the data collected in this
study could be used as first cut assessment of the acceptability (or otherwise) of existing and
new housing where people (or Hobbits) may wish to sit and age in their hole.
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Abstract: As people age, physiological changes affect their thermal perception, sensitivity and regulation. The
ability to respond effectively to temperature fluctuations is compromised with physiological ageing, upsetting
the homeostatic balance of health in some. As a result, older people can become vulnerable at extremes of
thermal conditions in their environment. With population ageing worldwide, it is an imperative that there is a
better understanding of older people’s thermal needs and preferences so that their comfort and wellbeing in
their living environment can be optimised and healthy ageing achieved. However, the complex changes affecting
the physiological layers of the individual during the ageing process, although largely inevitable, cannot be
considered linear. They can happen in different stages, speeds and intensities throughout the ageing process,
resulting in an older population with a great level of heterogeneity and risk. Therefore, predicting older people’s
thermal requirements in an accurate way requires an in-depth investigation of their individual intrinsic
differences. This paper discusses an exploratory study that collected data from 71 participants, aged 65 or above,
from 57 households in South Australia, over a period of 9 months in 2019. The paper includes a preliminary
evaluation of the effects of individual intrinsic characteristics such as sex, body composition, frailty and other
factors, on thermal comfort. It is expected that understanding older people’s thermal comfort from the lens of
these diversity-causing parameters could lead to the development of individualised thermal comfort models
that fully capture the heterogeneity observed and respond directly to older people’s needs in an effective way.

Keywords: thermal comfort, older people, body composition, frailty, personal comfort models
1. Introduction

1.1. Overview on ageing and thermal comfort

As people age, unavoidable physiological changes such as structural skin modification and
metabolic alterations affect their thermal perception, sensitivity and regulation (Blatteis,
2012; Dufour and Candas, 2007). Overall, physical ageing is commonly associated with a
significant compromise of the efficiency of thermal defence mechanisms and the ability to
respond effectively to temperature fluctuations, upsetting the homeostatic balance of health
in some. As thermoregulation plays a vital part in human survival, older people! can become
vulnerable at temperature extremes in their environment, therefore demanding special
attention to their thermal needs and preferences (Shibasaki et al., 2013).

1 Although the United Nations define older people as aged 60 years old or over, in Australia the term is used to
define people aged 65 years old or over. This paper defines older people as aged 65 years old or over.
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This is particularly important because it is hypothesised that extreme weather events
may increase not only in number, but also in intensity and overall duration
(Intergovernmental Panel on Climate Change, 2014; World Health Organization, 2004). Based
on comprehensive research that analysed a wide body of observations and modelling studies
of the world climate systems as well as the plausibility of future projections across all
commonly used scenarios, the highly detailed report from the Intergovernmental Panel on
Climate Change (2013) points to the increase in the number of warm days and nights on the
global scale and to the increase of the frequency of heat waves in large parts of Europe, Asia
and Oceania.

Australia is reported as one of the world’s regions that is particularly susceptible to heat
waves and drought conditions according to the last five-year period report from the World
Metereological Organization (2016). In the summers of 2012/2013 and 2013/2014, the
country experienced records for persistent heat in many cities, including the four consecutive
days above 41 °C in Melbourne, Victoria. Likewise, Adelaide, in South Australia, records
regular heatwaves and extreme heat events during which total ambulance call-outs and total
mortality tend to escalate (Faunt et al., 1995; Nitschke et al., 2011). In addition, as Astrom et
al. (2011) highlighted, it is alarmingly likely that the dramatic impacts of extreme events on
population’s health will be even greater than seen previously.

As lowered heat tolerance can make older people more vulnerable to heatwaves
(Hansen et al., 2011; Stafoggia et al., 2006), understanding older people’s thermal needs and
preferences to improve the thermal conditions of their environment becomes essential.

Many international studies have addressed thermal adaptation for the ageing
population (Jiao et al., 2017; Taylor et al., 1995; van Hoof and Hensen, 2006; van Hoof et al.,
2017; Yang et al., 2016). However, in Australia, the subject has only emerged in the past few
years. While consistent progress has been made from diverse perspectives, many specific
topics would still benefit from further investigation: the geographical differences in older
people’s thermal perception, the effects of mild thermal disturbances on older adults’ health
and smart home technologies for enhancing thermal comfort are some of the research topics
that could still be expanded (van Hoof et al., 2017).

Furthermore, while some thermal comfort studies conclude that there is no difference
between older adults compared to younger adults regarding thermal comfort (Fanger, 1970),
more recent research has shown considerable differences in older people’s preferences (Jiao
et al.,, 2017; Schellen, 2012; Schellen et al., 2010; Taylor et al., 1995; Tsuzuki and Ohfuku,
2002). Although inconclusive, the distinction between how older adults seem to perceive
thermal comfort when compared to the young populations could be caused by a combination
of both physical ageing and relevant behavioural differences (van Hoof et al., 2017).

Interestingly, the differences relating to thermal comfort and perception are present
not only between older and younger cohorts, but also between individuals in the older group
(Peng, 2010; Wong et al., 2009). For this reason, understanding diversity in older age also
becomes crucial in order to predict older people’s needs and requirements in an accurate
way.

1.1. Drivers of diversity in older age

The ageing process is deeply influenced by complex biological and physiological changes in an
individual. However, most of the time these changes are independent from chronological age
- the total number of years a person has lived -, and, although largely inevitable, they cannot
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be considered linear. These changes can happen in different stages and with different speeds
and intensities throughout older age. For this reason, it is very common to observe older
people with the exact same chronological age having completely different functional
capabilities. This means that, while some older people with a certain chronological age may
be frail or lack the capacity to meet their basic needs and undertake basic activities, other
older people with the same chronological age may retain full physical and mental functioning,
not requiring any external support (World Health Organization, 2015).

The diversity in older age happens firstly because the mechanisms of ageing are
extremely random. Secondly, it is believed that environmental and behavioural elements also
play a relevant part in the trajectories of ageing. According to the World Health Organization’s
report entitled ‘World Report on Ageing and Health’, older people’s heterogeneity goes
beyond genetic inheritance or the deliberate choices made during their lives. Both physical
and social environments that people inhabit can affect health directly and indirectly (World
Health Organization, 2015).

The Report also explains that healthy ageing can only be reached when older people are
able to achieve the things that they have reason to value. In order to do so, functional ability
is essential. However, functional ability depends on the intrinsic capacity of each individual
and the multiple interactions between this individual and the diverse environmental
characteristics he/she is exposed to. Therefore, whether or not older people can experience
healthy ageing will be determined not only by their individual capacity but also by the
interactions with the environments they are surrounded by at a certain point in time.

In its conclusion, the Report emphasises the need to better understand the diverse
needs of older populations in order to develop relevant policy that fosters healthy ageing.
Among the different ways to achieve this better understanding, person-centred approaches
are strategies that could be applied by the WHO for health and long-term care settings. This
new approach could result in a real paradigm shift in the way global health services are
managed and provided, delivering health services that respond directly to people’s needs and
preferences, in a safe and effective way.

Looking from the same perspective, the field of thermal comfort is also experiencing
the same paradigm shift. Most studies on thermal comfort that focus on the population level,
on averaged responses from a group of people and on one-size-fits-all centralised thermal
management, are being called into question by much more individualised and occupant-
centric alternatives (Kim et al., 2018). This indicates that diversity in preferences, perceptions
are beginning to be taken into account in these studies, and that occupants whose comfort
perception generally deviates from averaged populations means are finally being regarded as
relevant. In this context, since older people’s individual differences are wide, much could be
profited by investigating their environmental comfort from the same occupant-centric
approach.

1.2. Individual differences in human thermal comfort

Explaining diversity in perceived thermal comfort has been an interest of many studies for
decades. The fact that subjects might perceive and respond completely differently when
exposed to the exact same thermal environment indicates that other factors and stressors
than the environmental parameters should also be considered when designing or managing
the built environment (Wang et al., 2018). These factors can range from psychological,

189



physiological and personal characteristics to the social and environmental contexts of each
individual (Bluyssen, 2019).

However, international standards still adopt aggregate modelling approaches, such as
the Predicted Mean Vote (PMV) model (Fanger, 1970) and the adaptive model (de Dear and
Brager, 1998; Nicol and Humphreys, 1973), as the bases for the thermal requirements for
human occupancy in the built environment. As aggregate models, they are only able to
explain human thermal sensation on a population or group level, mainly based on physical
parameters and behavioural factors (operative temperature, relative humidity, air speed,
clothing and activity levels). This implies that assessing design options is often based on
complying with an averaged thermal comfort zone, disregarding those occupants whose
comfort perception deviates from the population mean because of their intrinsic
characteristics.

Providing environments that thermally satisfy all occupants means truly capturing the
diversity observed between them. For this reason, quantifying the effects of individual factors
on perceived thermal comfort and incorporating these on the existing comfort models have
become increasingly important, especially considering the health and energy related benefits
of doing so (Schweiker et al., 2018).

Among the factors that might lead to the individual differences in thermal comfort,
some have been considered especially relevant in the field. The potentially diversity-causing
parameters identified in most studies include age, sex, body composition (for instance, body
fat, basal metabolic rate), chronic diseases, physical disabilities, fitness and temperature,
seasonal, and climatic zone acclimation and habituation (Bluyssen, 2019; Schweiker et al.,
2018; Wang et al., 2018; Zhang et al., 2001). Although between-subject differences — or inter-
individual differences — such as body composition and climatic habituation seem to be
considered important factors explaining the diversity in human thermal comfort response and
perception, age and sex still show inconsistent conclusions in terms of their effects on comfort
(Schweiker et al., 2018; Wang et al., 2018).

2. Objectives

Considering all the above, the objective of this paper is to evaluate the effects of individual
intrinsic characteristics on older people’s perception and response to thermal environments.
Furthermore, this paper also aims to look at the combined effects of these individual
parameters, attempting a better understanding of the interactions between them.

It is expected that understanding older people’s thermal comfort from the lens of these
diversity-causing parameters could lead to the development of individualised thermal
comfort models that fully capture the heterogeneity observed and respond directly to older
people’s needs in an effective way.

3. Study design and data collection

To achieve the before mentioned goals, this study collected data from 71 participants (23
males and 48 females) from 57 households located in South Australia. The participants were
drawn from the first two stages of the research project ‘Improving the thermal environment
of housing for older Australians’ (Soebarto et al., 2019a; van Hoof et al., 2019) and through
press releases in various media formats. All participants were aged 65 years or above and
living independently. Their dwellings are located in hot dry (BSk), warm temperate (Csa) and
cool temperate (Csb) climate zones, according to the Képpen—Geiger climate classification
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system. The data were collected during a period of 9 months in 2019, covering both hot and
cold seasons, which provided the range of variations in environmental conditions necessary
for a comprehensive analysis.

The data collection process involved visiting each house to apply a short questionnaire,
conduct an open-ended interview about the house details and install indoor environment
data loggers in the house’s main living room and main bedroom. A thermal comfort survey
tablet was also installed to be used by the participants to answer a survey about their thermal
environment and their preferences and sensations.

All data collection tools (such as questionnaire, interview, loggers) were designed to
cover a wide range of variables and factors known in the architecture science, medicine and
public health fields of study to influence and affect thermal comfort, sensation and
preference. In addition, the results from the previous phase of this research project, which
gathered data via seven focus group sessions with 49 older South Australians (van Hoof et al.,
2019) also contributed to highlight less quantifiable aspects of older people’s thermal
perception and response, which are often overlooked in comfort studies (for instance,
personal beliefs and experiences). Unique factors such as use of outdoor spaces, self-rated
health, habituation to climatic zones, which are also often ignored in thermal comfort studies
or extremely hard to obtain, were included in the study as well.

The questionnaire covered participant’s personal data (such as sex, age, level of
education, general health status, frailty score, use of outdoor spaces, etc.) and their general
behaviour towards thermal comfort. It was conducted using a paper-based form, taking from
10 to 40 minutes to complete. The questionnaire also included a body composition
assessment, using a Tanita Inner Scan RD-953 scale (Tanita Corporation, 2016; Volgyi et al.,
2008). The equipment’s measurements are based on the principles of bioelectrical impedance
to calculate a number of body variables (for instance, body water, fat, bone, muscle
percentages, etc.).

An open-ended interview gathered information about the participant’s house and took
from 10 to 40 minutes depending on the size of the house, complexity of systems and level
of details shared by the participants.

The indoor environment data logger contained sensors that measured air temperature,
globe temperature, air speed, relative humidity, CO2 and Volatile Organic Compounds (VOC).
The logger coordinates measurements from the sensors, undertaken at 30-minute intervals
and when a participant completes a comfort survey. The logger was self-contained and did
not require connection to the dwelling’s electricity or Internet systems. The data were
automatically sent to a web-based server and could be accessed remotely (Soebarto et al.,
2019b).

The thermal comfort survey tablet was intended to allow participants to complete
comfort surveys electronically, once a day or at least once a week - about their clothing,
activity, thermal sensations (TSV) and preferences, window and door operations, as well as
heating, cooling and fan operations. The survey also included questions about the
participant’s perceptions of the indoor environment quality as well as their self-reported
health and wellbeing status at that particular point in time. Each survey took no more than a
few minutes to complete. The tablet was self-contained and did not require connection to the
dwelling’s electricity and Internet systems (Soebarto et al., 2019b).

Up to the end the monitoring period, 10,787 votes were recorded from the occupant
survey.
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Table 1 shows the individual parameters analysed in this paper and the range of possible
categories for each one. They are: sex, age, personal weather preference, habituation to
climatic zones, frequent use of outdoor spaces, body composition variables, presence of
chronic diseases or frequent symptomes, frailty and self-rated health.

Table 1 - Individual parameters analysed in this study

Individual parameters

Categories (code)

Sex Male (1)
Female (2)
Age 65 to 69 years old (1)

(
70 to 74 years old (2)
75 to 79 years old (3)
80 to 84 years old (4)
85 or more years old (5)

Personal weather preference

Generally prefers hot weather (1)
Generally prefers cold weather (2)
Does not like either hot or cold weather (3)
Has no preference, likes both weathers (4)

Habituation to climatic zones ?

Csa (warm temperate) (1)
Csb (cool temperate) (2)
BSk (hot-dry) (3)

Frequent use of outdoor spaces

No (0)
Yes (1)

Body Composition
Height (cm)
Weight (kg)
Body Mass Index - BMI (kg/m?)
Body Fat (%)
Muscle Mass ° (kg)
Physique Rating ¢ (between 1-9)
Bone Mass (kg)
Visceral Fat rate ¢ (between 1-59)
Basal Metabolic Rate - BMR (kcal)
Total Body Water (%)

Numerical variables

Chronic diseases or frequent symptoms
Asthma
Respiratory illnesses
Heart diseases
Renal condition
Dehydration or heat stroke
High Blood Pressure
Allergy

No (0)
Yes (1)

Frailty ©

Not frail (1)

Apparent vulnerability (2)
Mild frailty (3)

Moderate frailty (4)
Severe frailty (5)

Self-rated health when voting

Very good (1)
Good (2)
Reasonable (3)
Poor (4)

Very poor (5)

a Habituation to climatic zones was considered when participants lived in the location for more than 5 years.

b Sum of skeletal muscle, smooth muscle and water in muscle.
¢ Calculated according to the ratio between fat and muscle.
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d Calculated according to the amount of fat that is in the internal abdominal cavity, surrounding the vital organs in
the abdominal area.
e Assessed according to the Modified Reported Edmonton Scale (MRES) (Rose et al., 2018).

4. Preliminary results

The analysis presented in this paper involved statistically regressing the occupant’s thermal
sensation votes (TSV, on a 7-point scale, from hot (+3), warm (+2), slightly warm (+1), neutral
(0) to slightly cool (-1), cool (-2) and cold (-3)) against each of the personal individual
parameters, first individually and then combined in a stepwise linear regression. All
regressions were weighted according to the number of votes each participant recorded, so
that personal parameters could be equally counterbalanced. The results of each individual
linear regression and statistical significance are shown in Table 2.

Table 2 — Results (p-value and regression coefficient B) of individual linear regression for each individual

parameter
Individual Characteristics p-value ® B (95% Confidence Interval for B)
Sex 0.000 0.089 (0.052 / 0.125)
Age 0.000 -0.120 (-0.135 / -0.104)
Self-rated health when voting 0.000 -0.044 (-0.067 / -0.022)
Habituation to Climate Zone 0.046 0.028 (0.000 / 0.055)
Personal Weather Preference 0.000 0.050 (0.034 / 0.066)
Frequent use of outdoor spaces 0.000 0.120 (0.081 / 0.159)
Frailty Score 0.000 -0.080 (-0.104 / -0.055)
Height 0.002 -0.003 (-0.005 / -0.001)
Weight 0.354 0.001 (-0.001 / 0.002)
BMI (Body Mass Index) 0.004 0.004 (0.001 / 0.008)
Body Fat Percentage 0.131 0.002 (0.000 / 0.004)
Muscle Mass 0.345 0.001 (-0.001 / 0.0036)
Bone Mass 0.278 0.024 (-0.020/ 0.068)
Body Water Percentage 0.000 -0.011 (-0.014 / -0.008)
BMR (Basal Metabolic Rate) 0.212 0.00004 (0.000 / 0.000)
Physique Rating 0.000 0.041 (0.026 / 0.056)
Visceral Fat Rate 0.016 -0.002 (-0.004 / 0.000)
Asthma 0.000 0.204 (0.144 / 0.264)
Respiratory Ilinesses 0.000 -0.239 (-0.304 / -0.174)
Heart Disease 0.117 0.042 (0-0.011 /0.095)
Renal Disease 0.000 -0.261 (-0.344 / -0.178)
High Blood Pressure 0.000 -0.085 (-0.120 / -0.050)
Allergies 0.016 -0.051 (-0.092 / -0.009)
Dehydration 0.000 -0.584 (-0.684 / -0.484)

@ Note: p-value highlighted in bold indicates statistically significant (p<0.05).

Sex was found to be a statistically significant predictor of thermal sensation (p=0.000)
for the older population analysed in this study. Interestingly, the neutral temperature (when
TSV = 0) for males was 25.1 °C, while for females, it was almost 2 K lower, 23.6 °C. Likewise,
the preferred temperature (when participants report wanting ‘no change’ on a 3-point
preference scale from ‘warmer’, to ‘no change, to ‘cooler’) was also 1.4 K higher for males
than for females (24.2 °C for men vs. 22.8 °C for women).

Age was also a significant predictor of thermal sensation between the five age groups
analysed in this study (p=0.000). The data collected shows, as seen in Figure 1, that the older
groups (for instance, more than 85 years, group 5) tend to feel sensations other than neutral
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more frequently than the younger groups (for instance, 65-69 year old, group 1), which might
indicate a decrease in thermal adaptability with age.

70%

H-3 Cold
60% H-2 Cool
50% -1 Slightly cool
0 Neutral

40%
1 slightlywarm

30% B2 Warm

20% H3 Hot

10% I
_I i [ | - _n m_ -I = 0 [ |
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TSV count as a percentage of the total votes in each age group

65-69 years 70-74 years 75-79 years 80-84 years 85 or over
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Figure 1 - TSV count as a percentage of the total votes in each age group

The same level of statistical significance (p=0.000) and negative correlation is present
between self-rated health and thermal sensation and the frailty score and thermal sensation.
This indicates that the poorer the participants reported their health, and/or the frailer the
participant was scored, the more frequently they felt colder in terms of thermal sensation.
Figure 2 shows the TSV count as a percentage of total votes for each health group.
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Figure 2 - TSV count as a percentage of the total votes in each health group
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Participant’s personal weather preferences also proved to be a significant predictor of
thermal sensation for the older cohort (p=0.000). As shown in Figure 3, participants that
reported preferring hot weather tended to feel colder more frequently than participants that
reported preferring cold weather. In addition, those who reported having no preference
between cold and hot weather, were also the ones that felt neutral more frequently.

80%
m-3 Cold

70%
H-2 Cool

60% -1 slightly cool
50% 0 Neutral

40% 1 slightlywarm
30% B2 warm

20% H3 Hot

10%
0% —. _ -I H_ _l | | H_

Prefers Hot Weather  Prefers Cold Weather Dislikes both weathers  Has no preference

TSV count as a percentage of the total
votes in each weather preference group

Weather preference

Figure 3 - TSV count as a percentage of the total votes in each weather preference group

Likewise, the frequent use of outdoor spaces proved to be statistically significant as a
parameter to predict thermal sensation (p=0.000). Those who reported a frequent use of
outdoor spaces tended to feel warmer more frequently. The frequent use of outdoor spaces
might be directly linked to an increase in the participants’ metabolic rates, which directly
affects human thermoregulation. In addition, the use of outdoor areas might indicate more
direct interactions with extremes in temperatures, which might again influence thermal
perception and sensitivity when indoors.

The participants’ habituation to climatic zones has a poorer statistical significance as a
predictor of thermal sensation (p=0.046). In addition, the neutral temperature for
participants living in the cool temperate zones (Csb) was 23.7 °C — approximately 2.3 °C lower
than the neutral temperature for the participants living in the warm temperate zones (Csa) —,
which might indicate considerable temperature acclimation in each of the groups because of
longer exposures to specific climates. However, the neutral temperature for the participants
living in the hot-dry zone (BSk) was 20.4 °C — almost 6 K lower than participants living in the
warm temperate zones (Csa). This could indicate either that other factors might be influencing
these participants’ thermal sensations (for instance, personal preference for colder weather
or more frequent use of air-conditioning, shown in the data) or that the reduced data size for
this specific climate zone might be a limitation for the analysis.

Regarding body composition, in this study, half of the parameters analysed proved to
be significant predictors of thermal sensation for the older population studied (p<0.05).
However, weight, body fat percentage, muscle mass, bone mass and basal metabolic rate
(BMR) were not statistically significant to explain thermal sensation (p>0.05). Interestingly,
these are the individual parameters most commonly found as significant predictors of thermal
sensation in many thermal comfort studies for younger populations (Schweiker et al., 2018;
Wang et al.,, 2018). However, both BMI (Body Mass Index) and Physique Rate, which are
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calculated according to the height and weight ratio (BMI) and the fat and muscle ratio
(Physique Rating), can still be considerable important for the prediction of thermal sensation.

Regarding the presence of chronic diseases or frequent symptoms, asthma, respiratory
illnesses, renal diseases, dehydration, high blood pressure and allergies can all be considered
as important factors affecting thermal sensation (p=0.000). The only chronic disease that was
reported by the participants and was not considered statically significant as a predictor of
thermal sensation was heart disease (p>0.05).

Finally, the combined effects of the different individual parameters was analysed
through a stepwise linear regression. After all variables that indicated multi-collinearity were
excluded from the model (Variance Inflation Factor VIF > 10), the final result indicated the
following individual parameters as the main predictors of thermal sensation for the older
population: age, sex, frequent use of outdoors, self-rated health, habituation to climate zone,
height, body water percentage, physique, bone mass, asthma, high blood pressure,
dehydration and respiratory illness. Table 3 shows the results for each of the parameters of
the final combined model.

Table 3 - Results (p-value and regression coefficient B) of stepwise linear regression for combined individual

parameters
Individual Characteristics p-value B (95% Confidence Interval for B)
Age 0.000 -0.121 (-0.144 / -0.099)
Asthma 0.000 0.416 (0.338 / 0.4931)
Body Water Percentage 0.000 -0.031 (-0.037 / -0.0239)
Height 0.000 0.011 (0.006 / 0.0146)
High Blood Pressure 0.000 -0.112 (-0.153 / -0.0701)
Dehydration 0.000 -0.419 (-0.533 / -0.3035)
Frequent use of outdoors spaces 0.000 0.138 (0.087 / 0.1882)
Respiratory Iliness 0.000 -0.230(-0.3 /-0.1591)
Physique Rating 0.000 0.056 (0.037 / 0.0749)
Sex 0.000 -0.274 (-0.4 / -0.1482)
Habituation to Climate Zone 0.001 0.057 (0.023 / 0.0904)
Self-rated health when voting 0.001 0.044 (0.018 / 0.0695)
Bone Mass 0.015 -0.147 (-0.266 / -0.0281)

Adding the standard physical parameters (operative temperature, relative humidity, air
speed, clothing level and activity levels) to this regression model results in a final model that
can explain up to 20% of the variance in the data for this population (R? of 0.2). Although
relatively low, this is a relevant improvement from using only the physical parameters or only
the personal individual factors as independent variables to predict thermal sensation.

5. Next steps

Although largely inevitable, the complex changes affecting the physiological layers of the
individual during the ageing process can happen in different stages, speeds and intensities.
This not only results in an older population with a great level of heterogeneity, but also a great
level of risk.

Therefore, since older people’s individual differences are wide, considering them as a
uniform population in terms of thermal perception could result in leaving a significant number
of older occupants in thermal discomfort. Depriving older people of living environments that
meet their thermal comfort preferences could, in turn, affect their health and wellbeing to
different extents, depending on both their physiological capacity for acclimatisation during
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long exposures to low or high temperatures and their capacity to bear the costs of constant
reliance on heating and cooling (Soebarto et al., 2019c).

Thus, it becomes essential to better understand older people’s thermal differences so
that comfort and wellbeing in their living environment can be optimised and healthy ageing
achieved.

Through understanding older people’s thermal comfort from the lens of their diversity-
causing parameters this paper advocates a more holistic approach to thermal comfort
modelling, considering not only physical parameters as predictors of thermal perception and
sensation, but also the psychological, physiological, personal, social and environmental
contexts of each individual. In addition, this paper shows that intrinsic variables related to
health and well-being, such as body composition parameters, presence of chronical diseases,
self-rated health status and frailty score, can positively contribute to a more comprehensive
and accurate approach for predicting thermal comfort for an older person.

With a better understanding of the drivers of diversity in older age, individualising
thermal comfort models for this cohort becomes a natural next step. Recent years have
shown an increasing number of studies aimed at the development of different forms of
individualised comfort models as a response to the traditional approach to thermal comfort
research (Kim et al., 2018). Called personal comfort models, the new approach was created
to overcome most of the restrictions that the PMV and adaptive models present. Instead of
an average response from a large population, these personalised models are designed to
predict individuals’ thermal comfort responses. Besides taking the individual person as the
unit of analysis, personal comfort models are also able to incorporate new relevant input
variables (e.g. age, health status, body composition) other than the pre-defined physical
factors and can use direct feedback from inhabitants to calibrate, adapt and train themselves.

This explains an important paradigm shift observed in the field today, from centralised
and fixed-set-point management, to individualised, occupant-centric and data-driven thermal
conditioning management in the built environment. By addressing the issue of individual
differences in an innovative way, empowered by the rapid technology development, this
approach provides relevant comfort and energy related benefits and it may be a relevant
option to capture and absorb individual diversity and increase user acceptability.

As part of this research project, a preliminary development of personal comfort models
for older people — using machine learning algorithms — already shows that, on average, the
individualised models improved the predictions of their thermal sensation by 48% when
compared to the performance of individually applying traditional PMV models (Arakawa
Martins et al., 2019). Studies of personal comfort models that focus solely on older people
are still rare in the literature. Nonetheless, considering the personal comfort models’ ability
to absorb people’s diversity and susceptibility to environmental conditions, they are very
appropriate for the effective prediction of older people’s diverse thermal preferences. This
could be one more step towards decreasing thermally related vulnerability, enhancing
wellbeing and potentially promoting energy efficiency through better indoor comfort
management for older people’s dwellings.
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Abstract: The demand for elderly care centres (ECCs) is increasing as the population ages. This paper presents
a field investigation on the thermal comfort of elderly in ECC and compares the outputs of existing thermal
comfort standards with perceived thermal comfort of the elderly occupants of the building. Indoor and
outdoor conditions were measured along the year and in different zones of an ECC (bedrooms, living rooms
and dining rooms). A questionnaire survey to the residents was used to gather the occupants’ thermal
satisfaction. The findings indicate that standards based on adaptive models to evaluate the thermal comfort in
elderly people are more precise than those based on the predicted mean vote (PMV). Results also highlight
that this group prefers higher temperatures than the rest of the population. The findings also suggest that the
time of the day and if the space is air conditioned do also influence thermal comfort in ECCs. These results can
help standardise thermal comfort of elderly people.

Keywords: thermal comfort, elderly people, elderly care centres (ECC), PMV, adaptive thermal comfort model.

1. Introduction

According to United Nations estimates, the total number of people aged 65 years and older
was 506 million in 2008, and is anticipated to double to 1.3 billion by 2040, which will be 14
percent of the total global population (2015). By 2050, Europe will be the world’s oldest
region, with its elderly population increasing more than fivefold from 40 million to 219
million (Bentayeb et al., 2013). This trend explains the increasing demand for long-term care
services (Damiani et al., 2009) such as elderly care centres (ECCs). Furthermore, considering
that persons who are 65 years or older often spend a considerable portion of their lives
indoors, the energy consumption of maintaining the indoor conditions of these centres is
high (Mendes et al., 2015). Clearly, the thermal comfort of these centres cannot be ignored
(Raymann and Van Someren, 2008).

The thermal environment can be described as the characteristics of the environment
that affect heat exchange between the human body and the environment (Ashrae 2013).
There has been extensive modelling and standardisation of thermal comfort, which both
depend on physical and physiological parameters (Taleghani et al 2013).

In general, the elderly population has an average thermal comfort that is different
from the general population (Hwang and Chen, 2010; Schellen et al., 2010; deGroot and
Kenney, 2007; Hoof and Hensen, 2006) because their energy expenditure decreases
(Antunes et al.,, 2005). Furthermore, indoor environmental conditions vary in space and
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time. Therefore, the specific features of comfort within different spaces and the well-being
of older people living in ECC should be analysed. This paper is based on a literature review
and quantitative and qualitative research and analyses thermal comfort needs in ECC. The
aim of the study was to: 1) compare the output of existing thermal comfort standards using
the monitored data in different zones (bedroomes, living rooms and dining rooms) in ECCs. 2)
compare these results with the perceived thermal comfort of the elderly occupants of the
building. 3) analyse the validity of existing standards to evaluate the thermal comfort of
elders, and 4) study variability among different spaces and time slots within ECCs
(bedrooms, living rooms and dining rooms),

2. Thermal comfort in ECCs
Thermal comfort in living environments is very important not only for health but also for the
well-being (Kameni et al., 2014).

Thermal comfort is affected by clothing, activity, age, health status, sex and
adaptation to the climate and local environment of the individual and the household
(Vandentorren et al., 2006; World Health Organisation, 1984). However, levels of older
people’s comfort are an important part of a holistic view of well-being.

2.1. Evaluation of thermal comfort

When discussing thermal comfort, there are two main models that can be used: the
predicted mean vote (PMV) model and the adaptive model. The most commonly used
model for evaluating general or whole body thermal comfort is the PMV model by Fanger
(1973). PMV is expressed on the Ashrae 7-point scale of thermal sensation (cold, cool,
slightly cool, neutral, slightly warm, warm, hot). The outcome of the model is a hypothetical
thermal sensation vote for an average person: i.e., the mean response of many people with
equal clothing and activity levels, who are exposed to identical, uniform environmental
conditions. Ashrae (2013) defines thermal sensation as a conscious feeling, which requires
subjective evaluation. The PMV model is adopted by the international standards ISO 7730
(2005), Ashrae Standard 55 (2013) and EN 15251 (2007). These standards aim to specify
conditions that provide comfort to most healthy building occupants. EN 15251 (2007)
mentions that for spaces occupied by very sensitive and fragile people, PMV should be kept
between -0.2 and +0.2 on the Ashrae 7-point scale of thermal sensation. EN 15251 (2007)
includes 3 categories (I, Il and Ill) and indicates that the most restrictive category should be
adopted for elderly occupants, while Ashrae Standard 55 (2013) presents only 2 ranges (80%
or 90% of satisfied people) and no specific indication for the elderly.

Another method to evaluate thermal comfort is the adaptive model, which is based on
the idea that outdoor climate influences indoor comfort because humans can adapt to
temperatures at different times of the year. Ashrae Standard 55 (2013) and EN 15251 (2007)
include models of adaptive thermal comfort. The use of an adaptive comfort model
considers people’s tendency to adapt to fluctuating environmental conditions (Nicol et al.,
2012). Adaptation can be physiological, psychological or behavioural, so a wider range of
thermal comfortable conditions and a closer relationship with the external climatic
environment can be obtained. The adaptive hypothesis predicts that contextual factors,
such as having access to environmental controls, plays a role. This model assumes that
occupants are sedentary, with metabolic rates of 1-1.3 met, and a prevailing mean
temperature between 10°C and 33.5°C.
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The Ashrae adaptive standard only applies to buildings with no mechanical cooling
installed, while EN15251 can be applied to mixed-mode buildings provided the system is not
running.

2.2. Characteristics of older adults living in ECC

The abovementioned standards mainly focus on office situations, which tend to be
populated by people roughly aged between 20 and 65 years old. Most of the people in ECCs
are aged 65 and over.

Although Ashrae suggested that the thermal sensation of old people and younger
adults does not differ, and that the effects of sex and age is due to activity and clothing,
several studies have indicated that the optimal thermal sensation of older people differs
from that of younger adults (Schellen et al., 2010; Hwang and Chen, 2010; DeGroot, 2007;
Hoof, 2006) and the two populations’ sensitivity to hot and cold environments may vary.
The process of biological ageing may affect the perception of thermal comfort because of a
decrease in the ability to regulate body temperature with age. On average, older adults
require higher ambient temperatures (Hong et al., 2015; Tweed et al., 2015; Hwang and
Chen, 2010; Schellen et al., 2010; van Hoof et al., 2010).

Given the rapid increase in aging population in recent years, attention is now focused
on thermal comfort in the design and planning of environments for the elderly (Yang et al.,
2016; Walker et al., 2016; Alves et al., 2016; Hong et al., 2015; Tweed et al., 2015; Mendes
et al., 2013; Mendes et al., 2015; Hwang and Chen, 2010; Schellen et al., 2010; Hoof et al.,
2010).

Some studies focused on older citizens’ comfort in housing (Miller et al. 2017, Jiao et
al. 2017). However, the special characteristics of EECs where residents do not control
thermal parameters and air conditioning systems can help analysing the validity of existing
standards and more accurate and objective results can be extracted.

3. Method

Indoor occupants’ thermal sensation is primarily influenced by the indoor climatic
parameters present in the environment and by the behaviour of occupants to adapt to
changes.

In this study, the measurements of indoor and outdoor climatic parameters of different
zones within an ECC and the subjective questionnaire assessing the elderly people’s thermal
sensations were conducted simultaneously. Results were contrasted to existing thermal
comfort levels to analyse the validity of current standards to evaluate the thermal comfort
of elderly people.

3.1. Physical measurements

To determine thermal comfort based on the different standards, metabolic activity and
clothing insulation were estimated with the assistance of ECCs staff and caregivers. Then,
the indoor and outdoor air temperature, the mean radiant temperature and the air speed
were also measured. The measurements were made in the places where the occupants
were expected to spend time. For this study, temperature and humidity sensors together
with globe thermometers were placed in different ECC areas (2 in the dining rooms, 2 in the
living rooms and 2 in the bedrooms). Measuring equipment was placed according to ISO
7726 (2002). Physical measurements were collected from April 2013 to March 2014, so that
the effect of different seasons could be analysed. In this study, the cooling season ran from
June to August 2013, the heating season from December 2013 to February 2014, and
midseason from April to May and September to November of 2013 and March of 2014.
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These data were used to evaluate the thermal comfort by using the international current
standards ISO 7730 (2005), Ashrae Standard 55 (2013) and EN 15251 (2007) and compare
and analyse the comfort zones in existing regulations.

The comfort results from using existing regulations were then compared to residents’
satisfaction using a questionnaire survey.

3.2. Questionnaire Survey

A survey to assess thermal environmental conditions was developed considering the special
characteristics of elderly people (defined as people aged 65 and over). Caregivers
administered the survey to selected ECCs occupants in winter (21st of February) and in
summer (15th of July) at 11:00. Questionnaire survey results were contrasted to thermal
comfort results obtained from the standards to evaluate the suitability of existing standards
for older adults.

Thermal satisfaction is complex and subjective to the occupants (Kameni et al., 2014).

In the specific case study, occupants are older adults who in some cases might have
some cognitive problems or mental deterioration. Therefore, a questionnaire survey was
designed to get the most precise and objective thermal satisfaction from older adults. ECCs
staff and caregivers suggested that using the Ashrae 7-point scale of thermal sensation
(cold, cool, slightly cool, neutral, slightly warm, warm, hot) with older adults would bring
confusions to the residents. In fact, a test was done with 5 of the residents and they could
not distinguish among cold, cool and slightly cool and also among hot, warm and slightly
warm. A new qualitative method was designed. The initial option was to show images of the
thermal sensation such as a person in the desert sweating (hot), in the beach (warm) or just
in summer (slightly warm) so as to distinguish among the different thermal sensations for
heat. Symbols, draws and judgments were also used in other research approaches for
kindergardens (Fabbri 2013). However, images didn’t improve the determination of the
thermal sensation of residents. They did only perceived when a room was cool or warm but
not the different levels of cold of hot. Finally, the questionnaire was formulated to compare
the comfort among zones (bedroom, living room, dining room) and time slots (morning,
afternoon, evening). To increase the accuracy of the results, the same aspect was evaluated
using several types of questions (for example, respondents were asked to determine the
warmest area, and later in the survey to determine the hottest area). The test was
successful and results were coherent with what was expected although no quantitative
values where obtained to contrast to the calculated PMV from the standards. Then, a
gualitative analysis to compare the questionnaire results and the analysis of the measured
comfort parameters using the existing standards was carried out.

The survey consisted of three parts. The first included questions about the respondent
(age, room number, sex, if he/she is heat sensitive or cold sensitive) and general thermal
sensation. The second part included questions about thermal sensations (see Appendix 1).
The questions were organised to determine thermal comfort during the day and in the
various ECC areas.

Firstly, respondents were asked to determine the time of day (morning, afternoon or
evening) when the ECC is cooler, the time of the day when the ECC is warmer, and the time
of day when they feel most comfortable. Then respondents were asked to determine which
space in the ECC (bedroom, dining room, living room, other) was cooler, which space was
warmer, and where they feel most comfortable. The occupants were also allowed to explain
their dissatisfaction by answering an open-ended question.
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The survey was distributed to all residents who had sufficient physical and mental
skills to complete it (48 residents both in summer and winter).

4. Building characteristics

The analysed ECC is called Sanitas Mayores Les Corts and is in Barcelona. Barcelona has a
humid subtropical climate with mild winters and hot, humid summers. Sanitas Mayores Les
Corts consists of two separate buildings with separate entrances that are connected
internally on the ground floor. In the middle of the block is a garden for residents. The plot
has a total area of 10,780m2: 6.869m2 corresponds to the Evarist building, 2.797m2 to the
Caballero building, and 1114 m2 to the garden. Figure 1 shows an aerial view of the ECC.

Figure 1. Sanitas Mayores Les Corts

The Evarist building has six floors of rooms and Caballero has two. On the ground
floor, there are shared areas such as cafeterias, multipurpose rooms and waiting rooms, as
well as the administrative area. This ECC can accommodate 278 residents.

The main facade of the Evarist building is oriented northwest. The other facade faces
southeast, so the rooms are designed to take advantage of the sun all day in the winter, and
from morning until noon in the summer. The main facade of the Caballero building is also
oriented southeast, but this building is lower.

Both buildings were built with the same construction materials. The structure is made
from reinforced concrete and reticular slabs. The roof is flat, with extruded polystyrene
insulation and a waterproofing asphalt polymer, finished with a layer of gravel. The exterior
walls are ceramic perforated brick, coated with a monolayer coating. The interior dividing
walls are plasterboard. The pavements of most areas (halls, corridors, rooms, control rooms,
etc.) are made from compact marble, while bathrooms are made from stoneware non-slip
flooring.

Sanitas Mayores Les Corts has two independent HVAC systems, one for each building.
Both are air-water systems including one chiller, one boiler, an air handling unit (AHU) with
heat recovery and several fan coils in the rooms. This is a two-tube system and includes
thermostats in each zone, to adjust the set point temperature by 1°C.
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4.1. Residents’ daily activities

Residents wake up between 8:00 and 8:30. They have a shower and go the dining
room for breakfast. At 9:00 several activities are scheduled. Some residents just rest in the
lounge while others enrol for these activities. Lunch is at 13:00. After lunch, some residents
rest in their rooms while others rest in the living room. The afternoon programme starts at
17:00, and at 19:30 residents have dinner. At 21:00 they go to bed.

4.2. Operation of the ECC

In the winter, fan coil units are programmed to work from 7:00 to 11:00, during which time
residents wake up and shower. In autumn and spring, fan coil units are scheduled to work
from 7:30 to 10:30, and in summer from 8:00 to 10:00.

Then, at 16:00-17:00 (depending on the season) fan coil units are turned on again until
21:00, when residents go to sleep. Fan coils in the dining room and living room have the
same schedule.

Although there is an AHU for each building, natural ventilation is found to be enough.
Once the residents have left their rooms (8:30), cleaning staff open the windows and tidy
up. This process lasts 10 minutes approximately. When residents are in the living room, the
dining room is also ventilated.

5. Results

5.1. Monitored data results
Thermal comfort depends on the indoor and outdoor air temperature and relative humidity,
the mean radiant temperature and the air speed.

Thermal comfort also depends on individual parameters such as the degree of activity
and the level of clothing. In each area (bedroom, living room and dining room), residents
carry out different activities throughout the day (in the morning and evening residents get
dressed in the bedrooms, at midday they eat in the dining room, during the day and
afternoon they read, play or rest in the living room, etc.). Therefore, the activity factor and
the level of clothing was estimated with the support of the care givers and based on these
conditions.

Thermal comfort is also influenced by variability during the day and over time in
crowding or under-occupancy (Ormandy and Ezratty, 2012). For our study, only occupied
times of the day in the different areas were analysed, and there was no variability in
occupation. Residents always have the same routine every day and in all seasons. The same
is true of weekdays and weekends. The special characteristics of an ECC where there is no
unusual behaviour or improvisation make it easy to evaluate. Fluctuations in exterior
conditions and the residents’ routine led to the following hourly analysis: night: from 22:00
to 7:00; early morning: from 7:00 to 9:00; morning: from 9:00 to 13:00; midday: from 13:00
to 16:00; afternoon: from 16:00 to 20:00; evening: from 20:00 to 22:00.

Although thermal comfort also depends on health status and sex (Mendes et al.,
2015), the proportion of men and women in ECC is generally similar. In the analysed ECC,
residents do not have major diseases and can move around by themselves or in wheelchairs.

Based on ECC staff and caregivers, the following clothing characteristics (Clo) and
degree of activity (Met) were selected for the areas and periods. Tables 1, 2 and 3 present
this information, the interior and exterior conditions, and the fulfilment of ISO 7730 (2005),
Ashrae Standard 55 (2013) and EN 15251 (2007).

Exterior conditions were typical from a Mediterranean country with mild winters and
hot, humid summers.

205



At night exterior temperatures in winter are around 119C, in summer 242C and
midseason from 15 to 209C, while relative humidity ranges from 67 and 75%RH along the
year. At midday is when major differences among seasons exist. In winter, exterior
temperature is around 159C, in summer 302C and in midseason from 22 to 239C.

Bedrooms

Table 1 presents activity levels, clothing level, exterior conditions, interior conditions
and thermal evaluation based on the standards for the different seasons and time slots for
the bedrooms. At night, residents are sleeping, in the morning (from 7:00 to 9:00) they are
changing, at midday they are resting and in the evening (from 20:00 to 22:00) they get
undressed to go to bed.

Table 1. Bedroom data and thermal comfort analysis
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Early morning 12 057 125 64 245 413 245 001 5 N B 001 5 1 C
Midday 08 09 152 55 251 375 253 * C -055 11 I C
Evening 1.2 057 121 66 242 387 242 009 5 N C -0.09 5 | C
Spring
Night 08 075 157 70 25.8 447 258 * C -064 14 I C
Early morning 12 057 171 66 26 455 26 046 9 N A 046 9 11 C
Midday 08 075 221 509 259 419 262 * C -057 12 1 C
Evening 1.2 057 178 664 26 435 26 045 9 N A 045 9 11 C
Summer
Night 0.8 1 235 731 263 64 263 * B 0.2 6 I C
Early morning 12 057 258 65 258 637 259 055 11 SW. A 055 11 Il C
Midday 0.8 1 301 53 258 603 263 * B 0.06 5 1 T.C.
Evening 1.2 057 248 70 26 637 26 06 12 SW B 06 12 1 C
Autumn
Night 0.8 075 192 75 259 578 259 * B -0.46 9 1 C
Earlymorning 12 057 215 70 257 574 257 046 9 N A 046 9 11 C
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Midday 0.8 0.75 232 62 263 528 266 * B -0.29 7 1 C

Evening 1.2 057 198 74 26 55.9 26 054 11 SW. A 0.54 11 10 C

* Metabolic rates below 1.0 are not covered by ASHRAE Standard 55-2013.
N: Neutral, S.W.: Slightly warm, C: Comfortable, T.W: Too warm, T.C: Too cool.

The activity level is different when residents are sleeping, dressing or undressing and
just resting. The level of clothing does also differ for the different seasons.

At night, interior conditions in the bedrooms are very variable. In winter 24.22C and
39.6%HR while in summer 26.32C and 64%HR. Relative humidity is much higher in summer
than in winter provoking a hotter thermal sensation.

In the midday, interior temperatures in bedrooms are kept quite constant (around 25
and 262C) but relative humidity is still very different (in winter 37.5%HR and in summer
60.3%HR).

Living rooms

Table 2 presents activity levels, clothing level, exterior conditions, interior conditions
and the thermal evaluation based on the standards for the different seasons and time slots
for the living rooms. During the morning (from 9:00 to 13:00) and the afternoon (from 16:00
to 20:00) residents spend the time resting, playing or reading in the living room.

Table 2. Living room data and thermal comfort analysis
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Afternoon 1 074 212 69.7 247 611 247 0,09 5 N A 0,09 5 C
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* Metabolic rates below 1.0 are not covered by ASHRAE Standard 55-2013.
N: Neutral, S.W.: Slightly warm, C: Comfortable, T.W: Too warm, T.C: Too cool.

The activity level is the same in the morning and in the afternoon. Only, the level of
clothing varies in the different seasons.

Interior conditions in the living room do only vary 12C from winter and summer but
relative humidity differs more than 20% (relative humidity in winter is around 40%HR while
in summer around 63%HR). However, interior conditions in the morning and in the
afternoon are nearly the same.

Dining rooms

Table 3 presents activity levels, clothing level, exterior conditions, interior conditions
and the thermal evaluation based on the different standards for the various seasons and
time slots for the dining rooms. The time slots in which residents are in the dining room are
early morning (from 7:00 to 9:00), midday (from 13:00 to 16:00) and evening (from 20:00 to
22:00).

Table 3. Dining room data and thermal comfort analysis
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Early Morning 1 074 171 66 247 444 247 005 5 N A -0.05 5 1 C
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Evening 1 074 178 664 251 449 251 008 5 A 0.8 5 1 C
Summer
Early Morning 1 061 258 65 258 609 258 021 6 N B 021 6 1l C
Midday 1 061 301 53 26 609 263 033 7 N B 033 7 101 TC
Evening 1 061 248 70 26 634 26 031 7 N B 031 701 C
Autumn
Early Morning 1 074 215 70 23.6 574 236 029 7 N B -0.29 7 1 TC
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Midday 1 074 232 62 239 559 241 -018 6 N B -0.18 6 | T.C

Evening 1 074 198 74 238 583 238 -022 6 N B 022 61l C

* Metabolic rates below 1.0 are not covered by ASHRAE Standard 55-2013.
N: Neutral, S.W.: Slightly warm, C: Comfortable, T.W: Too warm, T.C: Too cool.

The activity level is the same in all time slots but the level of clothing varies in the
different seasons.

The temperature of the dining room in winter is around 242C and the relative
humidity 37%. Summer temperatures and relative humidity are higher (around 262C and
61%HR). Midseason temperatures are similar to winter but with higher relative humidity.

5.2. Questionnaire results

Fifty-eight per cent of the respondents considered themselves to be neither heat nor cold
sensitive. Twenty-seven percent considered themselves to be cold sensitive, while only 15%
thought they were heat sensitive.

For the summer period, most respondents did not consider any time of day (53%) or
any space in the ECC (57%) to be cooler. However, 24% of the respondents found the
bedrooms to be the coolest space in summer. Regarding the sensation of warmth, almost all
the respondents (47%) considered the afternoon to be the warmest time of the day, but no
difference was perceived among spaces. The time of day when the ECC was considered most
comfortable was the afternoon (45%), while 52% of the respondents considered there was
no difference between spaces. Twenty-five percent considered the living room to be the
most comfortable area. The warmest period of the day was considered the afternoon, and it
was also stated to be the most comfortable time. These results reinforce the idea that old
people would rather be hot than cold.

For the winter period, no respondents considered the afternoon the coldest time of
day, while the morning and the evening were both considered to have the same cooling
sensation. A total of 55% of respondents considered that there was no difference between
spaces in terms of cooling sensation, followed by 27% of respondents who considered the
bedroom to be the coolest area. The warmest time of the day was stated to be the
afternoon (50%), although 42% of respondents considered that there was no difference. The
dining room (42%) and living room (42%) were equally considered to be the warmest space
in winter. Finally, respondents also considered that the afternoon was the most comfortable
time of day (42%), followed by the evening (25%). A total of 33% of respondents considered
there was no difference between areas regarding thermal comfort, but 25% of respondents
believed that the living room was the most comfortable. These results also confirm that in
cool periods (winter), the warmer spaces were believed to be the most comfortable.

The main finding is that both for summer and winter, the afternoon was the warmest
time of day and the most comfortable. Respondents preferred higher temperatures in
summer and winter.

Regarding the open-ended question, respondents mentioned that when the heating is
on they feel dryness that causes breathing problems, and mouth dryness which is
uncomfortable. However, ECC staff mentioned that humidity cannot be very high, because it
can cause various respiratory allergies. Microorganisms that reproduce on wet surfaces
(such as mites) also particularly affect people with chronic respiratory diseases (e.g.,
asthma). Humidity also acutely affects the symptoms of rheumatism and other bone
diseases (e.g., arthritis).
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6. Analysis of results

Questionnaire survey results were contrasted to thermal comfort results obtained from the
standards to evaluate the suitability of existing standards for older adults. Although the
results of the questionnaire survey were qualitative conclusions and comparisons could be
drawn.

In bedrooms, for winter mornings and evenings when the temperature is around
24.52C and humidity around 41%RH and residents are getting dressed or undressed, all
standards consider the bedroom to be within the comfort conditions or slightly warm.

Based on the EN15251 (2007) categories, in the bedrooms nearly all time slots and
seasons met the comfort conditions for Category |, which is used for spaces occupied by
very sensitive, fragile people.

Surprisingly, in the summer, when interior temperatures vary from 252C to 262C in
bedrooms and Ashrae Sandard 55 (2013) considers the environment to be slightly warm
(both in the morning and in the evening), with a PMV index of 0.6 (slightly warm) and 12%
PPD, the results of the survey revealed that 24% of residents considered the bedrooms to be
the coolest space. This suggests that, special comfort analysis and comfort thermal levels
should be defined for these areas of the building.

On summer mornings, the adaptive standard considers the bedrooms to be too cool.
This result corresponds with residents’ feelings: they considered the bedrooms the coolest
place in summer.

At night, Asharae 55 (2013) is not applicable, but the PMV in winter for the bedrooms
(EN 15251 [2007]) was -0.88 with 21% of PPD not meeting old people’s required comfort
levels. At night, summer and autumn obtained 6% and 9% of PPD. However, the adaptive
analysis for the night revealed a comfortable environment that met status class | for old
people. The only residents’ input for the night was that nobody complained about thermal
comfort at this time.

Although residents consider the bedrooms to be the coolest space in summer, for
them the most comfortable area is the living room in the afternoon, with 25.52C and
63%HR. However, it was slightly too warm according to the PMV method and slightly higher
than defined by Spanish regulation (23-252C, 45-60%RH). Morning conditions (temperature
and humidity) during summer do not vary from afternoon conditions. Then, solar radiation
and natural lighting might be the main cause of their varying perceptions. Living rooms have
high window fagades to let the sun into the spaces. Outdoor conditions, which are normally
better during the afternoon, directly affect the comfort sensation, although temperature
and humidity are very similar. The fact that residents consider the living room to be the
most comfortable place during the afternoon might also be because it is the zone where
they spend much of their time and elder adults are not used to changes.

In winter, residents consider the warmest and most comfortable place to be the living
room in the afternoon (25.19C, 40.3%HR), rather than in the morning (24.59C, 39.4%HR).
These results also confirm that for cool periods (winter) the warmer spaces are considered
the most comfortable (Hoof and Hensen, 2006; Hwang and Chen, 2010; Mendes et al.,
2015).

Although PMV methods did not find any differences in comfort from morning to
afternoon in the living room in winter, both temperatures are outside of Spanish
Royal Decree 1027 (2007) levels of thermal comfort, but within humidity levels (20-232C, 40-
50% RH).
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According to ISO 7730 (2005) and EN 15251 (2007), the recommended level of
thermal comfort for the elderly is not achieved in winter or spring. Both standards consider
these conditions to be acceptable only for a normal level of expectation; not for a high level
of expectation.

The temperatures in the living room were also within comfortable conditions
according to Class | acceptability limits on the Adaptive EN 15251 (2007), except in the
summer when they were too cool, mainly because of extreme exterior conditions (29.72C
and 55.5% of RH in the morning and 27.12C and 62.2% of RH in the afternoon). These results
contrast with residents’ sensations, as they did not consider any time of day (53%) or any
space in the ECC (57%) to be cooler.

The dining room was also considered to be the warmest place but also the most
comfortable together with the living room, according to residents, although they did not
meet the expected limits for ISO 7730 (2005) and EN 15251 (2007). The results for the
dining room show that the PMV index (Asharae 55 [2013]) in all seasons ranges from -0.12
to 0.33 (neutral) while interior conditions in summer were around 262C.

The temperature of the dining room in winter ranges from 23.1 to 24.6 (higher than
the comfort temperatures defined by Spanish regulation RITE (2007) [20-239C]) and
humidity from 35.4% to 38.8% (lower than the range of comfort humidity defined by this
regulation [40-50%]). However, conditions in winter were considered comfortable and
within the high comfort levels of the different standards.

With the Asharae 55 (2013) PMV method, the sensation in the summer and autumn in
the early morning, midday and evening in the dining room was comfortable, but the interior
conditions did not meet the expected limits for ISO 7730 (2005) and EN 15251 (2007) for
elderly people.

Furthermore, in summer, the temperature of the dining room was about 26.39C
(higher than the comfort temperatures defined by Spanish regulation RD 1027 [2007] [23-
252C]) and humidity 60.1% (a bit higher than defined by this regulation [45-60%]).

For the dining room, the adaptive EN 15251 (2007) results for the autumn revealed
that the temperature was too cool for elderly people. These results contrast with residents’
sensations: they did not consider any time of day (53%) or any space in the ECC (57%) to be
cooler. These results suggest that the adaptive method might not be useful for ECC.
Residents do not normally leave the building, are not allowed to adapt the conditions by
controlling air conditioning, opening windows, etc., so exterior conditions might not
influence their comfort.

7. Discussion

The analysis of the results suggest that the standards’ comfort zones may be not warm
enough for older adults, who reported an optimum temperature above 259C in all seasons.
These results found significant differences between room and season for air temperature.
Respondents felt more comfortable and satisfied during the cooling season than during the
other seasons, due to their general preference for a high indoor temperature, in agreement
with the results of Mendes et al. (2015).

Based on the results of this analysis, adaptive models to evaluate thermal comfort are
more precise for older adults than those based on PMV and PPD. Exterior temperatures are
determinant for the interior comfort. However, for midseason, the thermal sensation using
the PMV and PPD comfort models in spring and autumn in all zones of the ECC was found to
be neutral. Spring and autumn is half of the year in Mediterranean countries. During this
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period, exterior conditions are mild so interior comfort can be obtained without running the
air conditioning. The comfort results during periods when no air conditioning is used leads
us to conclude that general standards can be used for midseason. However, a thermal
satisfaction analysis during these seasons should be carried out to support this conclusion.

These conditions should be contrasted with workplace regulations. Elderly cohabit
with ECC staff and caregivers. The regulations determine temperature limits depending on
the activity in the workplace. For example, in Spain, Royal Decree 486 (1997) on workplaces
determined temperature limits of about 14-252C for light work and 17-279C for sedentary
work. Depending on the area of the ECC and the activity of the caregivers, thermal limits
should be balanced between those defined by the elderly thermal comfort and those
acceptable for the workers’ activity.

8. Conclusions
The aim of the paper was to compare and contrast the validity of existing standards to
evaluate thermal comfort of older adults.

It highlighted the differences in thermal sensation between older people and the rest
of the population, and the need for specific comfort regulations for older adults. In general,
PMV/PPD comfort standards do not currently apply to the older population. They only
determine higher restricted limits of PPD, instead of determining the conditions that affect
thermal comfort. The results of this study highlighted that adaptive thermal comfort models
are more accurate than PMV/PPD for older adults.

This study has developed a new questionnaire to evaluate thermal comfort for older
adults. Comparing the thermal comfort among different zones allow getting the thermal
comfort from the same respondents in the same time. Although being a qualitative method
conclusions and comparisons could be drawn. However, this study should be enlarged to
other ECCs and including a bigger sample size.

From the analysis, the comfort sensation in different zones (bedroom, living room and
dining room) was found to be constant, due to the residents’ routine. However, although
with the same indoor conditions, level of activity and clothing, residents found the
afternoon in the living room in summer more comfortable than the morning. The only
parameter found to be different was the outdoor temperature (29,72C for the morning and
27,19C for the afternoon). Therefore, adaptive comfort models that are based on the
exterior temperatures might be more precise than those based on static information.

This study makes a significant contribution to the continuing development and
refinement of comfort standards that acknowledge the links between thermal
characteristics for old people and their impact on comfort.

The fact that old people prefer higher temperatures in both winter and summer can
be used by facility managers to adjust temperature set points. The results can be used for
future design and refurbishment of ECCs and have the potential to be used for improving
national and international standards.

Analysis of ECCs such as the one presented in the paper are objective enough to be
used in other type of buildings for old people such as houses, elderly day care centres,
senior community centres, retirement villages, etc.
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Appendix A: COMFORT QUESTIONNAIRE
Section A: respondent’s details
1. You are...

Sensitive to cold

Sensitive to heat

Neither of the above
2. : What would you like the temperature of the ECC to be like?
|| Higher
|| Lower

| | Thesameasitis

Section B: Thermal sensation
3. When do you feel that the ECC is coolest?

In the morning
In the afternoon

In the evening
Where do you feel that the ECC is coolest?
Room

Living room

Dining room
Another zone
When do you feel that the ECC is warmest?
In the morning
In the afternoon

In the evening
Where do you feel that the ECC is warmest?

Room

Living room

Dining room

|| Another zone
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When do you feel more thermally comfortable?
In the morning
In the afternoon
In the evening

Where do you feel more thermally comfortable?
Room
Living room
Dining room

|| Another zone
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Abstract:

During field surveys carried out by the authors, it was noticed that thermal perception voting of children is not
in line with the expected thermal perceptions according to comfort models. Literature indicates that
temperature may well be perceived differently by children, as compared to adults. At moderate temperatures,
surveyed children seem to experience warmer thermal sensations than expected from the PMV-model.
However, at elevated temperatures, children appeared to perceive environments as less warm than predicted
by the model. Operative Temperature requirements for buildings (as mentioned in standards like EN 16798-1
and EN-ISO 7730) that are used primarily by children, most importantly schools, may therefore not provide
adequate comfort for them. Does this mean that lowered temperature limits for environments where children
are the main users should be used? Does this imply that mechanical cooling systems or intelligent passive
cooling solutions should become ‘obligatory’ in school buildings where they can be afforded? Given the
consequences of active school building cooling on energy use, it is therefore important to have a good
understanding of this apparent discrepancy between how thermal comfort is perceived by adults and
children. It is proposed in the paper that the thermal perception of children, and the consequences on the
temperature requirements for schools is a subject that needs greater research, understanding and discussion.

Keywords: Thermal comfort, children, perception, physiology, questionnaires.

1. Introduction

Thermal comfort studies increasingly focus on the variations in thermal sensation between
individuals. Physiological, psychological and behavioural factors affect thermal perception
and contribute to this inter- and intra- individual variation. Recently, Schweiker et al. (2018)
reviewed those aspects that have been demonstrated to be drivers for such differences in
thermal perception. Physiological factors such as body composition, metabolic rate and
adaptation, and psychological aspects such as perceived control have been proven to affect
the thermal perception (Schweiker et al, 2018; Boerstra, 2016, Bischof et al. 2007).
However, in that review of Schweiker et al. (2018), the demographic characteristics sex and
age, which are known to be factors affecting physiological differences, gave no clear drivers
for differences in thermal perception. Though the review drew mainly from studies on the
relevant effect of older age ranges. Bischof et al. (2007) found that young aged (<30) and
females are more likely to report thermal discomfort or thermal dissatisfaction compared to
other age groups and males, whereas thermal sensation is not affected by age or sex. In the
few studies on the effects as perceived by younger people (<18 years old), these reported
that children appeared to prefer lower temperatures compared to adults (Rupp et al, 2015).
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This conclusion is in line with the observations of the authors in the field, who noticed that
the thermal sensations of children in schools is often higher (“warmer”) than expected,
based on the in-situ measured temperature compared to predictions derived from the PVM
and the adaptive model.

In the review of Rupp et al. (2015), a distinction is made between different age groups of
children. For children aged between 4-6 years old (kindergarten), only few studies have
been carried out. These studies confirm that the thermal sensation vote of children is
usually higher than compared to the predicted mean vote as defined in e.g. EN-ISO 7730.
(e.g. Fabbri, 2013 and Yun et al, 2014).

There are more studies available that were carried out with children aged 7 years and older.
Of these, several indicated that children preferred lower operative temperatures than
expected from the PMV and the Adaptive Model (e.g. Mors et al, 2011 and Teli et al, 2012).
In line with these observations, a field study among Australian school children (at primary
and high schools, aged 10-18) showed that the neutral temperature of children was around
22.5°C, which is below the prediction of the PMV model in a warm environment (de Dear et
al, 2015). The study also demonstrated that the relation between the AMV of children and
the PMV depends on the operative temperature. Below 25-26°C the AMV of children was
higher (warmer) than the predicted by the PMV model. However, the votes matched the
PMV-model predictions, when the indoor temperature was between 25-27°C. Above 27°C,
the thermal sensation votes of the children were lower (cooler) than what is expected by
the PMV-model (de Dear et al, 2015). More recently, an analysis of a two databases of
primary and secondary Australian school children was performed by Kim and de Dear. They
showed that the preferred temperatures of school children were 1-2°C lower than the
neutrality predicted for adults using the adaptive model (Kim and de Dear, 2018). Finally, an
overview of 50 years of thermal comfort research in classrooms by Singh et al (2019),
concluded that for all stages in education, students report feeling comfortable on the cooler
side of thermal sensation.

All in all, (though this overview is not complete) the tendency is clear that children rate the
thermal environment differently compared to the above mentioned comfort models. Most
studies show that thermal sensation in children seems to be warmer than opposed to adults
under the same conditions. Although for higher ambient temperatures, this may not be the
case: the study of de Dear et al (2015) showed that the AMV of children is lower (cooler)
than the predicted by the PMV model for temperatures >26-27°C. It appears obvious that
temperature guidelines for buildings where children are the main occupants (e.g. school and
daycare centers), are fitted to their needs. Especially for babies and young children that are
recognised as a vulnerable section of the population in case of a heat wave (e.g. German
Guideline on heatwave plan development on a regional level BMUB 2017). But do these
observations mean that temperature limits in schools should be lowered? And does this
imply that mechanical cooling systems or intelligent passive cooling solutions should
become ‘obligatory’ in schools that can afford them? What would be the consequences of
cooling school buildings on energy use? In a warming world, with regard to their
adaptability, would it be a supportive approach to offer cooler environments for children?
We think it is important to have a good understanding of this apparent discrepancy between
the reported thermal perception of adults and children. This study was undertaken to
explore the potential causes for these differences in thermal perception, and in it the impact
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of metabolism, subjective evaluation and behavioural changes on children’s thermal
evaluation of the environment, and influences on children’s adaptability are discussed.

2. Metabolic rate of children

The PMV-model uses standardised values of metabolism to consider different metabolic
activity in the thermal sensation, but not individual metabolic rates. The definition of the
MET unit is based on an “average” male person of 40 years old (Byrne et al, 2005). Likely the
metabolic rate that is used as input for the PMV model, is not representative of children’s
metabolisms. Havenith evaluated metabolic rates and clothing insulation of school children
aged between 9 — 18 during different lessons (theory, practical and physical lessons). The
metabolic rates (W/m?) of children were lower than of adults during similar activities
(Havenith, 2007). It was suggested that this, especially for younger children, in part can be
attributed to their smaller volume to surface ratio. Meaning that their heat loss is relatively
high. This observation is opposed to the lower neutral temperatures of children reported in
the studies cited above.

However, the actual activity levels during the day will have an important influence on the
discrepancy in thermal perception. Children are likely to be more physically active during
the day than an average office worker e.g. they are physically active during breaks, and
some lessons like gym, and are likely to have an increased metabolism when they get back
in class and sitting behind their desk. A Norwegian study monitored the activity levels of
preschool children (age 3 or 4) and observed that sedentary behaviour during the entire day
was observed between 2.7 to 6.5 hours per day (Andersen et al., 2017). Thereby showing
that young children are generally more active than adult office workers. Also for older
children (aged 10-18) activity levels appear to be generally higher than office workers. In a
field study of de Dear et al. (2015), the average metabolic rate was 1.5 MET, as obtained
from a questionnaire with choices between sitting 1.2 MET and active 1.5 MET.

Finally, differences in thermophysiology during exercise are observed among children.
Younger children (age 9) have higher skin temperatures during the same exercise than older
children (age 13) (Havenith et al., 2019). These higher skin temperatures were accompanied
by a lower sweat rate, resulting in less cooling, although it was demonstrated that the
younger children have a higher skin blood flow in the forearm as compared to older
children. Also the larger surface to volume ratio of children improves dry heat loss. So heat
loss strategies differ between children and adults, but do not necessarily put them at a
higher risk in higher ambient temperature, not being extreme temperatures (Falk and
Dotan, 2008).

From a physiological perspective, part of the reason why children generally prefer lower
ambient temperatures, has been shown to possibly be that they are generally more
physically active as compared to adults.

3. Subjective evaluation of children

Another explanation for the discrepancy between the thermal sensation of children and
adults could be related to the way thermal comfort is investigated, especially the use of
different questionnaires for each group, and a further reason that could contribute to
deviations in thermal evaluation, may result from differences in interpretation of the
thermal sensation scales. Is a child able to respond in a subtle way to a question on a 7-point
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scale such as the standard ASHRAE thermal comfort scale? Or will children tend to vote
more in the extremes than adults? A slightly elevated temperature could trigger an adult to
vote ‘slightly warm’ while a 10-year-old child in the same situation may jump directly from a
score ‘neutral’ to ‘hot’.

A recent study amongst university students from different age groups in a temperate
climate supports this theory. Young adults, university undergraduate students in their first
semester (naive in terms of building physics and indoor climate) appear to evaluate the
importance of indoor environmental aspects in a more pronounced (extreme) way than
older students. From this study, it seems that the undergraduate student’s indoor
environmental concept is divided in two categories: important factors (odours, lighting,
sound, temperature, ventilation) and non-important factors (humidity, air movement).
Students on the master’s level, who learnt already something about indoor climate, and
young adults (<31) working in office environments, reported in a more nuanced manner:
their evaluation consisted of a more differentiated picture on the importance of indoor
environmental parameters (Hellwig, 2017).

It was observed in the data of the ProKlimA study (Bischof et al. 2003) that in general young
people (<31 years) report more extreme responses (warmer, less satisfied, less comfortable
etc.) than older people on issues of indoor environmental quality (Hellwig, 2005). The
hypothesis proposed to explain these outcomes is that young people tend to report in an
exaggerated way, rather than reporting in a balanced or differentiated way because they
have not yet collected many individual experiences with indoor environments, they may
simply reflect the social norms about the indoor climate because they in fact simply adapt to
those conditions they normally occupy, within limits.

Additionally, it can be discussed that if the “neutral” is the desired thermal sensation for
school children. From the analyses of the Australian studies, it was observed that school
children prefer a thermal sensation that was slightly cooler than neutral (Kim and de Dear,
2018). In their study, this effect is explained as a seasonal effect where students prefer ‘a
cooler than neutral sensation in a hot and humid climate and a ‘warmer than neutral’
sensation in a cool climate. However, subjective votes reported in de Dear et al. (2015) from
Australian school children show no extreme voting, instead subjective vote of “slightly
warm” at about 27°C to “slightly warm” to “warm” at about 29°C.

Finally, contextual factors can affect thermal perception. In adults, it has been
demonstrated that there is a relationship between thermal perception, humidity and
perceived indoor air quality (Toftum 2002). Therefore, thermal perception in schools, may
be influenced by suboptimal indoor air quality (often a problem in schools due to high
occupancy levels). For the contextual factors, it would be interesting to compare thermal
perception of teachers and students.

4. Clothing behaviour of children

With an increasing age, around secondary school, children become better in making
adjustment to restore thermal comfort such as changing clothing level. The ability to make
these changes are important to obtain thermal comfort, especially in naturally ventilated
buildings (Singh et al., 2019). Depending on the country and school protocols, children have
freedom in choosing their clothing insulation. In the field study of de Dear (2015), the
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average clothing insulation was 0.45 clo, where the indoor temperature was between 18-
31°C. This indicates that children can wear shorts and t-shirt to remain thermally
comfortable at higher ambient temperatures.

Young children, especially, are more dependent on their care givers to make behavioural
changes, or changes in their environments. However, to make adequate changes from the
perspective of a child, it is important that the care giver can estimate the thermal state of
children. In a study among 6 day-care centres in the Netherlands, thermal sensation from
the care givers, the thermal sensations of the children estimated by the care givers and skin
temperatures of both care givers and children were monitored. The results show that the
skin temperatures, and thermal sensations, of the care givers were correlated. But for the
children, there was no significant relation between the skin temperatures of children and
their thermal sensations, as estimated by the care givers (Folkerts et al, 2019). These results
indicate that it is hard for care givers to adequately estimate thermal sensation of children.
The dependency of children on their clothing insulation, may negatively affect their thermal
comfort. Also, wearing inflexible school uniform reduces the behavioural adaptability of
children in schools.

5. Adaptability of children

The questions raised at the beginning of this paper, whether active cooling of classrooms
would be an appropriate answer to the subjective voting of children needs to be discussed
very seriously. As known from the adaptive thermal comfort approach, humans adapt to
their prevailing indoor environmental conditions (Humphreys, 1976, de Dear and Brager
1998). Active cooling in schools would cause the children to adapt to the narrower
temperature band and the lower temperature level. In a warming world, this would likely
reduce their acclimatisation level. Non-exposure to warmth remove the stimulus to
acclimatise to warm weather, which would diminish the children’s adaptability in the long
term (Hellwig, 2018). Also cardiovascular health may benefit from exposure to temperature
that are just outside the thermoneutral zone (van Marken Lichtenbelt et al. 2017).

A higher impact resulting from climate change is expected for non-acclimatised people,
compared to those who are already acclimatised to local climates (Boeckmann & Rohn,
2014). In Australia, a modelled study has shown that a reduced number of days for
undertaking outdoor activities are possible for non-acclimatised people in the future,
compared with those estimated for the acclimatised population (Maloney & Forbes 2011).
Even exposure to mild heat, results in an increased resilience to heat (Pallubinsky et al,
2017). Special guidance for teachers, and parents, on how to support the children in warm
periods could be a good solution, changing lesson schedules, encouraging the children to
drink more, shifting more exhausting activities to cooler periods etc., and also making
“dealing with warmth” a topic of the education.

Field studies confirm that a diverse thermal exposure in classrooms positively accounts for a
greater degree in thermal adaptability, for instance children in naturally ventilated
classrooms were less sensitive to temperature changes than those in air-conditioned
classrooms (de Dear et al, 2015). The range of acceptable temperatures for school children
was even estimated to be wider than that of adults (Kim and de Dear, 2018). Seasonal
adaptation may also explain why, for high indoor temperatures, thermal sensation of
children was lower than expected from the PMV model. All in all, this confirms that it makes
sense to expose school children to certain range of indoor temperatures. Keeping in mind
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that, especially for lower temperatures, thermal sensations of children are generally
warmer.

6. Practical implication in schools

This overview paper has shown that there are wide range of factors that may relate to the
differences in the thermal perception of adults and children. The personal factors that are
most commonly used to estimate thermal sensation, such as clothing level and metabolic
rate, differ between children and adults, and between an office and a school environment.
Moreover, methods of evaluating the thermal responses of children may result in different
scores being attributes to the same thermal state, because children may either not
understand the question asked, or tend to vote in a less differentiated manner. All together
it is not surprising that most field studies observe that different thermal perceptions are
experienced by children and adults in similar thermal conditions.

Rather than simply report thermal perceptions of children, organisations should consider
the effect of temperature on learning performance when formulating temperature
guidelines for school buildings. In accordance with the outcomes from reported studies on
thermal preferences in temperatures ranging from 20°C - 30°C, Danish students were shown
to perform best under a lower ambient temperature (Wargocki et al, 2019). They found an
effect on thermal perception and student performance of increased speeds (1-2% per 1 K),
but not on the error rate in students work. The actual span of temperatures affecting
children’s performance, is probably related to the thermal environment, both indoors and
outdoors, to which they have become adapted to (de Dear et al, 2015). A literature
overview in de Dear et al (2015) on school children performance also summarised findings
on decreased speed of performance in warmer environments, but they reported also that
the number of errors in school tests did not tend to increase with elevated temperatures. It
can be asked whether it poses a problem if the actual time of a year that such results are
reported for are considered. Moreover, it is uncertain whether results from laboratory tests
are representative of the effect of temperature on the education of children (Humphreys et
al, 2016). Nonetheless, extremely high, or low, temperatures in the classrooms should be
avoided.

All in all, the reported thermal perception of children, combined with the higher levels of
physical activity in schools of the children, as well as of the teachers, who generally are
standing and walking considerably more often than an average office-worker, advocate in
favour of lower temperature limits in schools, or more use of the cooling effects of useful
opening windows in classrooms. Moreover, due to high occupancy there is an increased risk
for overheating, especially if ventilation rates are low, as in areas without opening windows,
openable to instantly increase airflow when needed. A sensible starting point in the design
of educational facilities, especially primary, schools in moderate climates, is to assume that
with rising global temperatures overheating is increasing, and increasingly will become a
greater problem compared, than the heating to alleviate cold weather. Therefore extra
effort needs to be expended in the appropriate passive design of our school buildings
(improved opening windows, solar shading devices, better use of building mass and summer
night cooling, etc) and enhance their performance, in relation to warm weather, under
every day operation (Hellwig, 2016). High ventilation rates are necessary at times to achieve
this in warm and hot periods. Provision of enhance air flow should be designed carefully to
prevent draught (especially in cold, windy weather). The correct design and detailing of the
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building envelope, and its systems, is fundamental to the avoidance of a poor and
unpleasant thermal environment in educational buildings.

Although still some effort is put in identifying and explaining learning performance
decreases in children due to “non-optimised” conditions, it is questioned whether active
cooling would be the right answer to negate this. Logically this will depend on the climate.
Also taken into consideration is the fact that artificially lower temperatures potentially also
lowers the adaptability of children to higher temperatures. Of course, the currently endemic
systematic overheating experienced in schools, particularly modern schools, resulting from
the inappropriate design, operation or construction of systems and buildings should be
corrected wherever possible, not least because they can considerably extend the
overheating periods experienced. Furthermore, peak cooling will increasingly have to be
used to avoid extreme indoor temperatures during summer, while maintaining adaptive
capacity to higher ambient temperatures, and avoid extensive energy use for cooling.
Passive ways of reducing the peak cooling load through timetabling, shifting teaching to
cooler times of the day, and moving the locations of teaching activities from the hotter to
the cooler parts of the building using thermally landscaped teaching schedules may also
prove effective in reducing the effort of cooling for educational facilities.

7. Conclusion

In conclusion, this review highlights the need for temperature guidelines for schools to pay
attention to the thermal perceptions of children, that has been shown to differ quite
considerably , than reported by adults at the same temperatures. For moderate
temperatures (<25°C), study results are quite consistent showing that children perceive the
environment as being warmer than do adults. Above these ambient temperatures, the
adaptation opportunities available to children, and their level of existing adaptation,
potentially plays a large role in which temperatures are perceived as being too warm. In
defining appropriate temperature guidelines for schools, a better understanding is needed
as to why such differences in perception exist, how it affects learning performance of pupils
and students, and to what extent are children safely adapt to the ambient temperatures.
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Abstract: Students are exposed during long time to habitually poor environments in schools, and given that their
vulnerability and social function makes them a priority, many previous research related Indoor Environment
Quiality (air-contamination and thermal environment) with students-performance and cognitive processes.
Most of these approaches focus on cold-period, but Climate Change processes are lengthening the warm-
season, particularly in southern Europe, where overheating episodes have evolved from incidental towards a
usual risk.

Users often have restricted resources to apply adaptive-strategies, such as modifying clothing, attitude and
position, as well as denning the natural-ventilation —traditional in these buildings— limited by outdoor noise,
pollution and others.

The efforts of the authorities have mainly been directed towards a timely mitigation, usually circumstantial, and
not toward resilience of these facilities, often advising resignation as an answer, thus the “school of heat”
concept.

Within this study, research participatory-action techniques have been developed, involving schoolchild in the
definition of their perceived environment as an empowerment tool, enhancing the evolution of the user role
from passive receptor to active drivers.

The work identifies the greatest strengths proposed by users, using the environmental, psychological and health
impact of school users to generate potential tools for the improvement of the spaces.

Keywords: Schools, heat-perception, user's perception, qualitative technique

1. Introduction

Human beings depend on energy for almost all of their daily activities. Energy is not only
required to cover basal needs, but also those which allow them to remain comfortable to face
climate dynamic variations outdoors (Lusinga and de Groot, 2019), even more for vulnerable
population, as children (UNICEF, 2019). These variations have been altered by anthropogenic
activity, boosting extreme weather conditions related to Climate Change, or more complex
effects, as the called Urban Heat Island (Sanchez-Guevara et al., 2019). This effect also
impacts on indoor air quality, resulting in discomfort and even affecting health (Ballester et
al., 2006; Linares and Diaz Jiménez, 2008; Ortiz et al., 2017), especially in risk groups, such as
elderly (Jimenezet al., 2011), children (Linares and Diaz, 2009) and births (Arroyo et al., 2016),
but also with a significant incidence in the active population (Diaz et al., 2006).

Among the most studied buildings in the field of comfort, schools represent a relevant group.
One of the main reasons is the exposure of children, spending long time under indoor
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environmental conditions. These children are considered risk population, and there are also
other considerations, such as social or vulnerability aspects (UNICEF, 2015), which can
influence, so investigating in this regard has become a global priority, as a development
objective sustainable by 2030 (UNICEF, 2019).

Comfort studies in schools are progressed in last fifty years (Singh et al., 2019). Recently, many
of the studies in educational buildings include more innovative methods: student
performances, cognitive processes, or disruptive and engaging techniques, such as
storytelling (Ebersbach and Brandenburger, 2020), gamification (Konis et al., 2020), or
adaptation and comparison among more traditional ones, as Post-Occupancy Evaluation
(Martinez-Molina et al., 2017; Merabtine et al., 2018; Rodriguez, Coronado and Medina,
2019). Qualitative techniques are sometimes included as part of mixed methods, such as
open-ended interviews (Nakanishi, 2020). Techniques to evaluate subjective aspects of users’
perception on comfort are developed (Wang et al., 2019), but often are misnamed as
“qualitative” (Cuerdo, 2017; Papazoglou et al., 2019; Shahzad et al., 2019).

Internal comfort in schools results a wide-spread research topic, however there are still some
gaps that could be studied in greater depth and solved.

There are many comfort studies in schools that develop research focused on cold season,
since it occupies the most of the school period, sometimes also including midseason
(Campano et al.,, 2019). But climate change is effectively lengthening the warm season,
especially in areas of Southern Europe, where episodes of overheating affect the performance
of daily tasks inside these buildings.

Despite some research literature have not taken into account children to express how they
feel or perceive emotions when they interact with their built environment (Fusco et al., 2012),
recent studies have been demonstrated that non-adult population is able to offer interesting
insights to researchers.

Fostering participative research with engaging techniques allows children motivation and
broad-mindedness. The power of these techniques in sustainability, Indoor Environmental
Quality or users’ comfort in schools may not only make students aware, but also move their
knowledge to homes and share it with families (Tucker and Izadpanahi, 2017).

2. Objectives
The main objective in this study consists of knowing the perception of comfort in classrooms
by secondary school children (12-16 years), using participatory techniques.

Moreover, the specific goals are:

- Characterise the user's perception about what they understand as comfort, related to their
stay in the classroom, more specifically during warm season.

- Establish a participatory, mixed method, where subjective and objective aspects can
contribute to build a coherent discourse on the perception of comfort in the classroom, taking
into account the active participation of the user.

- Create a critical awareness about the importance of environmental comfort in classrooms,
where their users participate actively, acquiring knowledge that allows them to communicate
their shortcomings and propose solutions to mitigate them.
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3. Methodology

This study presents a participative research on heat perception, using the emotional design
as a driver through a mixed approach to classroom users (students).

The qualitative-exploratory and participatory part of the study is carried out using two
techniques: emotional drawings, and group debate around them. Through the drawings,
students visually express their understanding of indoor comfort in the school (Buyssen et al.,
2020). This technique also allows them to graphically communicate which elements provide
comfort, and which contribute to its lack.

Then, they develop their group discourse on the level of comfort perception inside the
classroom. The drawings previously selected can act as triggers to elicit deliberation. Students
build a consensus on what they understand by thermal and environmental comfort in the
classroom, what aspects affect positively and negatively, and what proposing solutions to
achieve it. Finally, two questionnaires complete the whole students’ evaluation, one based
on the user perception of how they feel indoors (aligned with 1ISO 7730), and the second one
about classroom features that may affect comfort and health in the classroom, under their
point of view (Bluyssen et al., 2018).

In parallel, indoor environment parameters, such as air temperature and relative humidity,
are monitored with portable sensors during working sessions with children. Data monitoring
allows assessing the adaptation degree of the method to the specific characteristics of the
proposed study-case.

3.1. Case study
The evaluation of this methodology was carried out in a Secondary School in Seville (Spain).
32 students were part of this study, aged between 12 and 14. According to literature, this
range of age is more appropriate to express descriptions and relationships between students
and built environment (Fusco et al., 2012).
The study period was between 2" and 11 October 2019. The monitoring of indoor
environmental parameters (temperature, relative humidity) is carried out simultaneously
with the reflection-by-drawing exercise and the completion of questionnaires by the
students. For the field measurements, a portable device was arranged in each class during
the whole class time for every session and classroom. Despite the date, and as an evidence of
the climate-change ravages, the range of outdoor temperatures corresponds to the summer
period, recording outdoor maximum temperature of 33.4 oC and minimum temperature of
20.4 oC, in order to know the comfort perception in the classrooms taking into account the
warm season. The stablished schedule for students’ evaluations was set between 08:00 and
14:30 hours, since children complete their activities during the class time. The indoor
environmental conditions in classrooms in terms of support for HVAC equipment were freely
evolving.
To carry out the exercise in each classroom, four sessions are needed, taking three
consecutive classes in the same week and lasting as much as 1 hour per session. The
facilitator-researcher led these sessions. During this time, the tasks to complete were the
following:

1) Shallow presentation of the activity, emotional drawing by the students, coding of
the drawings;

2) First group-debate after drawing selection by the facilitator;

3) Keywords categorization, jotted down by the facilitator from the students'
consensus and questionnaires;

226



4) thinking about possible solutions to settle what they considered negative for
comfort.

3.2. Qualitative technique: drawings.

Currently, drawing is a tool with unquestionable scientific-rigor. It is used in medical tests, in
Pediatrics and Psychology for instance, and its validation is based on evidence, recognized as
an emotional driver to know and evaluate children behaviour, even for the detection and
monitoring of emotional, cognitive or behavioral disorders (Chollat et al., 2019). Despite
images in general are considered qualitative data (Cuerdo, 2017; Cuerdo-Vilches and Navas-
Martin, 2020), there are quantitative tests able to assess children drawings (Galli et al., 2019).

Drawings are also used as part of mixed methods, as well as triangulated with other
evaluation techniques that support or refute the results, often applied in child population
(Buyssen et al., 2020). Well-known and validated drawing tests are Draw-a-man Test (DAMT)
(Chollat et al., 2019), Family Drawing, linked to Attachment Theory (Pace, Guerriero and
Zavattini, 2020) or Kinetic Family Drawing (Kim and Suh, 2013), validated with others, such as
problem behaviour tests, to predict and mediate internal childhood behaviour problems (Kim
and Suh, 2013). Researchers often compare with questionnaires and objective visual
indicators and given insights on familiar relationships, following the art-based
phenomenological analytic approach (Zaidman-Zait, Yechezkiely and Regev, 2020). Other
research applies creative techniques as writing and storytelling to work psychological
disorders (Altay, Kilicarslan-Toruner and Sari, 2017).

3.3. Questionnaires

Two questionnaires were given to students, with scaled answers for a better understanding
and evaluation on their part, as well as to collect aggregated data.

Firstly, they were asked to fill in the questionnaire on user comfort perception, aligned with
ISO 7730, with questions about comfort perception, which included environmental issues
such as classroom location, lighting perception (Lourenco, Pinheiro and Heitor, 2019), indoor
air quality and possible inconveniences linked to the pupil’s position in the classroom.

Secondly, the facilitator distributed to the students the questionnaire on what conditions
influence their comfort in the classroom. It also contained scaled-answers and included a wide
variety of issues that potentially could affect to the environmental conditions of the
classroom, as well as to their hypothetical improvement according to the students’ own
perspective.

3.4. Group Debate

The facilitator selected among all the drawings collected, those that could represent the most
of the pupils, or which provoke more interesting questions, so that the debate flowed easily
and effectively. The facilitator asked the creators to explain what they have drawn in order to
better understand what they want to reflect, after a discussion starts.

4. Results

4.1. Drawings

In the first session, students had to make a drawing that showed elements or factors that
represented the discomfort in the classrooms. This explanation was just orientative, trying
not to skew their own perceptions about the existing problems and their way of showing them
with images. A code instead of the name was provided to each survey, in order to they could
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be expressed more freely. For this studiy, spontaneous or freely expressed answers could give
much more valuable data than pre-defined answers, even if it is harder to quantify.

In this case study, 20% of the students did not know what to draw about the classroom, and
5% wrote a small opinion instead of drawing. 50% of the drawings included an air conditioner
and the student's position in the classroom. 45% of the students drew windows, being one of
the most significant elements because the sun's rays enter through the them, even drew the
views in front of windows. Many of the drawings included the blackboard, although in the
debate it was said that it was a component to be placed in the classroom. Other drawings
included water, doors, airflow, clothes, and hairstyles.

Figure 1. Emotional drawings performed by students
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4.2. Questionnaires

The surveys distributed included 3 fundamental questions. Scale/rank questions (from 0 to
5 ) were used to ask respondents to rate items in order of importance or preference, where
0 meaned that the element had no influence and 5 that it was very influential:

First question: “What elements have influence in establishing whether the classroom
is comfortable?”

50% of students voted that the most relevant elements were noise, heat, smell and
the number of students in the classroom. The elements voted like less important were
wall color, roof color, floor material and windows views (Table 1).

Second question: “What elements are able to influence a good temperature?”

The most voted elements were to have air conditioning and that the air conditioning
was on. Other factors voted like important were the number of students and the
movement of the air in the classroom. Other elements were considered like a medium
importance, including elements that were of little importance in comfort such as wall
color, roof color, floor material and windows views (Table 2).

Third question: “What elements would you change for get a better temperature in the
classroom?”

The answers were similar to the question 2, given that the most important elements
were related to air conditioning. Other additional factors were the distance to the
window and the existence of air flow/breeze (Table 3).

Table 1. Response rate about factors that influence comfort in the classroom

Important (%) | Medium (%) | Not important (%)
Chair comfort 35 29 36
Table distribution 29 18 53
Classroom lights 33 20 47
Classroom size 43 22 35
Classroom noise 56 14 30
Classroom heat 59 19 22
How illuminated is the classroom 45 21 34
Wall color 16 18 66
Roof color 14 11 75
Floor material 8 13 79
Window views 22 12 67
Number of students 53 8 39
Classroom smell 55 15 30
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Table 2. Response rate about factors that influence the temperature in the classroom

Important (%) | Medium (%) | Not important(%)

Chair comfort

Table distribution

Classroom lights

Classroom size

Classroom noise

How illuminated is the classroom

Wall color

Roof color

Floor material

Window views

Number of students

There is an air conditioning

Air conditioning is on

Distance to the window

Distance to the door

Light that enters through the window

Air movement

Window opening

Opening of the blind

Projector power on

My activity: thinking...
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Table 3. Response rate about factors should be changed to improve the temperature in the classroom

Important (%) Medium (%) Not important (%)
Chair comfort 41 47 12
Table layout 31 57 12
Classroom lights 29 56 15
Classroom size 35 56 10
Classroom noise 40 49 11
Classroom heat 64 27 9
How illuminated is the classroom 34 56 10
Wall color 15 72 13
Roof color 13 83 4
Soil type 6 87 7
Window views 25 72 3
The number of classmates in the classroom 38 49 13
Let there be air conditioning 57 37 6
That the air conditioner is on 55 38 6
The distance to the window 30 53 17
The distance to the door 26 66 9
The light that enters through the window 26 59 15
The air current that reaches me 45 34 21
That the window is open 38 43 19
That the blind is lowered 31 61 7

4.3. Group Debate

In session 2, the facilitator asked the creators to explain what they had drawn in order to
better understand what they wanted to show, after other students expressed their opinions
about those drawings. Table 4 shows the most repeated words in the group debate about the
guestion “What do you see here?”.

Table 4. Frequency of words in the group debate

Letter Question Concept more repeated Number
S What do you see here? Sun 30

Window 26

SUN waLL v i«
eople

WINDOW PpeoPLE [Ten 5

DIGITAL BLACKBOARD Digital Blackboard 11

LlG HT CLOTHES BUILDINGS

HAIR

In session 4, it was proposed to think about possible solutions to improve the thermal
comfort. The windows were proposed to be changed, using improvements such as corbels,
sunshades, or curtains. Larger trees could be planted in the playground to provide shade and
a cooler environment. It was also necessary to include some element that moved the air, or
open the windows when there were windy conditions outside.
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Many students said that it was important the kind of clothes they wore, although sometimes
this measure was insufficient to achieve well-being conditions indoor. Other measures were
to turn off the light, install fans of hand-fans, drink water or even change the hairstyle.

In addition, students performed claims such as “overheating due to excessive solar radiation
through the windows” or that “with such heat can not think”, even that “they get very
distracted during the day to try to find solutions to have less heat”

Having to engineer "homemade" mechanisms to acclimatize or seek comfort often resulted
in wasted time, according to the testimonies of the participants, as using the notebooks as
fans or got wet in the playground so as not to pass heat when they entered the classroom.

5. Conclusions

A present qualitative environmental assessment analysis has been applied on a case of study,
helping students to think about the environment that surrounds them in order to take into
account parameters that they did not know before or did not think they could influence. In
the successive sessions, the followed metodology helped them become more interested in
the tasks they performed and in the answers given by their peers.

In this way, the questionnaires distributed encouraged them to think about parameters that
could influence on the assessment of the classroom temperature and have helped them to
look for possible solutions to the problem posed. The solutions that students gave, which
covered a wide range of issues, also served to address the heat adaptation concern and even
to raise awareness about energy savings.

Although the results provided by the assessment of just 33 participants can not be
extrapolated, this study can be used as a first approximation that shows that this
methodology is valid, requiring more research in this regard.
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Abstract: Thermal comfort is a paramount objective in university classrooms when the aim is to maximize learning
and productivity performance. The challenge to achieve thermal comfort in classrooms in the tropics is even greater
due to the extreme weather conditions and the elevated internal and external heat gains. This study is based on
thermal comfort responses from 415 questionnaires collected from December 2017 to January 2018 at three
geographic regions in Ecuador. The study aims to compare real thermal sensation and predicted models. Several
uninsulated free-running and air-conditioned classrooms were considered as part of the sample. The cities and
tropical climates analyzed were Guayaquil (Aw), Quito (Cfb) and Tena (Af). Despite the differences in weather, the
building design and properties in terms of materials are very similar. PMV and adaptive methods were used for
comparison to actual votes through linear regression analysis. The comfort temperature calculated with Griffiths
method showed that the mean operative temperature is not different from TSV neutral temperature, a difference
of 1.1K 0.4K and OK for Guayaquil, Tena and Quito were found. In conclusion, higher levels of comfort are observed
in free-running classrooms in Quito regardless of the lower air temperature.

Keywords: thermal comfort; tropics; free-running; neutral temperature.

1. Introduction

Two important aspects are usually considered in these types of thermal comfort studies, health,
and energy saving. In terms of energy savings, the correct indoor temperature setting for both
hot and cold regions influence in the use of energy in buildings [17]. The effects of a thermal
environment in the classroom, in which the sensation is not pleasant are already known. From
the difficulty to concentrate, learn memory, think until complete a test [23]. It was found that at
different levels of temperature the students’ performance is affected depending on the task [23].
In college, it is common for students to enter and exit after a new class begins. Singh M. discussed
the fact that the students in the first minutes have a thermal transient condition, because of that
the feeling of the previous environment greatly affects the thermal comfort and preference of
the students [22] especially when the outdoor temperature is considered as hot or cold.

The intention of this study is to examine the application of thermal comfort standards in
the climatic and behavior conditions in Ecuador. To do so, it will compare subject sensation votes
with comfort models from international standards as ASHRAE 55 and EN 15251, calculating PMV
in air-conditioned classroom and the adaptive model for free-running mode. Identify any
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differences between the thermal comfort range indicated by occupants in Guayaquil, Quito and
Tena with other cities under the same climate zone. The use of the Griffiths equation to calculate
the comfort temperature is useful to have another neutral temperature reference, especially
when the sample is small.

1.1 Review of literature

Studies of thermal comfort in university classrooms have been registered since 2004 by Kriiger
and Zanninb [14] in natural ventilated classroom. Countries such as Taiwan, China, Japan, ltaly,
United Kingdom, and USA are the countries where more studies have been carried out. The PMV-
PPD and the adaptive model are used simultaneously by researchers [16] [15] [26] [5] with more
emphasis on adaptive methodology to evaluate classrooms that operate with natural ventilation
or a combination of natural and mechanical when the objective is to reduce the use of energy
dedicated to heating or cooling systems.

The field study conducted by Cheng et al [3] in classrooms, dormitories and outdoor spaces
of universities in Taiwan showed an operative temperature of thermal neutrality in dormitories
fell at 25.4°C. Results estimated that students in Taiwan prefer a cooler than the neutral thermal
condition in dormitories and classrooms. Linear regression of operative temperature and thermal
sensation for mechanical (TSV =0.345 Top - 8.8; R=0.91) and Natural ventilation (TSV =0.338 Top
— 8.4; R=0.97) indicate students’ thermal sensitivity are similar in dormitories of natural
ventilation and air-conditioning. Zaki et al [27] investigated the comfort temperature and
adaptive behavior of university students in Malaysia and Japan in mechanical cooling and free-
running operative mode. In Japan, the mean comfort operative temperature in free-running
mode was 25.1°C, while in Malaysia was 25.6°C. For mechanical cooling operation inside
classrooms, the mean comfort operative temperature was 26.2°C in Japan and 25.6°C for
Malaysia. One of the main conclusions in this study was the validity of applying thermal comfort
standards in hot-humid climates. Wang H. [24] conduct an experimental study that looks for a
barometric effect in human thermal comfort at three different altitudes (0 m, 1300m and 2300m)
simulated by a decompression chamber. The results showed that as the altitude increases the
average thermal sensation decreases and the subjects become more sensitive to air currents so
they would prefer low air velocities. Natarajan et al [16] conducted a field study in an office
building located in Bogota which has a highland climate. The study aimed to compare subjective
votes with the predicted model of thermal comfort standards concluding that the predicted
results were in agreement with the subject responds in air-conditioned office but not in natural
ventilation spaces.

Air-conditioned classrooms in a hot and humid climate were used for field experiments by
Fang et al [6] in Hong Kong. Result in neutral and preferred temperature were 24.14°C and
24.58°C respectively and the comfort range (+0.5<PMV<+0.5) was between 21.56 °C and
26.75 °C. In most air-conditioned classrooms, subjects indicate a preference for a slightly cool
environment independent of the climate zone in which they are located [22], also many studies
agree that people in the tropics are adapted to warm environments and are more sensitive to
the cold. The comfort temperatures and preferences found in studies are used to develop
comfort equations that can estimate the indoor temperature of the classrooms for each climate
zone. It becomes difficult to find similarities in the results when the weather conditions and the
mode of operation are not the same.
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2. Methodology
2.1. Climatic condition

The thermal comfort study was focused on university’s classrooms. In Quito the survey was
conducted at the Escuela Politecnica Nacional (EPN), which is located on the south-west of the
city, during the wet season in December 2017 to January 2018. Quito’s climate is classified as
subtropical highland (Cfb); based on the Képpen world climate classification of Kottek et al [13].
The annual average temperature is 15.6°C and presents two main seasons: dry (June -
September) and the wet (October - May) and high levels of solar radiation due to the elevation
(2800 m). In Guayaquil, the field study was chosen at Escuela Superior Politecnica del Litoral
(ESPOL), located on the west side of the city during the wet season in January 2018. Guayaquil
climate is classified as Equatorial savannah with dry winter (Aw), mean outside temperatures of
28°C, heavy rain from January to April and from June to November is excepted precipitation
below 60 mm. The last location where the study took place was in Tena at IKIAM university,
during the wet season in January 2018. The tropical rainforest (Af) is the classification due to the
constant rainfall throughout the year, for that reason, a dry season is not very defined. The
outdoor temperature oscillates between 18°C and 36°C and the average annual temperature is
23°C.

2.2 Classroom condition

Seven classrooms of the faculty of chemical and mechanical engineering at EPN were surveyed.
Those classrooms operate under free-running conditions during the whole year. In Guayaquil,
seven classrooms of mechanical engineering (ESPOL) were selected for the study. The lecture
rooms had central air conditioning, and windows cannot be open. The day of the survey
application had normal outdoor conditions, warm and humid. The five classrooms used in the
faculty of natural science at Amazon Regional University (IKIAM) in Tena were a one-story
building and had air conditioning and operable windows. The day of the survey application had
normal outdoor conditions, warm and humid.

2.3 Data collection

The study includes two activities, obtaining the environmental measurements and conducting a
survey with a set of questions to collect the reactions and opinions of university students in
lecture hours. It was a requirement that students did not know human thermal comfort and each
respondent could only participate once [21].

2.3.1. Thermal comfort survey

Data analyzed for this study correspond to the current thermal state and background of the cross-
national dataset (Schweiker et al, 2019). The questionnaire contained a fixed scale to indicate the
thermal states. The thermal sensation and preference were evaluated with a 7-point scale ending
with the choices “Cold” and “Hot”, “much cooler” and “much warmer” respectably. A 4-point
scale for acceptance for and a 5-point scale for satisfaction. The survey was conducted when
participants had been seated for at least 30 minutes and the Spanish version of the questionnaire
was used
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(b) (c}
Figure 1. Students filling questionnaire during lecture hours. Free running (a) EPN at Quito; Air conditioner (b)
Guayaquil and (c) Tena

Table 1. Thermal comfort scales

Thermal sensation Thermal comfort Thermal preference Thermal acceptability

Scale Verbal anchor Scale Verbal anchor Scale Verbal anchor Scale Verbal anchor
number number number number

-3 Cold 1 Comfort 1 Much cooler 1 Clearly accep.

-2 Cool 2 Slightly uncomfort 2 Cooler 2 Just accep.

-1 Slightly cool 3 Uncomfortable 3 Slightly cooler 3 Just unaccep.

0 Neutral 4 Very Uncomfortable 4 No change 4 Clearly unaccep.

1 Slightly warm 5 Extremely Uncomfortable 5 Slightly warmer

2 Warm 6 Warmer

3 Hot 7 Much warmer

2.3.2. Thermal environment parameters

While the subjects filled up the questionnaire, the indoor environmental parameters were
measured. Physical parameters were measured close to the subjects, but with enough distance
to not interfere with them. The indoor air temperature (Ta), relative humidity (RH) and air
velocity (Va) were measured using the Heat stress monitor (QUESTemp® 36) which complies
with the ISO 7726 accuracy ranges. The mean radiant temperature (Tmr) was calculated using
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the guidelines outlined in the ASHRAE fundamentals handbook, estimated from the globe
temperature (Tg), which was measured using a 150 mm (6 in) diameter black globe
thermometer; technical specification can be found on table 2. For the free-running case, the
average outdoor temperature was collected from a local weather station. Simultaneous
measurements of the indoor climatic parameter were taken by a heat stress monitor positioned
in the middle of the classroom at a height of 0.6 m above the floor, which represents the
middle height of the occupant at the seated level.

Table 2. Specification of measurement equipment

Instrument Parameter Description Range Resolution

The dry bulb thermometer (right
position) measures the ambient air

D I .
ry bulb temperature, shite plates surround 0-120°C 0.1°C
temperature (Ta) S .
the sensor to shield it from radiant
heat.

An approximation of the radiant
heat exposure on an individual is

I
Globe measured by a 6-inch (15.24 cm) 0- 120C 0.1°C
temperature (Tg)
QUESTemp 36 blackened cooper sphere mounted
and air-probe on the equipment case.

Relative humidity sensor is
incorporated in the sensor case, 20-95% 1%
slots allows air to circulate.

Relative
humidity (RH)

Indoor air Omni-directional anemometer
movement sensor that measures air flow andis  0-20m/s 0.1m/s
(va) mounted behind the sensor case.
Infrared thermometer, noncontact
Surface . -30to .
Testo 835-H1 temperature and moisture o 0.1°C
temperature (IR) 600°C
measurements.
Testo 435 and . .
] ] A multi-functional measurement 0-2000
multifunction Pressure (Pa) . 0.1 hPa
instrument hPa

probe

ta: indoor air temperature; tg: globe temperature; tr: mean radiant temperature; top: operative
temperature; RH: indoor relative humidity; Va: air movement.

3 Result and discussion

A total of 415 valid questionnaires were completed, 142 from Quito, 183 from Guayaquil and 90
from Tena. Because all respondents were performing sedentary activity such as reading and
writing, the metabolic rate was taken as 1.2 met, in accordance with ASHRAE 55 Standard 55 [1].
The cloth insulation in Guayaquil and Tena is lower than Quito basically because of the warm
outdoor environment. For the tropical rainforest students, the garment used was long pants, T-
shirt and casual shoes. In highland climate, the garments are the same but thicker and also using
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a sweater or jacket. The average thermal insulation value for the highland climate was estimated
from the 1SO 9920 standard [12] as 0.85 cl, for the tropical rainforest and hot-humid climate as
0.50 cl. The details of the garments are in table 5.

3.2 Outdoor environmental condition

The outdoor relative humidity in EPN classrooms surroundings (Quito) varies greatly. The values
range from 41% to 62%. The average outdoor temperature is 18°C, with 15°C and 20°C being the
lowest and highest recorded. In the outdoor environment near the ESPOL classrooms (Guayaquil)
the environment due to the season was slightly humid with an average of 75% relative humidity
and a mean temperature of 27.5°C. In IKIAM (Tena) the average humidity was 88%, with 83 and
96 being the lowest and highest values recorded. The outdoor temperature was 23.1°C with
ranges from 22.1°C to 24.5°C.

Table 3. Summary of mean outdoor conditions

Air temperature [°C] Relative humidity [%]
University Region
Mean Lower Higher Mean Lower Higher
EPN Quito 18 15 20 48 41 64
ESPOL Guayaquil 27.5 26.9 30.6 74 64 82
IKIAM Tena 23,1 21.1 245 88 83 96

3.3 Indoor environment measurement

The classrooms at EPN were on free-running mode, keeping doors and windows closed. The
indoor air temperature remained higher than the outside temperature, with a mean temperature
of 21.4°C partially due to the heat input of the people. The air velocity remained less than 0.2
m/s in the classrooms except for ECEPNO4 and ECEPNO6 where they had windows and doors
open respectively. At ESPOL(Guayaquil) classrooms the highest temperature recorded was 26°C
in ECESPO3, except for that, the temperature variation in other classrooms was 1.4 degrees. In
IKIAM (Tena) the average temperature was 24°C, with the ECIKIO4 classroom being an exception
because despite operating the air conditioning the windows were opened. Also, the wind speed
was greater than 0.2 m /s for the same reason.

Table 4. Physical parameters

Classroom Windows/ Operation . . . R 0
Code door mode ta[°C] tg[°C] tr[°C] top[°C] Va [m/s] rh [%]
ECEPNO1 22 CW-CD 22.4 21.6 21.1 21.8 0.1 42.0
) ECEPNO2 24 CW-CD 18.8 19.2 19.4 19.1 0.1 53.0
Quito
ECEPNO3 19 CW-CD R 23.0 23.1 23.2 231 0.2 52.0
ECEPNO4 20 WO-CD 20.6 20.7 20.8 20.7 0.4 54.0
ECEPNO5 22 CW-CD 21.6 219 22.2 21.8 0.2 61.0
ECEPNO6 27 WO-CD 20.0 22,5 25.4 22.2 0.3 51.0

241



ECEPNO7 8 CW-CD 23.2 233 23.4 233 0.2 45.0

ECESPO1 14 CW-CD 21.4 21.9 22.2 21.8 0.1 44.0

ECESPO2 39 WC-DO 24.1 24.6 25.0 24.5 0.2 52.0

ECESPO3 22 CW-CD 26.0 26.4 26.6 26.3 0.1 61.0

Guayaquil  ECESP04 32 CW-CD 214 21.7 219 21.6 0.1 37.0
ECESPO5 25 WO-CD 23.8 24.1 24.4 24.0 0.2 51.0

ECESPO6 31 CW-CD 21.0 21.7 22.4 21.6 0.3 37.0

ECESPO7 21 CW-CD Ac 24.2 243 24.4 243 0.2 48.0

ECIKIO1 19 CW-CD 21.8 22.9 23.8 22.6 0.2 57.0

ECIKIO2 18 CW-CD 23.1 24.2 24.9 24.0 0.1 52.0

Tena ECIKIO3 22 CW-CD 24.6 24.9 25.1 24.8 0.1 78.0
ECIKIO4 14  WO-DO 27.2 27.9 28.6 27.8 0.3 65.0

ECIKIOS 12 CW-CD 23.4 23.9 24.3 23.8 0.2 46.0

ta: indoor air temperature; tg: globe temperature; tr: mean radiant temperature; top: operative temperature; RH:
indoor relative humidity; Va: air movement. FR: free-running; AC: air conditioner; N: sample size. CW: closed
window; WO: window open; DC: door closed; OD: door open

Table 5. Thermal insulation garments, extracted from ASHRAE

Garment Value [clo]

Underpants, shirt with short sleeve, light
trousers, light socks and shoes
Underpants, shirt, trousers, jacket, socks and
shoes
Extracted form table Al insulation value of typical clothing ensembles; Clo: insulation unit

Guayaquil - Tena 0.50

Quito 0.85

3.4 Subjective thermal responses
3.4.1 Thermal sensation, thermal preference, thermal acceptance

According to the votes at EPN classrooms, the mean thermal comfort vote in the seven
classrooms is neutral (-0,05), indicating their state between comfortable and slightly
comfortable, recalling the mean temperature for this set of classrooms was 21.4°C. For the
classroom ECEPNO5 presents a mean vote closer to slightly comfortable despite having an air
temperature close to the average (21.6°C); This is because the relative humidity (61%) at that
time was higher among all the others. The mean preference vote was “no changes”, the only one
making a notable difference was the ECEPNO6 classroom indicating slightly cold because most of
them were inclined to a warm thermal sensation in the classroom. The students responded in
general that the environment was only acceptable.

The resulting votes at ESPOL classrooms were slightly cool (-1.05) as a mean vote for
thermal sensation, it’s seen that in ECESPO3 is the only classroom in Guayaquil that expressed a
neutral thermal sensation. The mean thermal comfort vote was between comfortable and
slightly comfortable (1.57) with an air temperature of 23,1°C among the seven classrooms. The
votes for preferences were in accordance with the air temperature, ECESP04 and ECESPO6
declared slightly warm in a 21,0°C and 21,4°C respectively. ECESP02, ECESP03, ECESPO5 and
ECESPO7 prefer a slightly cooler space in which the mean temperature in those four classrooms
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were 24.5°C. The acceptance mean vote of the thermal condition in classroom “was just
acceptable”.

In Tena, the thermal sensation was within -0.5 to 0.5 in ECIKIO3 and ECIKIO4 where the air
temperature is higher (24.6°C; 27.2°C). In others classroom the thermal sensation is slightly cool
mainly because the temperature is 2 or 3 degrees lower. Five classrooms vote for a slightly
comfort state, accepting their thermal condition and preference was to not make changes.

Table 6. Mean values of subjective votes

C'acszazom top[°C]  TSV(S.D) TCV(S.D) TPV(S.D.) TAV(S.D.) N

ECEPNO1 21,8 03(12)  15(0.5) 4.1(1) 21(05) 22

ECEPNO2 19,1 0.7(05)  1.4(0.5) 4.4 (1) 1.8(0.4) 24

ECEPNO3 23,1 03(1.1)  1.6(0.6) 3.8(L1) 2(03) 19

Quito  ECEPNO4 20,7 03(0.9) 14(07) 42(07) 19(04) 20
ECEPNO5 21,8 03(09)  1.7(1) 38(11)  1.9(0.4) 22

ECEPNO6 22,2 0.4(08)  14(0.6) 3.4(08) 2(0.6) 27

ECEPNO7 23,3 06(09)  15(0.5)  3.1(0.6) 2 (0) 8

ECESPO1 21,8 15(0.9) 14(05) 41(0.7) 19(05) 14

ECESP02 24,5 .0.8(0.5) 1.2(0.4) 35(0.6) 17(05) 39

ECESPO3 26,3 0(0.8) 15(0.8)  29(0.9) 20(0.4) 22

Guayaquil  ECESPO4 21,6 1.8(0.9) 21(05) 47(0.8) 25(07) 32
ECESPOS 24,0 1.0(0.8  16(05)  3.6(1.0) 19(03) 25

ECESPO6 21,6 1.8(2.2) 19(09) 46(0.7) 21(05 31

ECESPO7 24,3 0.4(07) 13(04) 29(07) 20(04) 21

ECIKIOL 226 15(0.9) 20(0.7) 44(10) 23(06 19

ECIKIO2 24,0 1.6(0.6) 15(05) 43(12) 22(06) 18

Tena ECIKIO3 24,8 0.2(0.6) 15(05)  3.8(1.0) 19(04) 22
ECIKIO4 27,8 03(L1)  1.6(0.6) 38(L1)  20(03) 14

ECIKIOS 23,8, 1.6(0.8) 19(0.8) 46(0.8) 20(06 12

top: operative temperature; TSV: thermal sensation vote; TCV: thermal comfort vote; TPV: thermal preference vote;
TAV: thermal acceptance vote; (S.D.): standard deviation; N: sample size.

3.4.2 Comparison with standards

From the guidelines of F. Nicol in the analysis result of a field study [17], a linear regression of
thermal sensation votes and the indoor operative temperature is made to determinate the
temperature which has a neutral vote as well the range of temperature where the votes are
within -0,5 <TSV< 0,5. The PMV was calculated from ASHRAE 55 for each classroom in air
conditioner mode based on the physical measured and personal variables. Then for the free-
running spaces, the adaptive model from EN 15251 and ASHRAE 55 were used.
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Figure 2. Linear regression, TSV and PMV (vs.) operative temperature

Table 7. Summary of regression equation in air conditioner mode

University City Equation R
ESPOL | Guayaquil | TSV =0,3718Top—9.7616 | 0,96
PMV =0,3536Top — 8.8999 0,94
IKIAM | Tena | TSV =0,4082Top — 10,963 | 0,87
PMV =0,3173Top—7.9654 0,94
EPN | Quito | TSV =0.2933Top— 6.4074 | 0,88
PMV =0,2109Top—4.9702 0,86

PMV: Predicted mean vote; TSV: Thermal sensation vote; top: operative temperature; R: Correlation coefficient
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At ESPOL classroom, the neutral operative temperature (when the mean vote is zero) is
calculated from both regression equations in table 7 resulting in 25.0°C for PMV and 26.3°C for
TSV. For Operative temperature neutrality, PMV underestimates the observed neutrality by 1,3K.
The 90% and 80% of thermal acceptance is between -0.5 to 0.5 and -1 to 1 respectively on the
ASHRAE seven-point scale; using both regression equation, the thermal acceptability range
manifested in the survey (TSV) is between 24.9°C-27.6°C and 23.6°C-28.9°C for the 90% and 80%.
For the predicted thermal acceptability range is 23.6°C-26.4°C and 22.2°C-27.8°C. It’s to be
expected that the predictive operative temperature range would be narrower compared to the
actual mean votes due to the personal sensation of each person. Recalling the thermal comfort
and preference scales and considering the long-time living in hot-dry climate, students indicate
warmer preference when the indoor operative temperature is below 21.8°C, and a cooler
preference above 24.0°C.

At IKIAM classrooms the neutral operative temperature calculated was 26.9°C for TSV and
25.1°C for PMV. In this case 1.8 K more than the predicted value; the thermal acceptability range
manifested in the survey was between 25.6°C-28.1°C and 24.4°C-29.3°C for the 90% and 80% and
for the predicted thermal acceptability, the range was 23.5°C-26.7°C and 22.0°C-28.3°C. As
expected for a hot climate, the thermal sensation rage is wider than the predicted. A student in
rainforest climate reaches a comfort state even in warmer conditions. The cooler preference is
notable above 25°C, and warmer preference below 24°C. That said, the PMV neutral temperature
would make more sense than TSV.

Already knowing that PMV is mostly used for air-conditioned spaces, the comparison was
made even though. The neutral operative temperature calculated for EPN classroom was 21.8°C
for TSV and 23.5°C for PMV. The highland students reach neutral sensation 1.7°K less than
expected from the model. Thermal sensation range manifested in the survey was between
20.1°C-23.5°Cand 18.4°C-25.2°C for 90% and 80%. For the predicted thermal acceptability range
was 21.2°C-25.9°C and 18.8°C-28.3°C. Only for temperatures below 21°C the PMV and TSV match
above that temperature. Subjects indicate more sensitivity to warm temperatures and PMV could
not predict their sensation.

Table 8. Summary of thermal comfort ranges from real and predicted votes

Neutral
U . i Operation tem*perature PMV TSV
niversi i °
y y Mode  [°Cl
PMV TSV (90%) (80%) (90%) (80%)
ESPOL Guayaquil 26.3 25.0 23.6°C-26.4°C 22.2°C-27.8°C  24.9°C-27.6°C 23.6°C-28.9°
AC
IKIAM Tena 251 269 23,5°C-26-7°C 22,0°C-28,3°C  25.6°C-28.1°C  24.4°C-29.3°C
EPN Quito FR 23.5 21,8 21.2°C-25.9°C 18.8°C-28.3°C  20.1°C-23.5°C  18.4°C-25.2°C

Neutral temperature*: Calculated by linear regression, TSV and PMV vs operative temperature,
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Figure 3. Relative thermal sensation response at EPN

In EPN classrooms (Quito), it’s very common to close doors and windows to keep a warmer
environment. According to the ASHRAE adaptive method, ECUEPNO2 classroom is out of range.
The students indicated a slightly cold sensation in the environment, that is the reason why they
prefer a change to slightly warm (4.4). ECUEPNO4 is a classroom that is within 80% acceptance
since the classroom ambient temperature is only 0.8K below average (21.4°C). Five classrooms
are in the 90% acceptance range in which match with student acceptance and indicate that they
would not make changes or prefer a slightly warm environment. The temperature at which more
acceptance is shown was between 21.8°C and 22.5°C.

3.5 Comfort Temperature by Griffiths Method

This method is useful for small samples and when the temperature comfort range from linear
regression is small [7]. Griffiths assumed that the increase in temperature for each scale point on
the comfort scale was effectively 3K for a seven-point scale [17]. The equation used to calculate
comfort temperature in the classroom was:

Teons =T + (0~ TSV)/a

where Tconf is the comfort temperature (°C), T is the indoor air temperature (°C) or globe
temperature (°C) and a is the regression coefficient. The method was used in many works [8] [9]
[20] [27] with three different regression coefficients (0.25, 0.33, 0,50) indicating that 0.50 had a
better result. Nicol and Humphreys [18] found that the actual value of the constant must be
more than 0.40.
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Table 9. Summary of mean comfort temperature by different regression coefficient

Mode University Region Regre's'sion N Mean Comfort S.D.
coefficient temperature [°C]

0.25 147 21.87 0.93

FR EPN Quito 0.33 147 21.83 0.70
0.50 147 21.79 0.74

0.25 | 184 | 27.05 | 2.31

AC ESPOL Guayaquil 0.33 184 26.18 1.4
0.50 184 25.25 0.63

0.25 | 85 : 28.29 : 2.12

AC IKIAM Tena 0.33 85 27.39 1.39
0.55 85 26.45 0.93

FR: free running; AC: air conditioner; N: sample size S.D.: standard deviation

The calculated comfort temperature using 0.5 as the regression coefficient is very similar to the
neutral temperatures calculated from the linear regression with the students’ thermal sensation
votes. In ESPOL and IKIAM classrooms, there is a temperature difference of 1.1K and 0.4K
respectively but using 0.33 as the regression coefficient in Guayaquil the temperature difference
is lower (0.1K). At EPN classrooms the comfort temperature was already very close with the
lowest regression coefficients (a = 0.22; 0.33).

Table 10. Summary of mean comfort temperature in different field study

. Comfort
Climate
Area . Reference temperature Mode
classification X
[°Cl]
Quito (Ecuador) Cfb This study 21.8 FR
. Natarajan S. et al
Bogota (Colombia) Cfb 23.0; 22.6 NV; AC
(2015)
Hong Kong Cfa Fang et al (2018) 24.1 AC
Guayaquil (Ecuador) Aw This study 25.3 AC

L Ogbonna, A.C,, &
Jos (Nigeria) Aw - 26.3 NV
Harris, D. J. (2008) [19]

Central area (Taiwan) Am Cheng et al (2008) 25.4;25.7 NV; AC
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Tena (Ecuador) Af This study 26.5 AC

Kuala Lumpur .
. Af Zaki S.A. et al. (2017) 26,8; 25.6 FR; AC
(Malaysia)

. Wong N.H. and Khoo S.
(Singapore) Af 28.3 NV
S (2003) [25]

FR: free running; AC: air conditioner; NV: natural ventilation; fa: Humid subtropical climates; Cfb: Subtropical
highland climate; Aw: Tropical savanna climate; Af: Tropical rainforest climate; Am: Tropical monsoon climate

When comparing each city analyzed in this study with others that maintain the same type of
climate, the following was obtained: in Quito (Cfb) subjects achieve a neutral thermal sensation
at a slightly lower temperature than Bogota (Cfb) [16] taking into account that the operating
conditions are different. In Guayaquil (Aw), the neutral temperature is very similar to the
classrooms and dormitories of Taiwan central area (Am) [3], and its 1K lower than Jos (Aw) [19]
which operated at natural ventilation. In Tena (Aw) it has a higher comfort temperature (26.5°C)
than in Kuala Lumpur although they have similar climate and are under mechanical ventilation,
in Singapore (Af) the neutral temperature is approximately 2K higher than the previous ones,
clearly, in Singapore they have more tolerance to these temperatures (28.3°C).

4 Conclusion

The results indicate that the PMV is not able to predict the thermal sensation of students in
classrooms with mechanical ventilation in Guayaquil and Tena. The temperature ranges with 80%
and 90% acceptance are very similar, but with differences from 0.5k to 1.1k. The PMV in these
warm climates estimates a lower percentage of satisfaction compared with declared by the
students. In free-running classrooms, the standard EN 15251 adaptive model restricts the
conditions of the classrooms to a greater extent than ASHRAE 55, in both methods they coincide
in accepting environments in which acceptance is positive and slight thermal preference changes.

The neutral temperatures from TSV in Quito, Guayaquil, and Tena were 21.8°C, 26.3°C and
26.9°C respectively. Compared to others of the same type of climate, they are not so different
even though the classrooms operate in different modes. The type of clothing, the long-time
under the climatic conditions of the environment and the expectation vary in each place
developing an adaptation with the local environment.

It was found by comments in the surveys that students prefer a cold environment than a
warm environment regardless of the local region in which the students responded. Of course,
the neutral temperature range is different. In the case of cold weather, students have easy
actions to maintain a neutral sensation such as increasing their clothes, closing doors and
windows and then opening them when air needs to be renewed. In the classrooms of hot
climates, the way to stay in a neutral state is through an air-conditioned environment, but by
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not having control of the air temperature when it is very low, students lose their comfort
quickly.
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Abstract: Climate change has led to higher indoor temperatures and more discomfort hours. This fact has
encouraged an extensive assessment of users’ thermal comfort in office buildings. However, there is a gap
between predicted-actual comfort votes and comfort-related behaviors. One reason could be differences in
comfort expectations. This study investigates the impact of users’ expectations of indoor climate and
behavioural adaptations on their thermal satisfaction in a working environment. We conducted a pilot study in
a laboratory setting, where participants experienced moderately high indoor temperatures in two different
appointments. A control group received information about an innovative ceiling fan, which after an
acclimatization phase all participants could control. Participants’ thermal comfort and expectation responses
were recorded. Results showed that comfort expectations in the first week were significantly different from
those in the second week. Moreover, no significant differences were found in expectations of perceived air
quality and between groups with different information provided. Results suggest that a first experience in a
certain setting would set occupants’ expectations of indoor conditions for a second experience in the same
environment. Besides, the implementation of an unknown personalized adaptive strategy fulfilled participants’
expectations of indoor conditions.

Keywords: comfort expectations, thermal comfort, perceived indoor air quality, adaptive behaviours

1. Introduction
In order to reduce the total energy consumption in both commercial and residential buildings,
research on the interaction between occupants and building systems has shown high
potential to achieve energy improvements. However, a non-occupant-centric design of
building systems, could lead to a rebound effect on occupant behavior (Guerra Santin 2013).

In the past two decades, there has been a growing number of studies trying to explain
occupant interactions with building systems through the lens of psychological theories
(Wilson and Dowlatabadi 2007). Using interdisciplinary research approaches could provide
insides into the drivers and decision-making of energy-saving behaviors in buildings without
affecting occupant comfort. In other words, energy reduction strategies and comfort
standards should consider factors such as occupants’ preferences and expectations, personal
and social norms, needs and beliefs.

According to Chappells and Shove (2005) there is a trade-off between occupants’
thermal comfort, energy efficiency and building management requirements in office
buildings. Although the discomfort experienced by the occupants will ultimately impact on
their willingness to perform energy-efficient behaviors, there is a performance gap between
assumed and actual comfort-related behaviors (Brown and Cole 2009). Auliciems (1981)
defines satisfaction with an indoor climate as the result from matching actual thermal
conditions in a given context and one’s thermal expectations of what the indoor climate
should be like in that same context. Therefore, understanding the interaction between
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thermal expectations and adaptive behaviors seems a possible path to enhance comfort and
predict comfort-related behaviors.

In this paper we propose an analysis of occupants’ expectations of the indoor climate
and its implications on their thermal comfort and behaviors. We focus on the study of
influential factors on thermal and behavioral expectations within buildings.

2. State-of-the-art and background

In the built environment, several conceptual models have emerged to understand occupant
behaviour and comfort by integrating them within psychological frameworks. For instance,
D’Oca et al. (2017) integrated the MOA model with the DNAs conceptual framework to
understand drivers motivating occupants to interact with building control systems. From
another perspective, Schweiker and Shukuya (2009) combine findings from the field of neural
science and present a sensor-control-action cycle as theoretical basis of occupant-behaviors.
However, the inclusion of occupants’ expectations in the prediction of thermal comfort and
occupant behaviours has not been extensively assessed.

The work of Auliciems (1981) focuses on a “psycho-physiological model”, in which
thermal expectations of a certain indoor environment affect occupants’ thermal satisfaction.
According to the model, past thermal experiences and adaptive opportunities of a building
are the main factors that shape occupants’ expectations. From another perspective, Fanger
and Toftum (2002) include occupants’ expectations in the assessment of thermal comfort as
a factor of dependence on air conditioning systems, based on the thermal sensation votes for
specific warm climatic conditions of natural ventilated buildings.

Although the importance of assessing expectations in the built environment has been
pointed by several authors (Fountain et al. 1996; Brown and Cole 2009; Luo et al. 2018),
thermal expectations have been directly measured only by Rajkovich and Kwok (2003), and
recently by Schweiker et al. (2020). The latter found out that there is a significant influence
of the level of expectation on thermal comfort, and that indoor temperature, day of
experiment and location (field vs laboratory) showed significant influences on thermal
expectations.

According to Wigfield and Eccles (2000), individuals’ behaviours can be explained by
their beliefs about how well they will do on the activity (expectancies) and the extent to which
they value it (evaluation). In other words, a person’s attitude towards a behaviour and the
valence of the attitude, will guide to a certain behaviour. This cognitive process approach is
described in the Theory of Planned Behaviour (Ajzen 1991), which incorporates attitudes as a
predictor of behaviours, and are consistently found to have greater predictive validity when
they are directed towards a specific behaviour — in comparison to general attitudes (Ajzen
and Fishbein 2005).

Moreover, it has been suggested that the magnitude of the attitude—behaviour
relation may be moderated not by attitude accessibility but by other correlated factors such
as amount of knowledge (Ajzen and Fishbein 2005). From the point of view of consumer
satisfaction, Anderson (1973) suggests that a more favourable evaluation is obtained when a
product is accurately described than when no information is provided. In this respect, Naddeo
et al. (2015) analysed the positive effect of knowledge and biased information on higher
perceived comfort. Similarly, Brown and Cole (2009) analyse the influence of knowledge of
building performance on comfort expectations and behaviours.

However, when a new technology is implemented, there is often a gap between what
is known and what actually is put in use. To evaluate the acceptance and adoption of a new
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idea, theories attempt to explain factors affecting whether individuals will adopt an
innovation or technology. The diffusion of innovations (Rogers 1983) describes the
innovation-decision process as the process in which an individual passes from first knowledge
of a technology to form an attitude towards it, then adopt and implement it, and finally
confirm the decision. Those innovations have five main attributes that affect individuals’
behaviours and explain the rate of innovation adoption: relative advantage, compatibility,
complexity, trialability and observability.

3. Research framework and hypothesis
The review of the state of the art and theories has shown that the interaction between
people’s expectations and their perception of comfort and behavioural performance has not
been studied in depth in the built environment. In addition, influencing factors of
expectations and the way to assess them need further study. Therefore, a study framework
of expectations is proposed (Figure 1) from which the following research questions arise:
1. To what extent do comfort expectations (thermal conditions and air quality) affect
occupants’ comfort evaluation and consequently their perceived comfort?
2. Which factors influence people’s indoor climate expectations?
3. To what extent do behavioural expectations affect occupants’ performance evaluation
and their consequently behaviour?
4. Which factors influence people’s behavioural expectations?
5. To what extent do behavioural/performance expectations affect the perceived comfort?

Previous experience

Influencing Expectation-Value Process Outcome
factors
4)
Performance
memory
: : 3) :
) havioural . i
Attitudes Behawogral | s Beha ou i st L
expectations evaluation
Previous Y
information 5)
Thermal 2) Comfort Comfort 1) Perceived
s — ) - » i S
memory expectations evaluation comfort

Previous experience
Figure 1: Psychological framework of expectations, comfort and behaviour.

Based on the existing literature and the proposed research framework and questions, the
following hypothesis are investigated:
1.
1.1. Perceived comfort: thermal comfort and perceived air quality will be lower when
conditions were not as expected (Schweiker et al. 2020).

2.1. Thermal memory: first experiences in a certain environment will set expectations in
a later experience in the same environment (Auliciems 1981).
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3.1.
4.

4.1.

4.2.

4.3.
5.

5.1.

Behaviour: behavioural adaptation will be lower when performance evaluation has a
low value and expectations are not met (Wigfield and Eccles 2000).

Performance memory: first experiences with a certain behaviour will set expectations
in a later performance (Auliciems 1981).

Attitudes: positive attitudes towards behavioural performance will positively
influence performance evaluation (Ajzen and Fishbein 2005).

Previous information: knowledge and previous information will set positive
performance expectations and consequently perceived comfort (Naddeo et al. 2015).

Behaviour-comfort expectations: negative expectations on the effect of adaptive
opportunities on indoor climate conditions (temperature/air quality) will lower
comfort expectations and consequently perceived comfort.

In order to avoid misleading interpretations of consumers’ satisfaction and evaluation of
a certain product (Kokthi and Kelemen-Erdos 2017), we need a common definition of
expectations. The following definitions will be used in this paper:

Predicted expectation: the realistic and anticipated thermal or behavioral experience,
i.e. what the user believe will happen, in accordance to the definition from Thompson
and Sunol (1995).

Level of expectancy: congruence between the predicted thermal or behavioral
experience, and the actual perceived experience (e.g. “is the temperature as
expected?”), in accordance to Schweiker et al. (2020).

Compared expectations: the actual vote of the thermal or behavioral experience in
comparison to predicted expectation (e.g. “warmer than expected”). For the thermal
assessment, both thermal comfort and sensation will be assessed.

4. Methodology: pilot study
In order to first assess the above research questions, a pilot study was conducted as explain

below.

4.1 Facility and test conditions

The experiment was conducted between August and September 2018 in the climate chamber
LOBSTER (Schweiker et al. 2014). Two office rooms and an entrance-/control room constitute
the facility (Figure 2). Each room has two openable windows and is equipped with an
innovative personalized ceiling fan, which has a diameter of 300 mm and is integrated in an
acoustical ceiling panel (Figure 3).
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windows
Table 1 presents the room conditions and the correspondent control and
experimental groups. Each subject participated twice. The room was set to warm conditions.
The first appointment (M1) was set to 28°C / 50% RH, and in the second appointment (M2),
only one room was set to 31°C / 50% RH. In the first appointment, half the participants were
provided biased information about the personalized ceiling fan, such as benefits (energy
efficient, quiet) and characteristics (personal, controllable).

Table 1: Thermal conditions and information groups for first (M1) and second (M2) appointments. Informed
group (green); non-informed group (light green); 28°C (purple); 31°C (grey).

M1 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Office 1 2 1 2 1 2 1 2 1 2 1 2
Participant 17, 18

M2 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12
Office 1 2 1 2 1 2 1 2 1 2 1 2
Participant | 1,2 3,4 5,6 7,8 | 9,10 | 11,12 13,14 15,16 | 17

4.2 Participants

Eighteen male and female participants between 18-34 years old took part in a half-day
experiment for the first test condition, from whom 17 repeated the experiment in the second
appointment. Participants had to be German or show proficiency level of the German
language, and be non-smokers.

4.3 Experimental procedure

The whole experiment lasted 3 hours 30 minutes, from 9 am to 12.30 am.

Figure 4 describes the daily schedule. In the first 10 minutes (TO) we explained the experiment
in the front room and we provide a first questionnaire in paper format. Participants were
asked about their a) thermal preference and b) their thermal expectations in the experiment
room.
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Figure 4: Daily schedule and correspondent questions. In grey: phase duration and start time questionnaire.
TO: before entering the experiment room; T1: acclimatization phase; T2: first hour with the possibility of using
the ceiling fan/windows; T3: end of experiment.

After entering the room, participants could work on their own tasks with the
computers provided. During the first 30 minutes (T1), they adapted to the given warm
conditions in the room and filled out the second questionnaire. Participants were asked about
a) their actual thermal comfort, sensation, acceptability and preference, and air quality
sensation and comfort, b) if the encountered thermal/air quality conditions were as expected,
c) their thermal/air quality expectations in comparison to the actual vote, and d) their
expectations about general ceiling fans and the personalized ceiling fan from the experiment.

After the acclimatization phase, they had the possibility to turn on the ceiling fan and
choose the desired air speed by means of a control dial, and tilt the windows. After 90 minutes
(T2) a new questionnaire with the same questions as T1 was provided. The last questionnaire
was filled 15 minutes before ending the experiment (T3).

Ceiling fan’s expectations were quantified with several items based on Rogers’ main
attributes of innovations in a 7-point scale (“strongly agree” to “strongly disagree”).
Moreover, 5 categories were assessed: expectations of ceiling fans in general, expectations
of personalized ceiling fans, compared expectations of personal ceiling fans (only in M2),
importance of using ceiling fans and attitudes towards the use of ceiling fans. Thermal and air
quality expectations were quantified as follow:

1. Predictive Sensation/Comfort 7-point scale (only in TO): “How do you expect the
thermal conditions/air quality in the room?”“ [“warm/good” to “cold/bad” and
“uncomfortable” to “comfortable”].

2. Skip logic question: “Are the encountered thermal conditions/air quality as
expected?” [“Yes/No”];

3. Sensation 7-point scale: “If not as expected, how were the thermal conditions/air
quality in comparison to the expected?” [“much warmer/much better as
expected” to “much cooler/worse as expected”];

4. Comfort 7-point scale: "If not as expected, how do you find the thermal
conditions/air quality in comparison to the expected?” ['much more
uncomfortable as expected” to “much more comfortable as expected”].
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5. Results and Discussion

5.1. Outdoor temperature

Figure 5 shows the outdoor temperatures from 8 am to 9 am and the running mean outdoor
temperature (Trm) for the first (Day 2 to Day 6, Day 9) and second appointment (Day 11 to
Day 13, Day 16 to 18). In both weeks, outdoor temperatures fluctuated from 15°C to 23°C
from 8 am to 9 am. The Trm did not significantly vary along the experimental days in each
appointment, but a decrease can be observed comparing the first and the last days of
experiment.

27-

26- ®..
‘o --o
25- i %

“®-.
24- o Bt i
23- e 0---g--@ 9.

22- =

220 o

20-

" Th o

18-

17- -

16-

o b
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Day

Figure 5: Boxplot of outdoor temperatures for each day of experiment between 8-9:00 am and running mean
outdoor temperatures in M1 and M2.

5.2. Thermal comfort and perceived air quality

5.2.1. Temperature sessions

Figure 6 presents the distribution of thermal sensation votes in the acclimatization phase (T1)
separately for session groups (paired). The group experiencing 28°C in both appointments
voted in average “slightly warm” and “warm” with no significant difference (Figure 6 left).

A significant difference in thermal sensation votes was found for the group
experiencing 28°C in the first appointment and 31°C in the second appointment (Figure 6
right). They rated thermal conditions as “slightly warm“ and “warm” respectively (M1: Mdn =
5; M2: Mdn = 6; p = .039; N = 10). A significant difference was also found for thermal
acceptability and preference votes: the first experience was rated as “slightly acceptable”
while the second as “slightly unacceptable” (M1: Mdn = 3; M2: Mdn = 2; p =.016; N = 10).
They would prefer thermal conditions “slightly cooler” and “cooler”, for the first and second
appointments respectively (M1: Mdn = 3; M2: Mdn = 2; p =.008; N = 10).

Air quality was perceived as “slightly bad” and “slightly uncomfortable” in the
acclimatization phase (T1) in both sessions and no significant difference in perceived
sensation between temperature conditions was found.
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Figure 6: Thermal sensation votes for different session groups in T1. Group experiencing 28°C-28°C for the first
and second meeting respectively (left) and group experiencing 28°C-31°C respectively (right).

5.2.2. Timing

Figure 7 presents the distribution of thermal sensation votes for the acclimatization phase
(T1), the first hour after the acclimatization phase (T2) and after two hours (T3), separately
for the first session and the second session at both temperature conditions (28°C and 31°C).
While T1 was mostly rated as “slightly warm” and “warm” (31°C), both T2 and T3 were rated
as “neutral”
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Figure 7: Thermal sensation votes for different times (T1,T2,T3) for the first session (left) and the second
session for the 28°C group (middle) and the group with 31°C (right).

Table 2 compares thermal sensation, comfort, acceptability and preference votes in
timing for both appointments (M1 and M2). In both sessions, a significant difference for
sensation, comfort and acceptability was found between T1 and T2 and T1 and T3, but no
difference was found between T2 and T3. In both sessions, a significant difference for thermal
preference was found between TO (Mdn=“no change”) and T1 (Mdn-28°C= “slightly cooler”;
Mdn-31°C="cooler”), T1 and T2 (Mdn= “no change”) and T1 and T3 (Mdn= “no change”).
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Table 2. Friedman test for thermal sensation, comfort, acceptability and preference of perceived thermal
conditions. Paired groups correspond to four points in time (TO, T1, T2, T3) in M1 and M2. Significant values (p-
values), effect size (r-values) and non-significant results (NS).

M1 M2
TO-T1 | T1-T2 T1-T3 | T2-T3 | T0-T1 T1-T2 T1-T3 | T2-T3
= padj' = = P=
Sensation _ Padj.= .000 001 NS _ Padj. = .001 Padj. = .003 NS
r=.31 r=.31 r=.27
r=.28
Padj.= .018 Pod = Padj. =.000 | padgj. =.002
Comfort . ' .003 NS - ' ' NS
r=.22 r=.31 r=.29
r=.26
Acceptabilit - Pad;. = .008 pglgg: NS - Padj. =.001 | pag;. =.008 NS
prabiity r=.24 ' r=.31 r=.25
r=.26
Padj. = o Padj. = Padj. = . .
Preference 000 | P '2%22 033 NS oo1 | P L'&OO P 30605 NS
r=.34 - r=.28 r=.40 B B

Table 3 presents differences in the perceived air quality sensation and comfort for
different points in time for both sessions (M1, M2). Most significant differences were found
in the perceived sensation and comfort between T1 (“slightly bad”; “slightly uncomfortable”)
and T2 (“slightly good”; “comfortable”) and between T1 and T3 (“good”; “comfortable”).

Table 3. Friedman test for sensation and comfort of perceived air quality. Paired groups correspond to three
timings (T1, T2, T3) in M1 and M2. Significant values (p-values), effect size (r-values) and non-significant results

(NS).
M1 M2
T1-T2 T1-T3 T2-T3 T1-T2 T1-T3 T2-T3
. Padj.= .006 Padj. = .011 Padj. = .024 Padj. = .001
Sensation r=.24 r=.23 NS r=.22 r=.29 NS
Padj.= .037 Padj. = .037 Padj. = .001
Comfort = 20 r= 20 NS NS r= 30 NS

5.2.3. Previous information

Thermal comfort and perceived air quality was analysed between ‘information’ groups in the
first appointment. Although, they rated thermal comfort in the acclimatization phase
differently (Mdn= “slightly warm” and “warm”), no significant difference in thermal
perception (comfort, sensation, acceptability and preference) and in perception of indoor air
quality (comfort and sensation) between groups was found both in the acclimatization phase
and along the experiment.

5.3. Expectations of indoor climate

Table 4 presents the median votes for expected thermal comfort and sensation before
entering the experimental room (predictive expectation), the level of expectancy after
entering the room, the actual vote compared to expectations (compared expectation) and
the actual vote in the acclimatization phase.
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Table 4: Median votes for predictive expectation, level of expectancy, compared expectations and thermal
comfort and sensation votes in TO and T1 for M1 and M2.

M1 M2
T0 T1 TO Tl
Predictive | Level | Compared Vote Predictive | Level | Compared Vote
28 31
. . lightl lightl
Sensation | slightly cool slightly slightly warm warmer warm
warmer warm
. . slightly
no slightly slightly . no
slightly more
Comfort neutral more uncom uncomfort.
comfort. uncomfort
uncomfort. fort
28 28
. . as slightly
Sensation | slightly cool warmer warm warm
expected warm
lightl lightl
slightly no SUghtly STghtly slightly yes as slightly
Comfort more uncom
comfort. uncomfort. expected | uncomfort.
uncomfort. fort.

Table 5 presents the median votes for level of expectancy, compared expectation for
air quality comfort and sensation and the actual comfort and sensation vote in T1, and level
of expectancy for T2 and T3. No significant difference was found in the level of expectancy in
the acclimatization phase between temperature groups in the second appointment.

Contrary to previous studies (Zhai et al. 2017), sensation and comfort votes for
perceived air quality in the acclimatization phase did not significantly differ between
temperature setting. Moreover, the level of expectancy did not differ between 28°C and 31°C
room settings in the second appointment. These results could suggest that 1) expectations do
not have an impact on the perception of air quality at moderately high indoor temperatures,
or 2) that expected conditions were within the acceptability range of participants. Further
analysis is needed to confirm the proposed observation.

Table 5: Median votes for level of expectancy, compared expectations and comfort and sensation votes for air
quality in T1, T2 and T3 for M1 and M2.

M1 M2
Tl T2 T3 T1 T2 T3
Level Compared Vote Level Level Level Level Level
28 31
Sensation slightly worse slightly bad
Comfort no slightly more slightly yes yes yes yes yes
uncomfortable uncomfortable
28 28
Sensation slightly worse slightly bad
Comfort no slightly more slightly yes yes yes yes yes
uncomfortable uncomfortable

5.3.1. Perceived comfort and sensation

In the first appointment, the encountered thermal conditions were not as expected
(Mdn="n0o"). The group expecting “slightly comfortable” conditions rated the encountered
thermal conditions as “warmer as expected” and the actual vote was “warm”. However, the
group expecting “neutral” conditions rated the same thermal conditions as “slightly warmer
as expected” and the actual vote was “slightly warm”. With respect to hypothesis 1.1, an
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effect of expectations can be observed on thermal comfort votes in both groups from the first
appointment: under same expected thermal sensation votes but different expected thermal
comfort in the acclimatization phase, the group expecting more comfortable conditions had
a higher disparity with the encountered conditions (not as expected), resulting in warmer
thermal sensation votes. These results suggest the importance of assessing previous and
compared expectations in a two-dimensional way, i.e. asking about the intensity of
expectations (e.g. “warmer as expected”) and affective aspect (e.g. “more comfortable as
expected”).

5.3.2. Thermal memory

In the first appointment, conditions were unknown and expected as “slightly cool” before
entering the room (T0). However, in the second appointment conditions were expected to be
“warm”. A significant difference in the expectancy of sensation in TO was found between the
first session with 28°C, expecting “slightly cool” conditions, and the same group participating
the second session with 31°C, expecting “warm” (Paired sample sign test, M1: Mdn = 3; M2:
Mdn = 6; p =.039; N = 10). Similarly, a significant difference in the expectancy of comfort in
TO was found between the first session with 28°C, expecting “slightly comfortable” conditions,
and the same group participating the second session with 28°C, expecting “slightly
uncomfortable” (M1: Mdn =5; M2: Mdn =3; p=.016; N =7).

With respect to hypothesis 2.1, an effect of thermal history on expectations can be
observed after repeating the experiment. After experiencing an unknown environment for
the first time, participants expected a “slightly cool” and “slightly comfortable” conditioned
room. After knowing the environment, participants were expecting the same thermal
conditions in the second appointment as the one they experienced in the first appointment
(“warm”/”slightly uncomfortable”). These results could suggest that a first experience in a
certain indoor environment would set expectations of indoor conditions for a second
experience in the same environment, under similar thermal outdoor conditions between
appointments. This statement is in line with the model from Auliciems (1981) which includes
previous thermal experiences as influencing factors of expectations. Moreover, it is of
importance to mention that the preferred indoor conditions in comparison to the outdoor
conditions before entering the experimental room was rated as “neutral” for all sessions,
meaning that outdoor temperature conditions before entering the climate chamber were
within the acceptable thermal conditions, and no effect of outdoor conditions was expected
for the sessions. These results support previous work (Schweiker et al. 2020) where the
outdoor temperature or the outdoor-indoor temperature difference did not have an impact
on thermal expectations. Future analyses could focus on the effect of a higher range of
outdoor temperatures within thermal expectations.

In the second appointment, although both conditions were expected to be “warm”,
the session with 28°C expected “slightly uncomfortable” thermal conditions, while the session
with 31°C expected “slightly comfortable” thermal conditions (Mann-Whitney-U-Tests, 28°C:
N=7;Mdn=3;31°C: N=10; Mdn =4.5; U=17.000; p =.088; r =0.44). An influence of thermal
memory on performance expectations can be observed in group experiencing 31°C in the
second appointment, who expected to feel “slightly comfortable” despite the expected warm
conditions. These results may suggest that, as the effect of adaptive opportunities (window
and ceiling fan) was sufficient to achieve comfortable conditions in a warm environment in
the first appointment, participants set their expectations for the second appointment by
adjusting the memory related to previous experiences or fulfilled expectations, and
consequently minimizing thermal discomfort. These results support the analysis from Luo et
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al. (2016), suggesting the implementation of effective adaptive strategies to expand and
enhance occupants’ comfort range. A potential link between performance expectations and
perceived comfort could be proposed according to hypothesis 5.1.

In the second appointment, a significant difference in the expected conditions in T1
was found between the sessions. Participants from the session with 28°C “expected” the
encountered thermal conditions, while the session with 31°C did “not expect” them (Mann
Whitney-U-Tests; 28°C: N=7, Mdn = 1; 31°C: N=10, Mdn = 0; U = 13.500; p = .033; r = 0.61).
This result indicates the influence of significant changes in indoor temperatures on level of
expectation of thermal conditions in an already known environment.

5.3.3. Timing

Figure 8 presents the distribution of the expected thermal conditions at three times of the
half day. A pairwise comparison was conducted (N =9; p =.017; x*> = 10.15) and a significant
difference in expected conditions was found in the first session between the acclimatization
phase and the first hour of experiment after opening the window (pagj. = .24; r =.22), but no
difference at the 5% level was found after using the ceiling fan or at the end of the experiment.
Although, no significant difference at the 5% level was found in the second session between
points in time, Cochran-Q-test found differences between all T1-pars (N = 11; p =.037; x> =
8.50). As before mentioned, thermal expectations in a warm environment were fulfilled as
adaptive behaviors were implemented.

M1 M2
12~
10
Expectancy
. No
. Yes
T2 Wlndow T2 Fan 1 T2 Wlndow T2 Fan

Figure 8: Level of expectancy votes for different times: T1, T2 after using the window, T2 after using the ceiling
fan and T3 for M1 and M2.

5.4. Behavioural adaptation

The interactions of windows and ceiling fans was recorded by self-reported actions by
participants. Figure 9 presents the number of participants who opened the window, used the
ceiling fan and performed both actions during the experiment.

In the first appointment, half the participants use the ceiling fan and the other half
both the ceiling fan and window. Just one person reported the opening of window as single
action. In the second appointment, almost half the participants in the room with 28°C used
the ceiling fan as single action while the other half performed both actions. Contrarily, by 31°C
almost all participants performed both actions.
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M1 28°C B1 M2 28°C B1 M1 28°C B2 M2 31°C B2

B Window Ceiling Fan Both

Figure 9: Number of participants who opened the window, turned on the ceiling fan and performed both
actions during the day separately for M1 and M2 and temperature settings. B1: office 1; B2: office 2.

5.4.1. Performance expectations

The performance expectations of general ceiling fans and of the personal ceiling fan used in
this study were analysed. Results from a reliability test and an exploratory factor analysis are
shown in Table 6. Reliability test indicates internal consistency for the scale in this specific
sample. Although, values lower than 0.7 indicate an unreliable scale, when measuring
psychological constructs lower values can be expected due to the diversity of constructs being
measured (Field et al. 2012). Moreover, as the number of items measuring each construct are
within the recommended, a lower threshold can be expected (Hair et al. 2014). For this
sample, results indicate good reliability of the scales, except for “importance of personalized
ceiling fans” and “attitudes towards ceiling fans” in the first appointment.

KMO values indicate the sampling adequacy for each variable in the model and the
complete model. As indicated by Field et al. (2012), values greater than 0.5 are barely
acceptable, and between 0.7 and 0.8 are acceptable. All variables presented in this study
present acceptable adequacy.

Table 6: Cronbach a values from reliability test and KMO values from explanatory factor analysis. GFC: general
ceiling fans; PCF: personal ceiling fans. In bold: reliable scale and adequate sampling.

M1 M2
Cronbach a / KMO
Tl T2 Tl T2

Expectations GCF 729 / .617 .770 / .692 .869 /.705 .839/.748
Expectations PCF | .746 / .583 .744 [/ .650 .876 / .820 .899 / .659
Expectations PCF Il .784 /[ .698 .702 / .624
Importance of PCF .612 /.639 .866 /.711

Attitudes towards GCF .651/.540 .910 / .660

Correlations were calculated using Kendall-Tau-b- und Spearman-Rho-Coefficients for
correlations between a metric (factors) and ordinal variables. In the acclimatization phase
(T1), expectations of personalized ceiling fans are positively correlated to the importance of
characteristics and performance of a personalized ceiling fan in both appointments (M1:
r=.63, M2:r=.89, p (two-tailed) <.05).

Comparing the acclimatization phase (T1) and after using the ceiling fan (T2),
expectations of general ceiling fans in T1 are significantly correlated with the expectations of
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ceiling fans in T2 (M1: r=.77, M2: r=.81, p (two-tailed) <.05) and the expectations of
personalized ceiling fans in T2 (M1: r=.52, M2: r=.83, p (two-tailed) <.05). Similarly, attitudes
towards general ceiling fans in T1 are significantly correlated with the expectations of ceiling
fansin T2 (M1: r=.52, M2: r=.76, p (two-tailed) <.05).

Only in the second appointment, attitudes towards ceiling fans correlate with
expectations of personalized ceiling fans in T2 (r=.74, p (two-tailed) <.01). Moreover, attitudes
and expectations of ceiling fans in T1 significantly correlate with the compared expectations
of personalized ceiling fans in T2 (Expectations: r=.72, p (two-tailed) <.01; Attitudes: r=.56, p
(two-tailed) <.05).

Related to hypothesis 4.1, expectations of ceiling fans in the acclimatization phase
correlate with expectations of general fans and personalized ceiling fans after using them, but
correlation factors are higher in the second appointment in comparison to the first one. These
findings could suggest that 1) expectations were fulfilled when using the ceiling fan in terms
of personal control, effectivity and improvement of indoor conditions, and 2) expectations of
an unknown technology, in this case an innovative personalized ceiling fan, changed and were
more aligned with expectations after a second experience, when compared to the first
experience. These suggestions align with the work from Auliciems (1981), suggesting that first
experiences with personalized ceiling fan will shape performance expectations for a second
experience with the same device.

With respect to the factor analysis results, low KMO values for attitude in the first
appointment could indicate unformed attitudes before performing adaptive behaviours,
showing low correlation values as well. However, for the second appointment participants
could form attitudes towards the use of ceiling fans, which seem to influence performance
expectations of general and personal ceiling fans. These results indicate to support hypothesis
4.2 and suggest that attitude towards a specific adaptive behaviour may be shaped and
positively influenced after its implementation in a second experience. Furthermore, attitudes
and expectations of personalized ceiling fans before its usage correlate with the compared
expectations of personalized ceiling fans after using them, showing a positive correlation
between the expected performance and expressed attitudes with the fulfilled expectations
after using the device. These findings show the effect of attitudes and expectations on
performance evaluation, aligned with the work of Ajzen and Fishbein (2005).

Related to hypothesis 4.3, the influence of information on perceived comfort can be
discarded for this study, contrary to the work of Anderson (1973) and the study from Naddeo
et al. (2015). As no significant difference was found between performance expectations of
the ceiling fan, the effect of information on the perceived comfort — either thermal or air
guality — cannot be assumed. Further analysis should rethink the way previous information
was provided and a more specific link between information and its effects on perceived
comfort should be proposed.

An effect of expectations on behavioural adaptation (hypothesis 3.1) is suggested by
the correlation between expectations and performance importance of a personal ceiling fan
for both appointments. This evidence reflects the expectancy-value theory (Wigfield and
Eccles 2000), which in this case relates the expectation of using the personalized ceiling fan
(likelihood) with the importance assigned to perform certain behaviour (evaluation). Besides,
results suggest a methodology to assess performance expectations based on the Theory on
Diffusion of Innovation (Rogers 1983) and the Theory of Planned Behaviour (Ajzen 1991) for
this specific technology. Further studies may assess the effects of the expectancy-value
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process on the performance of adaptive behaviours and test the proposed methodology for
other adaptive behaviours.

5.5. Limitations

Limitations have to be seen in the small sample and limited variance which 1) do not allow a
generalization of results and the interpretations of values from the reliability test and factor
analysis. Furthermore, the relationship between performance expectations and perceived
comfort has not been directly assessed and could be a missing link to fulfil the gap between
comfort-related behaviours and actual comfort votes. Finally, other influencing factors could
be incorporated in the analysis of expectations.

6. Conclusion
This study investigated people’s expectations in the built environment, their influencing
factors and their impact on perceived comfort and comfort-related behaviours. The following
suggestions emerge:

1) a methodology to assess thermal and performance expectations is presented, by
directly asking participants about their perceived expectations and the compared
expectations. Furthermore, the importance of assessing thermal expectations in a
two-dimensional way (comfort and sensation) is stressed.

2) previous experiences in the current environment showed an effect on thermal
expectation and performance expectations.

3) attitudes and values towards a certain technology may set performance expectations
and impact on behavioural adaptation.

4) biased information given about the performance of an unknown adaptive strategy did
not seem to influence later behavioural expectations.

The results suggest that occupants’ expectations of indoor conditions may relax in a
known environment, but significant changes in indoor temperatures are the most sensitive
parameter influencing expectations. Although occupants’ expectations range may vary
among them, personalized adaptive behaviours tested in this study were effective enough to
overcome the disparity in expectancy disconfirmation. Moreover, attitudes and performance
expectations of an unknown adaptive behaviour were quickly shaped after a single usage and
not by previous knowledge, which may provide guidance to promote high-comfort and
energy-efficient adaptive approaches.
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Abstract

Since students spend a greater part of the school day in the classrooms, these spaces should positively impact their
comfort, satisfaction, and invariably, their learning experience. The result of the pilot study of the learning
environments of the Department of Architecture, University of Lagos is presented. A multi-method approach was
adopted that used semi-structured interviews of focus groups of students in the department and the outcome
aligned with the parameters of students’ satisfaction in previous studies. A questionnaire-based survey was also
implemented. Parameters that impacted learning experience included the physical environmental attributes,
relational attributes, hostel accommodation and even the availability of electrical power to the classrooms and
hostels. The students’ comfort and satisfaction are impacted by the IEQ factors, room aesthetics and attachment
to place. Using a Kano Model evaluation, majority of the attributes that impacted the student’s learning
experience were classified in the indifferent category. The explanation for the level of indifference was that the
students may have become apathetical. A classroom environment that would be resilient to the current
infrastructural and climate issues would need to enhance the attributes that impact the students’ comfort and
learning experience.

Key words: classrooms, comfort, Kano Model, learning experience, sense of place.

1. INTRODUCTION
The website of the University of Lagos (Unilag) gives the vision of the Institution as the desire to
be “a top-class institution for the pursuit of excellence in knowledge, character and services to
humanity”. To achieve this, Unilag will “provide a conducive environment for teaching,
learning, research and development where staff and students will interact and compete
effectively with other counterparts globally” (University of Lagos, 2019). Both the vision and
mission statements affirm the importance of the classroom environment in the pursuit of this
purpose. The environment must be conducive and should meet the expectation of the
students, the teachers and other stakeholders. This is more so as the students spend most of
the school days in the classrooms (Choi et al., 2014). It is to be noted that the classroom
environment is not only physical, but also social and psychological (Muhammad et al., 2014).
However, there have been financial pressures on Federal Nigeria Universities so much so
that physical infrastructures and classroom facilities are in deplorable conditions (Moja, 2000).
The poor state of the learning environment has impacted the quality of education (Connor et
al., 2005). Consequently, Unilag has not been able to meet its mission of being globally
competitive. The Centre for World University Rankings (CWUR) for 2018 — 2019 ranks the
University of Ibadan (Ul) at #991, the only Nigerian Institution in the list of 1000 schools.
Meanwhile, Ul is ranked #1 in the nation.
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There are many factors that contribute to a satisfactory learning environment. Thus, the
issue facing most Higher Education Institutions (HEI) is how best to spend the meagre revenue
that accrues to them. How can the HEls effectively improve the learning environment and
experience of the students, thereby achieving their purposes?

1.1 Aim and Objectives of study

The aim of the study is the assessment of the physical environment of classrooms in Tertiary
Institutions and the students’ learning experience, using the University of Lagos as case study.
The preliminary study was limited to the Department of Architecture. The objectives of the
study include evaluation of the impact of classroom physical environmental parameters on the
satisfaction of the students; assessing the importance of attributes that influence the learning
experience of the students; the students’ sense of place; categorization of the classroom
attributes with respect to how they influence the learning experience of the students.

2. LITERATURE REVIEW

The Vitruvian attributes of the indoor space are firmatis (durability), utilities (utility) and
venustatis (beauty). The durability refers to the perception of safety by the occupants. The
attribute of utility is satisfaction with the physical and psychological environmental qualities.
Beauty is expected to delight the users and raise the sense of attachment and ownership of
space. Many studies, like that of Clements-Croome (2014), have linked the quality of the built
environment to the wellbeing of the users. However, an evaluation of the Vitruvian attributes
of the indoor space goes beyond the physical architecture.

2.1 The Classroom Environment

With regards to higher education institutions (HEI), the classroom environment is physical,
social and psychological (Muhammad et al., 2014). The classroom is to satisfy the primary
functions of teaching, learning and carrying out research. To effectively do these, the needs
and expectations of the users of the classrooms must be met (Sapri et al., 2009)

A primary need and expectation of occupants within an indoor environment is the feeling
of comfort and wellbeing. The concept of comfort is subjective and multidisciplinary. Bluyssen
(2009) considered comfort from the visual perspective (view, illuminance and reflection);
thermal perspective (temperature, humidity, airflow); acoustic perspective (noise,
reverberations); air quality (contamination, odour and ventilation). Slater (1985) noted that
comfort is the harmony of the physiological, psychological and physical states as pleasantly
experienced by the occupant of the space or environment, that is, the occupant is at ease and
satisfied with the environment.

Studies have linked the satisfaction of the office worker with their performance and
productivity. “A building and its environment can help people produce better work, because
they are happier and more satisfied when their minds are concentrated on the job in hand;
good building design can help achieve this” (Clements-Croome, 2015 page 173). It is noted that
the relative importance of the four factors of IEQ is impacted by location (country), culture and
time (Sangowawa et al., 2017). Humphreys (2005) concluded that the overall satisfaction with
the office indoor environment does not depend on the individual factors but on the collective
whole. Similarly, for the classroom environment the four IEQ parameters of thermal comfort,
indoor air quality (IAQ), visual and acoustic comfort have also been linked to student
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satisfaction and learning experience (Fisk, 2000; Mendell et al., 2002). The linkage between the
environmental factors and satisfaction in the classrooms is not limited to IEQ physical factors.
Choi et al. (2014) included classroom furniture, aesthetics, classroom layout and technology.
“It is important to study the IEQ of classrooms in a comprehensive way that includes all IEQ
criteria so that the contribution of each, any, or all criteria can be determined as well as the
interaction effect” (Choi et al.,, 2014 page 4). Barrett et al. (2015) considered the holistic
impacts of indoor environment on users and wrote: “Rather than build up from the measurable
dimensions of heat, light, sound and air quality, we have taken as a starting point the simple
notion that the effect of the built environment on users is experienced via multiple sensory
inputs in particular spaces, which are resolved in the users’ brains” (page 119).

Based on previous studies, Barrett et al. (2015) proposed three dimensions to structure
the factors of the classroom environment which impact the learning ability of the pupils. These
are summarised as:

i) Naturalness — light, sound, temperature, air quality and links to nature.
ii) Individualization — ownership, flexibility and connection.
iii) Stimulation — complexity and colour.
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Fig 1 — Overview of the HEAD (holistic evidence and design) research with examples of the Built Environment
factors (Barrett et al., 2015)

Seeing the classroom environment more in terms of a social construct, Moos (1979)
concluded that both student behaviour and learning are impacted by the social climate of the
class. He gave the underpinning three dimensions as: relationship (involvement, cohesiveness,
support); system maintenance and change (clarity, control, innovation); personal growth
(independence, competition, autonomy). Suffice to say, the three dimensions are themselves
affected by the physical environment. In a study of architecture students, Casakin and
Davidovitch (2013) described social climate as the ambience that is “a consequence of the
interactions between the physical elements of the learning environment, and the interpersonal
interactions between students and teachers” (page 862). Seat arrangement and ease of
interaction within the classroom are considered as critical factors.
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Consistent with the social climate, Yang et al. (2013) configured the classroom
environment into three categories: psychological environment (motivation, self-efficacy and
achievement); psychosocial environment (belongingness and connection with classmates);
physical environment (classroom size, lighting, technology). The physical environment can be
further configured into three categories: ambient environment (temperature, acoustics,
lighting, air quality); spatial environment (classroom layout, furniture, vision); technology
attributes (appropriate hardware, internet availability, ease of software use). The three
physical categories are correlated and affect learning experience, student behaviour,
satisfaction and performance (Guardino and Fullerton, 2010)

Vosko (1984) noted that the effectiveness of the physical depends on the perceptions of
the students. Given the importance of the classroom in the growth and development of the
student, it is pertinent to safeguard and improve its attributes (Umar, 2017). Writing
conversely with respect to the state of Nigerian public schools, Ezike (2018) noted the “the
classrooms are in terrible deplorable conditions, precipitating and provoking an acrid apathy
among the students and their teachers, leading to truancy on the part of the learners and
skipping of classes by the teachers” (page 65). The resulting underachievement by the students
dims hopes and aspirations. The despair is compounded by the financial pressure on the
institutions which must find the best use for their meagre income. It is therefore crucial to
evaluate the perception of the students and ascertain the importance of the attributes or
parameters that impact the learning environment in order to maximise the benefits of
spending.

2.2 Sense of Place

Cornell (2002 page 41) wrote that “the (classroom) environment should be a place people
(students) want to be, not a place they have to be”. Sense of place has become an ambiguous
term (Cross, 2001) and definitions depend on the academic leaning or intention. In this study,
sense of place is taken as a factor that impacts the emotional comfort of an environment
(Rogan et al, 2005) and this sense of place is determined by the legibility, perception of and
preference for the visual environment and the compatibility of the setting with human purpose
(Najafi and Shariff, 2011). Thus, the (classroom) environment is to be distinct or discernable,
pleasing and comfortable, functional and/or fulfilling purpose. Shamai et al., (2012) noted that
“place” is a combination of the human and physical environment, including attitudes and
emotions.

According to Steel (1981), the sense of place is influenced by the physical parameters of
size, scale, components, diversity, texture, colour, odour, noise, temperature, lighting, etc.
Shamai (1991) claimed that there are three levels to the concept of place: belonging to place;
attachment to place; and commitment to (or sacrifice for) place which is the highest level. At
the other end is having no sense of place (Najafi and Shariff, 2011) or ‘placelessness’ (Relph,
1976). Stedman (2002, 2003) asserted that there had to be an overall satisfaction with the place
for there to be an attachment to the place. This attachment is strengthened by the physical
environment and its characteristics. And in line with Shamai (1991), there can be no
commitment to place without an attachment to place.
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Fig 2 - Scales of Sense of Place (Shamai, 1991)

2.3 The Kano Model

The Kano Model is a theory that correlates customer needs or expectations with customer

satisfaction (Kano et al., 1984). With regards to the indoor space, it assists in identifying what

the occupants need and desire. It is a means of prioritizing attributes. The approach is to

classify customer preferences in five categories (Juan et al., 2014) as in figure 3:

=  Must-be factors (M) — also referred to as basic or expected factors. While they do not
enhance overall satisfaction, their absence or unfulfillment causes dissatisfaction. They are
a necessary, but not sufficient, requirement for customer satisfaction (Kim and de Dear,
2012).

=  One-dimensional factors (O) — also referred to as proportional or desired factors. The
needs, expectations or performance of the factors are directly related to the satisfaction of
the customer or client. The better the performance, the greater the satisfaction.

= Attractive factors (A) — also referred to as bonus or delightsome factor. These factors are
not expected. When fulfilled, they have a strong impact on satisfaction. Where absent,
they do not result in dissatisfaction.

= |ndifferent factors (I) — do not have an impact on satisfaction either because the occupants
are indifferent or not interested. Satisfaction is not affected by the fulfilment, or not, of
expectations.

=  Reverse factors (R) - is when a high degree of performance or fulfilment leads to
dissatisfaction.

=  (Questionable factors (Q) — occurs when there is a contradiction in the occupants’
assessment, arising from misunderstanding or mistake.

The Kano Model has been adopted and applied in many fields of study. Juan et al. (2014)
applied it to intelligent green building study. Kim and de Dear (2012) used it in their study of
IEQ and overall workspace satisfaction. Chen et al. (2018) applied the modified model in the
correlation between service quality (SERVQUAL) and customer loyalty. The present study uses
the model to categorize the different factors of the classroom environment as they impact
satisfaction and learning experience.

It is to be noted that the categorization of the Kano Model is dynamic (Matzler et al.
2004) and evolutional (Borgianni, 2016). The categorization is impacted by time, culture and
age of customer or occupant (Chen et al., 2018).

Survey questions are posed in a functional and dysfunctional manner, using a 5-point
Likert scale. Response to each pair of answers is assessed using the Kano evaluation table
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(Berger, 1993) as in table 1 below. The present study uses the expectation and perception
pairing.

* The Complete KANO Model
(High impact)
Customer Competitive

One-dimensional
delighted pressure

requirement:

Performance
«stated  (Low Impact)
= specified

Attractive
requirements:
Surprises (Widden)
= not expressed

= customer tallored

- transcendent

« technical
- measurable

Unspoken
Customer's Customer's
expectations *— - expectations

not fulfilled exceeded
Expressed /
Q% Must-be
requirements:
\ Basic requirement
- implied
» seif-evident & Direction of shift

i = not mentloned -
!;"P"”"d Customer = taken for granted (Fime-dependent)

extremely
dissatisfied
(Low impact)

Service

__Indifference
dysfunctional 1}

Service fully
functional

Fig 3 — The complete Kano Model (https://www.slideshare.net/UpendraKartik/kano-analysis-an-executive-
summary)

The customer satisfaction coefficient (CSC) is calculated from the evaluation using the
following equations:
i Extent of satisfaction coefficient (SC)
ii. Extent of dissatisfaction coefficient (DSC)

(A+0)/ (A+O+M+l)
- (0+M)/ (A+O+M+l)

Table 1: Kano Evaluation Table

Customer Dysfunctional
Requirement 1 Dislike 2 Live with 3 Neutral 4 Must-be 5 Like
_ 1 Dislike Q R R R R
g 2 Live with M | | | R
B 3 Neutral M I I | R
5 4 Must-be M | | | R
5 Like 0] A A A Q

The references for the letters in table 1 are: A = attractive; O = one-dimensional;
M = must-be; Q = questionable; R = reversible; | = indifferent

The impact of the factors on satisfaction or dissatisfaction is greater when the coefficients
are closer to 1 or -1. The coefficients can be graphically represented in a customer satisfaction
coefficient diagram (Qiting et al., 2011).

The Kano Model has been lauded for being able to determine the product features that
maximize the customer satisfaction. It also has its criticism. Matzler (2004) opines that the
Kano survey and analysis can be cumbersome. It does not explain behavioural factors,
motivation or the drivers of perception (Bhattacharyya and Rahman, 2004). The shortcoming
notwithstanding the Kano Model has been widely used in academic and several industries. It
has also been adopted in this study to categorize the attributes of the classroom environment
as they impact the learning experience.
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3. RESEARCH METHODS

The research is a case study of the University of Lagos and the initial study is limited to the

learning environments of the department of Architecture. The methodology is multi-method.

1. A gualitative survey using semi-structured interviews of focus groups of students.

2. A quantitative survey of undergraduate and postgraduate students using printed and
online distribution.

The qualitative survey enquired about factors or parameters that influence the students’
perception of satisfaction and learning experience. The quantitative survey instrument is an
adaptation of the Sustainable Post-Occupancy Evaluation Survey (B3-SPOES) developed by the
research centre of the University of Minnesota. The instrument was adopted to enhance the
validity and reliability of the study. It uses a 7-point Likert scale to evaluate students’
perception of satisfaction with the thermal, lighting, acoustic, and indoor air quality conditions
as well as the aesthetics, furnishing, view, cleanliness and space provision.

The outcome of the qualitative survey indicated that there are more attributes that
impacted the learning experience of the students than the environmental factors indicated in
the B3-SPOES instruments. These include relationships, hostel accommodation, teaching ability
of lectures, availability of electric power, etc. The level of importance/expectation, and the
perception of fulfilment/satisfaction of the 28 identified attributes were assessed using a 5-
Likert scale evaluation. The attributes were further categorized using the Kano Model.

4. MAIN DISCUSSIONS

4.1. Students’ satisfaction

Figure 4 shows the mean score for the students’ perceived satisfaction with the parameters of
environmental quality of the classrooms. The highest score, +0.85, for the study is for ‘overall
lighting’. The lowest score, -1.45, is for ‘availability of appropriate and latest accessories and
technology’. The students are dissatisfied with more parameters than those they are satisfied
with. The overall satisfaction score ‘B18’ is just +0.03, signifying indifference. Unfortunately,
the physical IEQ factors of thermal, acoustic and air quality all have negative scores. The score
for thermal comfort is -0.24. In post-survey discussion, the students believe that proper
functioning ceiling fans will aid thermal satisfaction. Mini rechargeable personal fans are
becoming a feature with the female students.

The factors of aesthetics and personal space also had negative scores. The students’
assessment of the classroom environment is rather poor.
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Fig 4 — Scores for satisfaction with physical indoor environmental parameters

4.2. Importance of attributes

The students were questioned about how their learning experience is impacted by the
classroom environment. Figure 5 presents a poor assessment. Apart from lighting, the
student’s ability to learn appears to be impeded by the quality of classroom environment. Only
the visual environment has a positive score. The thermal and acoustic attributes have the
worst scores. However, it is noteworthy that the scores are between -1 and +1. This implies
that hindrance to learning is not excessive nor is the enhancement impressive.

From table 2, all the 17 classroom environmental parameters were strongly associated
with the overall classroom satisfaction. However, the association of the thermal comfort and
the seat arrangement were not statistically significant. The physical environmental parameters
had the least strength of associations (Cramer’s V). The highest strength was with furniture.
The results for the relational parameters align with the studies of Yang et al., (2013) and Chan
et al. (2014) for higher education classrooms. Summarily, the perceived satisfaction of the
Lagos students is largely negative.
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Fig 5 — Scores for impact of physical indoor environmental parameters on learning experience

Table 2: Association between physical indoor parameters and learning experience

CHI? ,
PARAMETER SIGNIFICANCE CRAMER'S V
B5 classroom furnishings - chair, desk, etc. .000 443
B8 d'ecoratlon, colour and texture of the walls, floors, 000 442
furniture, etc.
B17 ability to hear the lecturer clearly and intelligibly .000 411
B3 adeguacy of personal storage space and security of 000 382
belongings
B7 availability of appropriate and latest accessories and 001 362
technology
B1 amount of space available to each student in your class .000 .360
B10 general maintenance of the building .003 .346
B11 attractiveness of your classroom environment .004 .342
B14 overall lighting in your classroom .007 .330
B9 general cleanliness of your classroom and surroundings .010 .326
B4 space to engage and interact with classmates .011 .325
B13 air quality in your classroom - stuffy/stale air,
. .024 314

sweetness/freshness, cleanliness, dusty, odours
B16 noise level from outside the classroom .032 311
B6 ability to adjust your furniture to meet your needs .047 .305
B15 visual comfort of lighting in your classroom - (glare,

; . .050 .304
reflection, brightness, contrast)
B12 temperature of your classroom .092 .294
B2 ease of moving around in your class and seat 175 582
arrangement
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4.3. Students’ sense of place

The result of the students’ perception of sense of place is presented in fig 6. The good score for
the place attachment (D4) is in relation to a social factor and not the quality of the space.
Satisfaction with the classroom ‘place’ (D2) and how it serves purpose (D3) have negative
scores. Ahn (2017) wrote that students’ sense of belonging to university is strongly associated
with social capital. Thus, place attachment can be reinforced by social capital or social
interactions even though the physical environment is not judged as satisfactory. What the
present study has not done is to explore how bad the physical environment must be to negate
the effect of a positive social environment, or vice-versa. This can be the subject of future
studies.

The students were questioned about their sense of belonging or feelings towards the
University of Lagos (Unilag). This question has the highest score of +0.91, expressing the
students’ pride about attending Unilag. Relating this to Stedman’s (2003) proposition presents
an anomaly. Since the place satisfaction and place attachment had negative scores, the
students are not supposed to have a positive sense of belonging. Post-survey interviews
affirmed that the feeling of pride essentially results from the students’ assessment that Unilag
is the foremost university in the country. It can be inferred that there is pride in being
connected to or associated with success or greatness. The question posed by this is whether
place attachment can be influenced by place recognition or reputation?

Mean Score

D1 How true: | feel proud to be a student _ 91

of Unilag

D2 How true: | am satisfied with the 65 ﬁ

condition of my present classroom

D3 How true: My physical classroom has
contributed to my academic achievement -1#2 ﬁ

FACTORS

D4 How true: | feel attached to my present ﬁ 61
classroom because of my classmates ’

D5 How true: | feel positive about my

physical classroom -5 I

-.80 -.60 -.40 -.20 .00 .20 .40 .60 .80 1.00

Fig 6 - Scores for sense of place parameters

4.4. Categorization of classroom attributes
The Kano Model was used to categorize the attributes. The reliability test gave a Cronbach’s
alpha of 0.892 and 0.834 for the expectation and perception data respectively. These indicate
very good internal consistency for the scales.
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The students’ expectations for the 28 attributes shown in table 3 are positive with only
‘no distraction/disturbance within the classroom’ as the only attribute that fell below the
indifference mark. In terms of the perception of satisfaction, just over 50% of the attributes
register above the indifference mark. The highest expectation is with the availability of power.
The highest level of dissatisfaction, that is, the difference between expectation and perception
is with ‘access to Wi-Fi’.

The Kano Model evaluation is presented in table 3 and graphically in figure 7 below. None
of the 28 attributes has a ‘must-be’ status. Only ‘access to Wi-Fi’ is in the one-dimensional
category, meaning the more of this attribute, the better satisfied the students would be.
‘Health/wellbeing’, ‘comfortable furniture’, availability of power’ and ‘lecturers’ ability to teach’
are classified as bonus or attractive attributes. Their fulfilment is unexpected, and they strongly
impact satisfaction. All the other 24 attributes are classified as being ‘indifferent’. Since the
outcome of the Kano Model is affected by culture and time, comparison to other studies is to
be with care. In the study of students of Ataturk University in Turkey, Bilgili and Unal (2008)
found 6 indifferent attributes and 29 one-dimensional attributes.
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Fig 7 — Customer satisfaction matrix
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Table 3: Kano evaluation table

(A+0)/ -(0+m)/
Parameters M (0] A | R Q | O+A+M | I+R+Q | category (A+O+M+1) | (A+O+M+1)
E1 Access to wi-fi 7 32 7 5 2 14 46 21 (0] 0.765 -0.765
E2 Health/wellbeing 0 3 34 | 12 4 14 37 30 A 0.755 -0.061
E3 Air quality - 1|4 |26]|18]6 |12 31 36 | 0.612 -0.102
stuffy/stale/odour
E4 Artificial lighting 0 0 19 | 34 5 9 19 48 | 0.358 0.000
E5 Cleanliness 2 1 27 | 27 4 6 30 37 | 0.491 -0.053
E6 Daylight 0 0 16 | 23 7 21 16 51 | 0.410 0.000
E7 No distraction-
disturbance within 5 2 6 27 | 15 | 12 13 54 | 0.200 -0.175
classroom
E8 Furniture arrangement 1 1 16 | 42 3 4 18 49 | 0.283 -0.033
E9 Absence of Glare 3 2 11 | 28 8 15 16 51 | 0.295 -0.114
E10 Adequate sleep 4 4 13 | 32 8 6 21 46 | 0.321 -0.151
E11 No overcrowding in 4 | 4 | 152112 |12] 23 44 | 0.432 -0.182
classroom
E12 Personal storage space 3 2 15 | 34 7 6 20 47 | 0.315 -0.093
E13 Audi-visual equipment 11 0 1 37 6 2 12 45 | 0.020 -0.224
E14 Relationship with 3 |0 16|25]5 |[18] 19 48 | 0.364 -0.068
classmates
E15 Privacy 6 4 7 42 3 5 17 50 | 0.186 -0.169
E16 Refreshments 8 7 9 33 4 6 24 43 | 0.281 -0.263
EllazsRe'at'or'Sh'p outsidethe | | o | 15 33| 4 | 13| 17 50 | 0.300 -0.040
E18 Hostel accommodation 6 6 20 | 26 3 6 32 35 | 0.448 -0.207
E19 Comfortable furniture 2 5 29 | 16 4 11 36 31 A 0.654 -0.135
E20 Satisfaction with o 1|37]17] 4|8 38 29 A 0.691 -0.018
Lecturer's ability to teach
E21 Outside view (fromthe |, | o | 1o | 49 | 6 | 2 19 48 | 0.254 -0.068
window)
E22 Workload 5 2 17 | 33 4 6 24 43 | 0.333 -0.123
E23 Classroom aesthetics
(wall/floor colour and 4 4 11 | 37 5 6 19 48 | 0.268 -0.143
texture)
E24 No distraction-
disturbance from outside 3 1 14 | 29 | 10 | 10 18 49 | 0.319 -0.085
classroom
E25 Accessibility to Lecturer 5 0 50 | 36 0 9 2 45 | 0.345 -0.034
by Students
E26 Feeling of safety 2 1 19 | 32 1 12 22 45 | 0.370 -0.056
E27 Access toliteratureand |, |y | o) | 07 | 1 | 15 | 24 43 | 0.451 -0.039
course materials
E28 Availability of power o 2131|3427 33 34 A 0.917 -0.056
(electricity)
Category legend: A — attractive; | — indifferent; M — must be; O — one dimensional
12
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Given that most studies in the developed western economies place importance on the
physical attributes of the indoor environment — lighting, thermal, acoustics and air quality - the
high level of indifference for the Unilag study was further investigated. The Kano Model
categorization for the highest ranked attributes in terms of measure of importance
(expectation) was checked. How can the students be indifferent to the same factors that had
been strongly associated with their learning experience? It is possible to term this as
apathetical, that is, an absence of interest or emotion. What could be responsible for this
behaviour? Ezike (2018) related the apathy in secondary school students in Nigeria to the
deplorable condition of the classrooms. Amadi and Ohaka (2018) discovered that poor
infrastructure in Rivers State Universities (in Nigeria) arouses apathy among students and
lecturers. The explanation for the present study may be that the students’ unfulfilled
expectations led to the state of indifference, a feeling of apathy. A further study of the
students’ perception is recommended to ascertain this apathetic feeling.

5.  CONCLUSIONS AND RECOMMENDATION

The classroom environment impacts the perceived satisfaction of the student’s even though the
measure of satisfaction had mixed results. The overall level of satisfaction is about neutral. The
classroom environment also impacts the learning experience of the students, but with very
poor results. The study showed that, even though the expectations of quality of the classroom
attributes are high, the students have a sense of indifference or apathy towards most of the
attributes regarding how these impacted the learning experience.

It is recommended that the Institution would need to rehabilitate and upgrade the
classroom environments in line with the outcome of this study if the students’ satisfaction and
enthusiasm for learning are to be enhanced. The attractive parameters like classroom
ambience, furniture, audio-visuals, power supply and wi-fi provisions will need to be upgraded
at the minimum as these will ensure that Unilag achieves her mission statement.
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Abstract: The health and growth of preschool children is a very important issue. Because of 3-6 years old
preschool children spend most of the day in kindergarten, the comfort of the environment have an important
impact on the physical and mental growth of preschool children. However, there are very few research on
thermal comfort for preschool children. The preschool children do not have sufficient subjective judgment and
independent behaviour. Therefore, the thermal sensation of preschool children about their surrounding
thermal environment cannot be expressed subjectively. This paper summarizes the current research on
thermal comfort of preschool children and analyses the difference between preschool children and adults. In
addition, a questionnaire survey was conducted among 20 preschool children families. The age of preschool
children are 3-6 years old. From the questionnaire survey results, the characteristics and health status of 20
preschool children were summarized, as well as the parents how to determine the thermal sensation of their
children in daily life etc. It provides necessary condition for the study on the thermal comfort of preschool
children to better understand their conditions and find appropriate investigation methods. Meanwhile, it is
important to have further investigation of preschool children's thermal comfort model in future.

Keywords: Thermal comfort; Thermal sensation; Preschool children; Kindergarten

1. Introduction

With the development of living standard of people, at the same time, people pay more
attention to the quality of their living condition. People spend 80-90% of their time
occupancy in buildings and thus it is essential to evaluate the thermal sensation of
occupants in buildings (Rupp, et al., 2015). In 1970, Fanger proposed the thermal comfort
equation according to large number of experimental results, known as Predicted Mean Vote
(PMV) model and Predicted Percentage of Dissatisfied (PPD) (Fanger, 1970). The previous
research indicated that the age differences have effect on the thermal comfort of different
groups of people. Furthermore it is important to take account to the other personal
physiological factors, for instance, age and body proportion (Sugini, 2016). The particularity
of children determines their differences with adults. There are significant differences
between children and adults in physiological adaptation, the ability of expression, activity
level and clothing style. In addition, the Fanger model is based on experiments with large
number of adults. Thus, Fanger model have limit ability to predict the thermal sensation of
children.

In recent years, researchers have found that the perception of children of thermal comfort
is remarkable different from that of adults (Teli, et al., 2012; Montazami, et al., 2017; Mors,
et al.,, 2011; Corgnati, et al., 2009). Teli et al carried out a study of thermal comfort of
primary school children in Naturally Ventilated classrooms in UK. It was found that children
have a warmer sensation and prefer lower indoor climate compared with adults. Adaptive
comfort temperature for children significant lower than that for adult. Thus, PMV model
cannot be used accurately for predicting the thermal comfort of children (Teli, et al., 2012;

ISO, 2004 ; Mors, et al.,, 2011). Montazami et al suggested that the socio-economic
background of children have effect on their perceptions of comfort. In addition, children
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from particular background might not have ability to take control of managing their own
comfort. It is also important to understand the different adaptive factors and the social
economic background of children have effect on their approach to achieving thermal
comfort (Montazami, et al., 2017).

The above review provides guidance on thermal comfort study for children. Existing studies
have used questionnaire surveys and measurements to investigate the thermal comfort for
youngster (7-18 years old) in school in recent years. These research in the classroom have
found that children prefer lower temperatures than adults. However very few research
focus on the thermal comfort of preschool children (3-6 years old) all over the world. The
smaller age of children, the greater different of physiology and physiology with adults. The
uncomfortable thermal environment can to a great extent lead to the unhealthy
development of children (Li, et al.,, 2015). Thus, the study focus on thermal comfort of
preschool children is significant because it can have effect on physical and mental health
development of children. Furthermore, it is important to research further the investigation
of thermal comfort for preschool children.

2. Methodology

2.1. The information of questionnaire investigation

In this study, the questionnaire survey were conducted in 20 families with preschool
children. Each family were given an online questionnaire to understand the details situation
of their children. Furthermore, the design of questionnaire is based on the perspective of
parents in order to investigate how they understand the hot/cold feelings of their children.
The questionnaire from 15 of the 20 investigated families were filled out by mothers, in
addition, the questionnaire from 5 investigated families were filled out by father. The age of
investigated preschool children are from 3~6 years old. The average age of children was
approximately 4 years old.

2.2. The thermal comfort model of preschool children
The preschool children can be regarded as specific populations and need to consider their
requirements for thermal comfort. There are few studies of thermal comfort for preschool
children have investigated. In recent years, due to parents’ widespread misunderstanding of
children’s perception of ‘cold’ or ‘hot’ and lack of understanding of children common
diseases, which causes some serious complications or accidents. For instance, parents put
on too much clothing and quilt cover for children, in particular in winter, resulting in local
high body temperature of children and lack of oxygen (Zhou, et al.,2013; Health, 2015; Li &
Xu, 2007). The clothing of 3-6 year old preschool children are normally determined by their
parents according to the own experience and thermal sensation. However, the reliability of
this method has not been further verified and investigated. As an example, in China, a
substantial proportion of parents are always worried about whether their children will be
too cold. So that the parents often put on more clothes than usual for their children, but it
may lead to overprotection or even the wrong protection.

Fanger stated that the factors influence the condition of thermal comfort can be divided
into two main parts: four environmental factors (air temperature, mean radiant
temperature, air velocity and relative humidity) and two personal factors (metabolic rate
and clothing insulation) (Fanger, 1970). Fanger’s Predicted Mean Vote (PMV) index adopts a
seven-level scale:
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However, the PMV model was proposed on the large study of experiments of adults.
Whether the preschool children can understand the meaning of seven-level scale according
to the particularity of limited understanding ability of children. It is worthy to study on
thermal comfort model applied to preschool children. The previous studies show that the
PMV model and adaptive model have limit ability to reflect actual thermal sensation of
children compared with adult in same space (Teli, et al., 2012). Furthermore, PMV model of
four environmental parameters can be measured, however the other two personal factors
of preschool children are uncertain and different factors from adults. Therefore the
metabolic rate and clothing insulation are important factors need to be considered into
study of thermal comfort of preschool children.

Metabolic rate of preschool children

The physiology of children are different from that of adults, children can be more active and
their bodies have a higher surface area to mass ratio. Thus, children have higher heat
exchange rate with environment than adults (Parsons, 2001). Parsons indicated different
approach to determine the metabolic heat production for children (Mors, et al., 2011). The
diversity of activities change level of children in homes and kindergarten is a challenge to
environmental design. If the indoor environment is too cold or hot, the preschool children
do not have ability to change their thermal sensation through put on/off clothes, open the
window etc. The only way is parents and teachers may have to provide adaptive advice and
control (Parsons, 2001).

The study were conducted by Havenith indicated that the posture and movement analyses
have not been validated in children, so that it is not apply to the assessment of metabolic
rate. Based on ISO 8996 show that when adults sitting and doing slight writing, the activity
level is 100W/m2. However, the activity value of children at the similar conditions is lower
than that of adults. For instance, when children sitting in the class, the range of activity level
are from 52~72W/m2. Meanwhile, it was found that there are no relation between
metabolic rate and body weight. Therefore, the metabolic rate of adults cannot be directly
converted into the metabolic rate of children. However, the sample size of children is too
limit to achieve the accurate metobalic rate of children. Thus it is worthy to have further
research on it (1ISO8996, 2004; Havenith, 2007;Li, et al., 2015).

Clothing insulation of preschool children

Clothing provides a thermal resistance between the human body and its environment, the
role of clothing is to maintain the body in an acceptable thermal state. Thus clothing
insulation value are used in Fanger model. Basic clothing insulation represents the
resistance to heat transfer between the skin and the clothing surface. Parsons indicated that
it is important to consider the wet clothing because of moisture can transfer heat between
the body and the environment. This is particularly important when the skin sweats. Children
have higher activities thus the clothing insulation of children are different from adult. It is
worthy to find appropriate way to measure the clothing insulation value of children
(Parsons, 2001; de Dear, et al., 1997). ASHRAE Standard 55 can get the clothing insulation of
whole ensemble or single adults outfit. However, it is not certain whether adult clothing

286



insulation values are appropriate for preschool children. Havenith used regression equation
of McCullough et al which is based on clothing insulation of adult, see the equation below
(ASHRAE Standard 55, 2013;Havenith, 2007;McCullough & Jones, 1984):

I, = 0.919 + 0.255weight — 0.00874BSA, — 0.0051BSAC,

Where,
I, = intrinsic clothing insulation (clo)

Weight = clothing weight(kg)excluding shoes
BSA, = body surface area nude (%)
BSAC, = body surface area covered by one layer of clothing (%)

From the study results of Havenith, the difference between clothing insulation of school
children and clothing insulation of adults is relatively small. Therefore, in usual, researchers
use the clothing insulation value of adults into the study of children. The study of Teli et al
found that the age of 7~11 years children, the clothing insulation range are between
0.30~0.49clo during transition seasons. However, it is need to notice that the clothing of
preschool children are normally determined by their parents. Thus, the clothing insulation
value of preschool children can be calculated by using the single clothing insulation value of
ASHRAE Standard 55 (Teli, et al., 2012; ASHRAE Standard 55, 2013).

2.3. Questionnaire

The key point of questionnaire is to investigated the thermal sensation of preschool children
and accurately express their feeling. The cognitive ability and psychological difficulties of
preschool children is need to be considered and overcome. Thus the form of the
questionnaire that is appropriate for adults is not necessarily appropriate for children. In
order to ensure the preschool children can have better understanding of questionnaires in
further thermal comfort study, and also to know more about the personal information of
preschool children, the pre-prepared questionnaire for parents are present. It is provides an
important condition for the accuracy of the questionnaire used for thermal sensation
investigation of children in future.

The main detail information of questionnaire see below:

1. The characteristic of your child:

Active Quiet Medium

2. General health of your child (compared with other children around):

Less illness Average Oftenill

I | |
1 2 3

3. The characteristics of clothes of your child:
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Put on more Put on less

clothes than clothes than
adults As same as adults
(yourself) adults (yourself) (yourself)
I l
1 2 3

4. Does the child will tell you that they are cold/hot?

Very often So often Almost not
I I |
1 2 3

5. When you put on more clothes to your child, they refused to accept it, you will
persist in doing that? (YES / NO)

6. The method of judgement for cold/hot feeling of your child(Table 1):

Table 1. Multiple choice of the method of judgement for thermal feeling of children

Body parts of child

Hand To observe whether it too cold or hot
Forehead To observe whether in a fever
The back To observe whether the child sweating

Nose and forehead | To observe whether the child sweating

To observe the whether the face of child(i.e. redness, panting for
breath)

Others N/A

Face

7. Which do you think the body parts of children are sensitive to temperature (Multiple
choice)?

[IHand

[ INeck
[IBack
[IForehead
[1Others

2.4. Investigation method of thermal comfort for preschool children
As we known, the PMV model is based on four environmental parameters and two personal
parameters. However, the equation of PMV cannot be directly used in evaluating the
thermal comfort of preschool. Only four environmental parameters can be substituted into
the formula of PMV. Furthermore, as above stated that the clothing insulation and
metabolic rate of preschool children have particularity in thermal comfort evaluation. The
previous studies show that the PMV model and adaptive model have limit ability to reflect
actual thermal sensation of children compared with adult in same space. Meanwhile most of
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previous studies used PMV index and thermal sensation votes (TSV) from children directly to
be compared.

Evaluation of thermal comfort normally have two different methods: one is subjective
guestionnaires that answered by subjects and another is field investigation by objective
measurements. The majority of questionnaires research is aiming to investigate the thermal
sensation of adults. They can relative easier understand the questionnaires and give the
answers. However, it is hard to investigate thermal sensation of preschool children. The
understanding of preschool children for questionnaires is different from adult and the
determining factor is their cognitive competence. Yun et al conducted the survey of thermal
comfort for kindergarten children in Korean, this study was conducted through the
guestionnaires and measurements of environmental variables. The questionnaires were
based on seven-point scales that using in actual thermal sensation investigation. Teachers
explained the questionnaires because understanding of children for it is different from
adults. They gave the special labels and cartoon emoticon in questions in order to get
respond from children. However, there were some children responded unusual answers. It
is indicate that the questionnaires pattern for adults maybe not suit for children (Yun, et al.,
2014). In the same way, Nam et al used seven-point scale and explained the thermal
sensation to preschool teachers, furthermore teachers asked preschool children questions
and complete survey forms. It was found that preschool children have worse understanding
and cognitive abilities than adults (Nam, et al., 2015). Therefore the questionnaires form for
adults maybe not suit for children.

3. Discussion of thermal comfort of preschool children

3.1. The results of questionnaires
In the investigation survey, there are 20 samples of preschool children aging from 3 to 6
years old can be seen from figure 1.

Age of preschool children(/)
w

o] 2 a 6 8 10 12 14 16 18 20
Number of preschool children(/)

Figure 1. Distribution of age range of investigated children

From questionnaire indicated that there are 65% of the investigated children were
characterized by activity and 30% were quiet. The figure 2 reflected that there are 75% of
children usually get sick and 25% of children for frequency of illness as same as average level
of normal children. Another concern is the characteristic of clothes of investigated children
in usual, questionnaire show that 75% of parents normally put on more clothes to children
compared with that of adults. Only a few (10%) parents put on their children in the same
standards as adults (themselves).
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Figure 2. Results of questionnaire survey

From questionnaire investigation of parents, there are 30% of parents persist in putting on
the clothes to their children even children refused to accept it. This may reflect that if the
indoor climate is too hot, the preschool children do not have ability to change their thermal
sensation and get own comfort. The only way is parents have to provide control based on
their experience or feeling. It is important to investigate how the parents can judge the
cold/hot feeling of their children. It can be seen from the questionnaire results obviously
show that the majority of parents estimate the cold/hot feeling of their children by touching
the back (see Figure 3). However, the further research needed to determine whether these
methods are suitable accurately for preschool children to estimate the cold/hot feeling.
Based on the questionnaire survey indicate that the hand, neck and back of the body parts
of children regarded as relatively sensitive to temperature by majority of parents(as shown
in figure 4).
100.00%
Percentage of cases

J0.00% Percentage of response

80.00%

70.00%

60.00%

50.00%

40.00%

Percentage (%)

30.00%
20.00%
10.00%

0.00%
Hand Forehead Back Nose Face Others

Figure 3 Estimation of method of parents to cold/hot feeling of children
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Figure 4. Investigation of which body parts of children are sensitive to temperature

3.2. The discussion of thermal sensation of preschool children

From current studies of preschool children, found that there are some deviations between
children's thermal sensation and adults, resulting in different thermal comfort conditions
and recognition for children. In addition, to understand the actual thermal sensation of
preschool children have significant implication on growth, physical and mental health
development of preschool children.

Analysis of the difference of thermal sensation between adults and preschool children

It is essential to understand the significance of thermal comfort in order to improve
children’s satisfaction, to control energy consumption and to provide support for setting
standards. Due to the different of activity level, metabolic rate and perception of preschool
children, result in the difference of thermal sensation between adults and children.
According to PMV model, the indoor operative temperature is within 18-23°C, children are
more sensitive to thermal sensation than adults. Present studies indicated that the
evaluation value of the PMV calculation equation is lower than the actual average thermal
sensation vote value of children, aging from 4-6 years old the appropriate Neutral
temperature is about 3°C below that of adults (Nicol, 1993; Sayigh & Marafia , 1998; Omer,
2008; Taleghani, et al., 2013). Therefore, it is hard to use PMV evaluation index to assess the
thermal comfort of preschool children.

Furthermore, numerous studies in both thermal environment and thermal responses for
preschool children have been investigated. It was found that children have higher heat
exchange rate with environment than adults, at same time the physiology of children are
different and they have more active. According to actual investigation and research, children
are used to passive receiving environment, because they are basically depends on teacher
or parents to control it the environmental condition. For instance, for window opening,
clothing changed, air conditioning open/close etc (Li, et al., 2015). This is also found in
guestionnaire survey, there are sectional parents still persist in putting on the clothes to
their children even children refused to accept it. Therefore, the above reasons make it
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difficult for preschool children to change the discomfort sensation caused by the thermal
environment through the regulation of their own behaviour.

Findings from thermal comfort study of preschool children

Few present field studies have investigated the thermal comfort of preschool children (3-6
years old) and analysed the difference of thermal sensation between preschool children and
adults. In addition, majority of research focus on school children age range due to them can
understand the question of questionnaires. However, the preschool children are hard to
understand the content of subjective questionnaires, and it is very difficult to reflect their
thermal sensation through subjective questionnaires. Preschool children have different
understanding and perception that significantly related to their inner life. They have limited
cognitive capacity and they have to accept passively the discomfort caused by surrounding
thermal environment (Fabbri, 2013).

The limitation of understanding and perception of preschool children had been
demonstrated by the study of Fabbri. The study was conducted by used PMV model as
standard and thermal comfort measurement were carried out. The age range of preschool
children are from 4 to 5 years old in kindergarden. In the study, the questionnaire were
modified according to a psycho-pedagogical approach, in order to identify how preschool
children understand concepts such as temperature or thermal sensation. The results
reflected that the predicted mean votes (PMV) of preschool children is slightly higher in
respect to adults. Furthermore, the PMV meaningfully lower than actual thermal sensation
expressed by preschool children. (Fabbri, 2013).

Yun et al suggested that it is essential to understand the significance of thermal comfort of
preschool-aged children due to preschool children are not included in the climate chamber
investigation of thermal comfort in Fanger (Yun, et al., 2014; Fanger, 1970). Yun et al
conducted survey in 10 Naturally Ventilated kindergartens in Korea, monitoring the
environmental parameters and investigating actual thermal sensation of kindergarten
children. There are 119 kindergarten children aged 4 to 6 year old were examined. The
results show that the comfort temperature for adults is approximately 3°C higher than that
for preschool children (Yun, et al., 2014). It is confirmed that the finding from study
conducted by Hwang et al, children prefer lower temperatures than adults (Hwang, et al.,
2009).

Conceicao et al developed adaptive model and conducted thermal comfort study in
Kindergarten operated with natural ventilation for winter and summer. Numerical models
are used in their study, the perception of preschool children were not evaluated with a
guestionnaire or other tool (Conceicao, et al., 2012; Fabbri, 2013). Fabbri conducted survey
in North of Italy, monitoring the environmental parameters with Dataloggers and subjective
investigation of children collected through questionnaires based on a psycho-pedagogical
approach. They used ‘Loris Malaguzzi’ pedagogical model to verify how preschool children
understand the concepts of temperature or thermal sensation. Results indicated that even
though children express their opinion according to specific world models, they are sensible
to these well-being issues (Fabbri, 2013). For the appropriate measurement of behavioural
for children (i.e. crying or moving), mood changes and distraction can be revealed (Parsons,
2001). Thus, it is essential to find suitable questionnaires form in order to improve the
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accuracy for investigation of actual thermal sensation of children. According to the current
studies of thermal comfort of preschool children, the summaries are present in table 2 see

below.
Table 2. Review of field studies on thermal comfort of preschool children
Literature | Location Year | Subjects | Methods Key findings
(Yun, et | Korean, 2014 | 4-6 years | 1.Three month investigation | 1.Preschool children are more
al., 2014) 10 old 2 Thermal environment sensitive to metabolic
) preschoo changes than adults
Kindergart | children measurement and
ens questionnaire of subjective | 2.The thermal sensation of
thermal sensation preschool children is warmer
3.The teacher's assistance than that of adults, so they
. prefer a temperature about
and explanation of the o
, . 3°C lower than that of adults
questionnaires
3.Girls are more sensitive to
higher temperatures
(Nam, et | Korean, 2015 | 4-6 years | 1.0ne year of continuous | 1.Children prefer a lower
al., 2015) 19 old investigation, it divided into | temperature  range than
. preschoo | four seasons. adults due to they have a
Kindergart . . .
| children . higher metabolic rate
ens 2.Thermal environment
measurement and field | 2.Children prefer a lower
investigation in kindergarten | comfortable temperature
classroom. than that of adults (0.5C in
3.Thermal sensation votes summer, 3.3°C in winter)
(TSV) and metabolism are | 3.There is slightly difference in
calculated according to ISO | temperature between boys
7730 for the adult ratio and | and girls
corrected for the metabolic .
. 4.The changes of metabolic
rate of children
rate for preschool are greater
than that of adults
(Conceica | Portugal, 2012 | 3. 4and | 1.The thermal adaptive | 1.The thermal adaptive model
o, et al., | Kindergart model was established by | of preschool children was
5 years . . .
2012) en old combining experimental | obtained
measurement with
preschoo L . . 2.Thermal comfort was
. subjective questionnaire .
| children evaluated according to the
2.The preschool children | Fanger model, and the result
were divided into three | was uncomfortable
different groups of trained
children
3.In the cold and warm
thermal conditions of
different classrooms, all the
subjects gave their
subjective thermal sensation
(Fabbri, Italy, 2013 | 4-5 years | 1.There are two methods to | 1.The PMV of children is
2013) Kindergart old evaluate the thermal | slightly higher than that of
en preschoo | sensation of  preschool | adults
| child hildren: titati
chidren | chridren quan_ a.ve 2.The results of study
method and objective . .
emphasized that the adaptive
method
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2.According to the | method must be considered
kindergarten teaching | from the perspective of
method of "Loris Malaguzzi" | psych-pedagogy. Meanwhile
The questionnaire were | the questionnaire must be
modified by educators of | refined and revised. In order
school to ensure the preschool
children can better
understand  concepts  of
temperature etc.

3.This particular approach
demonstrate  that how
preschool children
understand the concepts of
the temperature or thermal

sensation
(Yue, et | China, 2009 | Preschoo | 1.Through the survey of the | 1.The study emphasizes that
al., 2009) 1 | children | child care staff in the form | preschool children lack of the
. of questionnaires, ability and experience to
Kindergart .
ens 2.Using the observational accurately  express  their

subjective feelings. Thus, it is
inappropriate to directly use
the subjective evaluation test
to collect children's subjective
feelings in the survey

experiment method

2.The difference in
metabolism and activity level
is the reason for the

difference in thermal
sensation between children
and adults

3.In the unit of children's
activity, indoor air humidity
between 50% and 60% is
conducive to meeting
children's thermal comfort
requirements

4. Conclusion

The preschool children do not have sufficient subjective judgment and independent
behaviour. Thus the thermal sensation of preschool children about their surrounding
thermal environment cannot be expressed subjectively. Although there are more and more
studies on thermal comfort of children in recent years, they are based on the investigation
of school children aged from 7 to 17 years old. However, the preschool age from 3~6 years
old have been investigated relatively few. It is hard to achieve the accurate feeling of
preschool children by using thermal sensation questionnaire. Thus it is very worthy to find
another appropriate method of evaluate the actual thermal sensation of preschool children.

According to the pre-prepared questionnaire survey of information of preschool children,
maybe lead to have better understand of preschool children and in future used for thermal
sensation investigation of children. In this paper, a questionnaire survey was conducted
among 20 preschool children families. The age of preschool children are 3-6 years old. From
the questionnaire survey results found that the majority of parents estimate the cold/hot
feeling of their children by touching the back. However, the further research needed to
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determine whether these methods are suitable accurately for preschool children to
estimate the cold/hot feeling.

Due to the different of activity level, metabolic rate and perception of preschool children,
result in the difference of thermal sensation between adults and children. Furthermore it is
difficult for preschool children to change the discomfort sensation caused by the thermal
environment through the regulation of their own behaviour. Following the above study
performed by conclusion, to understand the actual thermal sensation of preschool children
is significant and to solve the problem of thermal comfort for preschool children.
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Abstract:

Considering the prevalence of the different climatic conditions in Northern and Midland regions of the UK, this
study investigated the occupants’ thermal comfort requirements in two university campuses in Scotland and
England, UK. The aim of this investigation is to develop a practical, energy-efficient, and thermally comfortable
environmental guideline for university classrooms. Indoor environmental measurements were combined with a
simultaneous subjective monitoring through a questionnaire survey and observation in two university buildings
in Edinburgh (Scotland) and Coventry (England), UK. Field study conducted during academic year of 2017-18 on
3511 university students in the classrooms involved in sedentary activities. Results confirm the influence of
students’ acclimatization to Scotland and England climates indicating warmer than neutral thermal sensation,
cooler thermal preferences, and higher neutral temperatures in England compared to Scotland. In terms of
thermal acceptability, an indirect approach (considering the central three thermal sensation votes) is a better
predictor of the thermally acceptable zone compared to the direct evaluation approach (analysis of acceptability
votes in the questionnaires).

Keywords: Thermal comfort, Higher learning environments, Thermal acceptability, Comfort temperature,
Thermal satisfaction

1. Introduction

European educational buildings are responsible for a considerable part of energy use for
heating purposes. In the UK, space heating is reported as the largest and the most expensive
source of energy consumer (58% of total energy) in education sector (Carbon Trust, 2010).
Higher learning environments in the UK demonstrated a strong commitment to global efforts
to combat climate change over the last decade through reducing harmful emissions (Paul and
Patton, 2018). Therefore, carbon reduction targets and strategies have been developed for
higher learning environments in England (UK Universities, 2013), Scotland, Wales and
Northern Ireland (Paul and Patton, 2018), to move towards healthier indoor environments
(Clarke et al., 2008). However, given the significant influence of the thermal environment on
students’ well-being and productivity in educational buildings (Pepler and Warner, 1968;
Wyon, Andersen and Lundqvist, 1979; Witterseh, Wyon and Clausen, 2002), occupants’
comfort requirements should not be overlooked in such environmental considerations. This
suggests a strong understanding of the occupants’ thermal requirements to design a practical,
thermally comfortable and energy efficient environmental criteria for university buildings.
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The subjective nature of thermal comfort perception is well known in the existing literature
(de Dear and Brager, 1998; McCartney and Nicol, 2001, 2002; Nicol, Humphreys and Roaf,
2012). Shipworth et al. (Shipworth et al., 2016) and Schweiker et al. (Schweiker et al., 2018)
categorized the influencing human characteristics on perception of thermal comfort into the
physiological and psychological properties resulting from contribution of the core body heat
generation and state of mind, respectively.

Human body can physiologically adapt to a thermal environment as a result of, so called,
“thermoregulation” (Humphreys, Nicol and Roaf, 2015), which maintains individual’s comfort
against thermal environmental fluctuations (Schweiker et al., 2018). As an example, repeated
exposure to cold or warmth can decrease or increase core body heat generation, and
subsequently make a subject cold or heat adapted, respectively; and change the perception
of a thermal environment accordingly (Schweiker et al., 2018). Warmer thermal expectations
of the subjects in warmer climate of Malaysia than Japan (Zaki et al., 2017), the relation
between the outdoor temperature and neutral temperature in hot climate of Indonesia
(Karyono, 2008) and thermal sensitivity of the subjects to cold in hot-humid climate of China
(Zhang et al., 2010) confirm the role of climatic adaptation in thermal comfort evaluations.
Overall, acclimatization and its impact on thermal perception is already confirmed in
university buildings in China (Yao, Liu and Li, 2010; Zhang et al., 2010; Wang et al., 2014), India
(Mishra and Ramgopal, 2014a, 2014b), Indonesia (Karyono, 2008), Malaysia (Zaki et al., 2017)
and Brazil (C. Candido et al., 2010; Christhina Candido et al., 2010), suggesting that the same
comfort environmental criteria cannot be applied for different climates (Rupp, Vasquez and
Lamberts, 2015).

In the UK, climatic condition differs from region to region. In the Northern areas the weather
is cold, damp, windy and rainy for most of the year. Mean daily temperature drops to 4-5°C
in winter and goes up to 14-19°C in winter and summer months, respectively. In the Southern
parts it is normally temperate, cloudy and sometimes windy in winters. Mean daily
temperature is approximately 3—6°C during winter and 19-23°C during summer in the
Northern areas (World climate guide, 2019).

Given the human body thermoregulations and physiological thermal adaptation, such climatic
differences may lead to diverse thermal perceptions and heating energy demands in different
regions of the UK. Thus, this study aims to investigate the thermally comfort and acceptable
temperature ranges in university classrooms in the Northern (Scotland) and
Southern/Midland (England) regions of the UK.

2. Methods

Field experiments took place during the academic year of 2017 — 2018 (i.e. from October 2017
to March 2018) in classrooms in two university campuses in Coventry, England (52.4068° N,
1.5197° W) and Edinburgh, Scotland (55.9533° N, 3.1883° W), United Kingdom (UK). Case
study buildings operated on changeover or concurrent mixed modes (Brager, Borgeson and
Lee, 2007). Space heating was available through ceiling diffusers or radiators and space
cooling was provided through ceiling ducts or floor cooling outlets. Operable windows and
fresh air supply ducts were available for ventilation purposes.

Indoor air temperature (Tin), relative humidity (RH), air velocity (Vi) and mean radiant
temperature (Tmr) were measured using Multi purposes SWEMA 3000 (Universal instrument,
2019) instrument (working based on ISO 7730) (Table 1). Indoor air temperature and mean
radiant temperature probes were positioned at 1.1 m above the floor level, as recommended
by EN ISO 7726 (EN ISO 7726, 2001) on a vertical stand. SWEMA kit and one temperature and
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RH logger were placed in the middle of the room, away from the heat/cool sources to register
the prevalent ambient environment in the classrooms. Also, six temperature and RH loggers
were placed around the room close to the students to register the nearest environmental
data to their sensations. Figure 1 indicates the position of the probes and temperature/RH
loggers in some type of the classrooms.

Table 1. Description of the instruments

Measured parameter Resolution Range Accuracy
Mean radiant temperature (°C) 0.1 0-50 0.1

Air velocity (m/s) 0.03 0.05-3.00 +0.04
Relative humidity (%) 0.8 0-100 0.8

Air temperature (°C) 0.1 —-40-70 1.0

Paper-based questionnaire surveys were conducted on 3511 students (2049 in Coventry and
1458 in Edinburgh) after at least 1-hour of students sitting in the classrooms. All the
participants were sitting and listening to the lecturers during the measurements (metabolic
rate of 1.1 met (ASHRAE 55, 2017)). They were of both genders with average age of 22 years
old in both locations.

Thermal sensation vote (TSV) and thermal preferences (TP) were examined in the
questionnaire, based on the ASHRAE 7-point scale (Table 2). Thermal acceptability was also
assessed through the direct question of “How do you find the thermal condition of the
classroom at this moment?” with the 4-point scale shown in Table 2. Clothing insulation value
was evaluated using a checklist covering both underwear and outer garments as per in EN ISO
7730 (EN ISO 7730, 2005). Participants were asked to select the worn clothes at the survey
time.
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Figure 1. Position of the instruments in the classrooms of two buildings, as an example

Collected data were statistically analysed to estimate the acceptability, neutrality and
preferred temperature in which the majority of students were thermally satisfied. Mean value
of the recorded environmental variables in the last 15 minutes of each class (during the period
of questionnaire survey) was considered for data analysis. Outdoor air temperature data was
obtained from the UK meteorological office (WOW Met-Office, 2019). The weather station
was less than 5 km from the study site and thus likely to be representative.
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Table 2. Thermal comfort scales in the survey questionnaire

Scale -3 -2 -1 0 1 2 3 4

Thermal sensation Cold Cool Slightly Neutral Slightly Warm Hot

(TSV) cool warm

Thermal preference Much Warmer Slightly No Slightly Cooler Much cooler

(TP) warmer warmer change cooler

Thermal Clearly Just Just Clearly
acceptability (TA) acceptable acceptable wunacceptable unacceptable

Operative temperature was calculated as the mean of radiant temperature and indoor air
temperature for air velocity below 0.2 m/s and through the following formula for the higher
air velocity (ASHRAE 55, 2010a). Where T,,, is operative temperature, A is the constant value
introduced as 0.6 (ASHRAE 55, 2010a), T,;, is indoor air temperature and T,,,- is the mean
radiant temperature.

Top = A-Tgir + (1= A) Ty (1)

3. Results and discussion

The environmental thermal comfort indices during the survey is summarizes in Table 3. Mean
outdoor air temperature was higher in Coventry than Edinburgh. However, mean indoor
operative temperature, indoor air and mean radiant temperatures are approximately 1°C
lower in Coventry than Edinburgh. Indoor air velocity was low and mean indoor RH is almost
in a similar range in both locations. Mean thermal sensation votes of —0.1 and 0.4 in Coventry
and Edinburgh, respectively shows that occupants in Coventry feel cooler than their
counterparts in Edinburgh. This is confirmed by the warmer thermal preferences in Coventry
and cooler preferences in Edinburgh (Table 3).

Table 3. thermal comfort indices

Location Variables Number Mean S.D.

Coventry Tout 2051 11.2 4.1
Tair 2051 229 1.6
y - 2051 22.6 1.6
Typ 2051 22.8 1.6
RH 2051 45 12
Vi 2051 0.07 0.03
Clothing 1963 0.88 0.32
TSV 2046 -0.1 1.2
TP 2041 —0.04 1.1

Edinburgh T out 1460 5.8 1.9
Tair 1460 23.9 1.6
Tor 1460 23.5 1.1
Ty 1460 23.7 1.3
RH 1460 30 6
V; 1460 0.04 0.04
Clothing 1421 0.86 0.32
TSV 1460 0.4 1.2
TP 1459 0.30 1.1

Tyyt: Outdoor air temperature (°C), T;;-: Indoor air temperature (°C), T,,,,-: Indoor mean radiant temperature
(°C), T,p: Operative temperature (°C), V;: Indoor air velocity (m/s), TSV: thermal sensation vote, TP: thermal
preferences, S.D.: Standard deviation
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Regarding the distribution of the thermal sensation and thermal preference votes, Figure 2
presents a skewed thermal sensation votes towards colder than neutral side in Coventry and
a distinct skewing toward warmer than neutral side in Edinburgh. However, a clear shift
toward ‘want warmer’ and ‘want cooler’ preference votes can be observed for students in
Coventry and Edinburgh, respectively.
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Figure 2. Distribution of thermal sensation (a) and preference(b) votes in Coventry and Edinburgh

3.1. Thermal neutrality

Thermal neutrality is determined using a linear regression between the thermal sensation
votes (TSVs) and indoor operative temperature, Figure 3. In this work, similar to the previous
studies (e.g. Nakano, Tanabe and Kimura, 2002; Wang, 2006), there was a high variety of
thermal sensation votes in each indoor air temperature, which is mainly due to the individual
differences between the subjects (Shipworth et al., 2016; Schweiker et al., 2018). The raw
data caused too low coefficient of determination (R2) between thermal sensation votes and
indoor operative temperature, which can be considered acceptable for such type of studies
(de Dear and Brager, 1998). Neutral temperature, identified by substitution of O for TSV in the
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equations, is 22.7°C in Coventry and 22.3°C in Edinburgh. Considering regression gradient in
the equations, as an index showing how TSVs are dependent on the operative temperature,
approximately each 3°C temperature change, leads to variation of one unit thermal sensation
vote in a 7-point sensation scale in both Coventry and Edinburgh, which shows similar
sensitivity of the occupants to the temperature changes inside the classrooms in both
locations.
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Figure 3. Linea regression of TSV and indoor operative temperature in
Coventry (N=2044, TSV = 0.30 T, — 6.82, R2=0.15) and Edinburgh (N=1430, TSV = 0.29 T, — 6.47, R2=0.11)

3.2. Preferred temperature

To identify the occupants’ preferred temperature, thermal preference votes of ‘much
warmer’, ‘warmer’, and ‘slightly warmer’ were classified as ‘want warmer’ and thermal
preference votes of ‘much cooler’, ‘cooler’ and ‘slightly cooler’ were categorized as ‘want
cooler’. The proportions of warmer and cooler thermal preference votes in relation to the
operative temperature was evaluated, as suggested in Jungsoo’s and de Dear’s studies (de
Dear et al., 2015; Jungsoo and de Dear, 2018). In Figure 4, the intersection points between
warmer and cooler thermal preference votes is considered as preferred temperature.

The findings in this section is confirmed in some studies showing the influence of
acclimatisation on thermal preferences and preferred temperature (Teli, Jentsch and James,
2012; Hwang, 2018; Jungsoo and de Dear, 2018). Results from studies conducted in hot and
humid climate of Taiwan (Hwang, 2018), in Australian during summer season (Jungsoo and de
Dear, 2018), in the UK during the heating period (Teli, Jentsch and James, 2012) and in Japan,
Norway and UK (Shahzad and Rijal, 2019) confirm the gap between the thermal neutrality and
preferences.

Table 4 summarizes the equations from probit analysis. Mean temperature is calculated by
dividing the constant value by the probit regression coefficient for each equation. Standard
deviation is inverse of the regression coefficient. All the equations are statistically significant
(p <0.001). Preferred temperature is around 23.5°C in Coventry and 23°C in Edinburgh which
is similar in both locations. According to the results from previous sections, preferred
temperature is apparently slightly affected by the students’ thermal expectation as a result
of acclimatisation.

A comparison between the neutral and preferred temperatures shows approximately 1°C
higher preferred than neutral temperature in Coventry and less than 1°C higher preferred
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than neutral temperature in Edinburgh. This suggests that students in both Coventry and
Edinburgh may feel comfortable in slightly warmer than neutral thermal sensations. As it is
discussed by Shahzad et al. (Shahzad et al., 2018; Shahzad and Rijal, 2019), neutral thermal
sensation cannot guarantee thermal comfort of the occupant as the subjects may feel
comfortable in thermal sensations rather than neutral. Therefore, thermal preference is
shown to be more likely to predict thermal comfort of people in the real world context
(Shahzad et al., 2018; Shahzad and Rijal, 2019).
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Figure 4. Preferred temperature in Coventry and Edinburgh

The findings in this section is confirmed in some studies showing the influence of
acclimatisation on thermal preferences and preferred temperature (Teli, Jentsch and James,
2012; Hwang, 2018; Jungsoo and de Dear, 2018). Results from studies conducted in hot and
humid climate of Taiwan (Hwang, 2018), in Australian during summer season (Jungsoo and de
Dear, 2018), in the UK during the heating period (Teli, Jentsch and James, 2012) and in Japan,
Norway and UK (Shahzad and Rijal, 2019) confirm the gap between the thermal neutrality and
preferences.

Table 4. Equations from probit analysis

Location Thermal preference votes Equations P value Mean SD
Coventry Warmer preference TPwarmer=—0.20 Top + 0.95 <0.01 4.8 5.0
Cooler preference TPeooler=0.18 Top — 1.95 <0.01 10.9 5.6
Edinburgh Warmer preference TPuwarmer=—0.21 Top + 0.85 <0.01 4.1 4.8
Cooler preference TPeooler=0.22 Top — 2.12 <0.01 9.6 4.6

3.3. Thermal acceptability

Thermal acceptability level is evaluated with two approaches in this study: 1) an indirect
approach: considering the three central thermal sensation votes (TSV= 1 and 0) on 7-point
sensation scale as thermally acceptable range, recommended in (ASHRAE 55, 2010b) and
applied in previous studies (Toe and Kubota, 2013; Manu et al., 2016; Zaki et al., 2017); 2) a
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direct approach: analysing the students’ direct responses to the question of “How do you find
the thermal condition of the classroom at this moment?” on the 4-point acceptability scale in
the questionnaire, Table 2 (Andreasi, Lamberts and Candido, 2010; Mishra and Ramgopal,
2014b, 2015). In the indirect method, thermal dissatisfaction is considered as thermal
sensation votes other than the acceptable zone of —1, 0 and +1 on the 7-point thermal
sensation scale (ASHRAE 55, 2017). Therefore, thermal sensation votes of -3 and -2 are
recoded as ‘1, uncomfortably cold’ and the other votes recoded as ‘O, other votes’. The same
rule is applied to the warmer than neutral thermal sensation votes where TSVs equal to +2
and +3 are recoded as ‘1, uncomfortably warm’ and the rest are recoded as ‘0, other votes’.
In the direct approach, students vote for “1, clearly acceptable” and “2, just acceptable” are
recoded as “1, Acceptable” and the votes for “3, just unacceptable” and “4, clearly
unacceptable” are considered as “0, Unacceptable”.
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Figure 5. Thermal acceptability in each operative temperature

Thermal acceptability in both methods of evaluation in each 12C binned operative
temperature is presented in Figure 5. A similar trend can be observed for both approaches
with slightly higher acceptability level and a wider range in direct compared to indirect
approach. Students in higher learning environments tend to be more forgiving about their
thermal environments when consciously evaluating and voting for it, compared to identifying
their acceptable zone based on their thermal sensation votes, as recommended in regulatory
documents (ASHRAE 55, 2010b). As can be observed, determining the thermal acceptability
through indirect approach can already cover the occupants’ actual thermal acceptability
votes. Therefore, setting the thermal environment based on the indirect method can provide
occupants actual satisfaction. However, form an environmental point of view, thermally
acceptable temperature range starts from 1.5°C lower indoor air temperature with direct
than indirect approach. Thus, setting the classrooms thermal environment based on the
results from direct approach may provide a thermally acceptable environment at the same
time as saving energy for heating purposes.
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Two reasons may contribute to the higher thermal acceptability level in the direct approach;
one presumably is due to the students’ perception of control on the classroom thermal
environment, the impact of which can improve the level of thermal acceptability and lessen
their thermal sensitivities in the exposed environment (Nicol et al., 1994; Brager, Paliaga and
de Dear, 2004; Rijal et al., 2008; Rijal, Yoshida and Umemiya, 2010). The other reason can be
due to the students’ diverse physiological and psychological backgrounds resulting in a wide
variety of thermal acceptability levels, which could not be predicted through thermal
sensation votes in indirect approach.

4. Conclusion

This study is part of a comprehensive investigation on thermal performance and the
occupants’ comfort in the UK higher educational buildings. The potential influencing factors
on thermal perception of the occupants in university classrooms are identified and the impact
of each is studied. So far, thermal comfort perception of the students in different disciplines
in exposure to the various classroom types (Jowkar et al., 2020), thermal comfort of the
gender and age groups and the diverse perception of thermal comfort resulted from the
students’ climatic background, as long-term thermal history, have been investigated by
similar authors in the previous works.

Considering the different climatic conditions prevailing in different regions of the UK, this
work investigates whether the same thermal environmental criteria can provide comfort in
higher learning environments in Southern (Scotland) and Northern regions (England) of the
UK. The investigation was conducted in two university campuses in Scotland (Edinburgh) and
England (Coventry) in the UK. Simultaneous questionnaire surveys with environmental
measurements were conducted in eight mixed-mode university buildings in Edinburgh and
Coventry. Overall, 3352 university students were surveyed while being involved in sedentary
activities inside the classrooms.

It is concluded in this study that the same environmental criteria for higher learning
environments cannot be applicable in Scotland and England. The findings recommend
investigating the thermal comfort requirements of the occupants in higher learning
environments in different regions of the UK with diverse climatic conditions, which not only
provides students comfort and improves their productivity, but also reduces the space energy
waste and running cost for heating/cooling purposes.

Furthermore, A comparison between the two methods of thermal acceptability assessments,
a direct approach (considering the actual votes of the occupants on thermal acceptability)
and an indirect approach (considering the thermal sensation votes between -1 and +1 as
acceptable range) shows that in designing the thermal environmental criteria for higher
educational buildings, indirect approach is a better predictor of the occupants’ thermal
acceptability as this method can already cover the students’ actual thermal acceptability
votes. However, the direct method shows a potential for higher energy saving in university
classrooms. Therefore, further investigations on thermal acceptability, occupants’ comfort
and energy demand is recommended to find the optimum thermal environmental design
criteria for the UK university buildings.
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Abstract: A significant corpus of research has shown that occupant behaviour is a key factor of uncertainty when
predicting building energy use. Building occupants affect energy use directly and indirectly by regulating their
indoor environment according to their comfort criteria and a wide range of contextual, psychological or social
factors. Increasing research efforts are being dedicated on developing models able to capture the stochastic
nature of the human-building interaction in dynamic simulation programs. However, existing models oftentimes
do not include information on multi-domain variables and the global environment. The foundation for the
investigation and data-driven modelling of occupant behaviour in the built environment remains measured data,
and an effective and extensive data collection remains a key challenge towards gaining a better understanding
and modelling of occupant behaviour. This paper provides a structured overview of a monitoring framework for
open space offices, eCOMBINE (“Interaction between energy use, COMfort, Behaviour and the INdoor
Environment in office buildings”), aimed at capturing an extensive set of subjective and objective multi-domain
variables likely to drive building occupants to perform actions on environmental controls. Towards this end, this
paper presents a survey framework and an ad-hoc mobile application developed to capture motivations behind
actions in real-time. Finally, we highlight lessons learned and research opportunities one might envision once
the collection of such comprehensive datasets will become more mainstream.

Keywords: occupant behaviour; open space office; user interface; global environmental comfort; energy use

1. Introduction

Improving energy efficiency has become a challenge of primary importance for the
building sector, which nowadays accounts for approximately 40% of the global energy
demand and generated annual global GHG emissions (European Commission 2010).
Increasing effort is put on designing high performing and adaptive buildings that can hit
energy performance targets while considering comfort preferences of the occupants.
Dynamic Building Performance Simulation (BPS) tools are increasingly used by researchers
and practitioners to gain a more precise understanding of the underlying processes of energy
flows and to optimize building design and energy use. Despite advances in the field of BPS
tools, simulation outcomes are still prone to errors due to a variety of factors such as non-
linearity, discreteness, and uncertainty (Hopfe and Hensen 2011). ASHRAE (2007) states that
neither the proposed building performance nor the baseline building performance represent
actual energy consumption after construction, but that the key items from the listed sources
of uncertainty are strictly related to occupancy and building operation. Hence, nowadays, the
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building energy research community is aware of the pivotal role that occupant behaviour has
on impacting both building energy demand and the quality of the indoor environment
(Masoso and Grobler 2010; Mahdavi 2011). To reduce current inconsistencies in building
energy simulation, several probabilistic and data-driven modelling approaches have been
developed, and integrated into advanced simulation programs to account for uncertainties
related to human factors when predicting building energy consumption (Hong et al. 2018).
These approaches include models for occupancy patterns, occupants’ activities, adjustment
of thermostat settings, or usage of plug-in appliances, and sometimes also aim to anticipate
the operation of windows and lighting controls or the regulation of window blinds/shades as
functions of various environmental and contextual drivers (Gaetani et al. 2016).

1.1 State-of-the-art

Yan et al. (2015) have attempted to describe the current state and future challenges in
occupant behaviour modelling, where they emphasized the many remaining knowledge gaps
and the limitations of current methodologies. The same authors also highlighted the
importance of moving towards more comprehensive modelling procedures of occupant
behaviour, acknowledging that the latter might be influenced by multiple contextual and
personal factors. Oftentimes existing models do not yet accurately cover an extensive set of
potential drivers and/or do not include qualitative model inputs (e.g. individual characteristics
and preferences over the indoor environment). Indeed, individuals tend to perceive the
indoor environment in different ways based on multiple factors to which they give a variable
importance, to have different motivations and habits, and/or to sometimes be conditioned
by certain constraints (e.g. social or technical) when it comes to adjusting their own
environment to their liking. While many studies have linked human factor to single comfort-
related stimuli, a comprehensive understanding and, therefore, evaluation of environmental
comfort, addressing thermal comfort, visual comfort, acoustic comfort and indoor air quality
together, seems to be necessary before being able to establish causal relationships with
occupant behaviour. The new IEA-EBC Annex 79 “Occupant-Centric Building Design and
Operation” (IEA 2019) represents an international effort towards understanding the exposure
of the occupant to a multi-dimensional environment and its impact on behaviour and
comfort. A key challenge in this endeavour will be to better understand how multiple,
interdependent indoor environmental factors may trigger occupant actions.

A number of researchers have put effort on developing more comprehensive IEQ
monitoring systems to assess the quality of buildings (Parkinson et al. 2019, Heinzerling et al.
2013, Alavi et al. 2017). However, despite the advancements in our understanding in separate
fields of comfort (visual, thermal, indoor air quality (IAQ), acoustics), the question of how the
combined effect of IEQ factors affects the ultimate users’ perception and behaviour in real
buildings has not yet been answered (Schweiker 2017). For example, while a large number of
studies addresses the relationship between behaviour and thermal, IAQ, and visual aspects,
the acoustic dimension has been mostly overlooked. This gap might also be due to the fact
that researchers focus on their own area of expertise and priority is not given to analyse the
global environment as such, neither in direct relation to human-building interactions.
Multidimensional comfort studies would ideally require a collaboration between experts in
different areas to achieve high quality results. Furthermore, multi-dimensional monitoring
campaigns can turn out to be costly, leading to restrictions in the feasibility of this type of
studies (Parkinson et al. 2019). The high cost of such complex monitoring campaigns can also
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limit the type and the number of buildings or space typologies (small private vs. open space
offices) that can realistically be selected as case studies, the number of observed occupants,
and/or the duration of the study, which in turn will limit the generalisation potential of the
gathered datasets. To develop more reliable models, we need comprehensive datasets, that
capture key variables both related to the environment and to the occupants (Wagner et al.
2017). And to be able to rely on different datasets — each one having its own limitations — to
build a more comprehensive understanding, they must be comparable and thus be collected
with a consistent data collection strategy (Yan and Hong, 2018), so that they can be replicable.

1.2 Towards a multi-dimensional approach

The newly-developed eCOMBINE framework (“Interaction between energy use,
COMfort, Behaviour and the INdoor Environment in office buildings”) aims at contributing to
new knowledge on the human-building interactions in office environments, with a dedicated
focus on open plan offices, by developing an integrated approach to study the cause-effect
relationships between occupant behaviour and combined indoor environmental factors
(thermal, visual, air quality and noise). The data collection involves environmental variables,
including the 4 IEQ categories (thermal, IAQ, visual, and acoustics), occupant’s input (personal
characteristics, comfort perception and actions) through point-in-time and long-term surveys.
Surveys indeed remain important to understand the experience and motivation of users,
while physical measurements of the occupants’ environment provide an objective
characterization of the indoor and outdoor conditions that they are exposed to.

The objective of this paper is to provide insights on the multi-dimensional eCOMBINE
data collection framework. This framework includes a monitoring of the four key dimensions
of the indoor environment (thermal, IAQ, visual, acoustic) performed simultaneously with a
survey of the occupants’ preferences and action triggers. To conduct the latter, an ad-hoc
mobile application named OBdrive was developed, that captures the perceived motivations
behind interactions with building controls.

2. The eCOMBINE monitoring framework

The eCOMBINE data collection framework aims to capture relevant variables to
describe the relationship between the indoor and outdoor environment, global
environmental comfort, occupant behaviour and energy use, as illustrated in Figure 1. With
the term “global environmental comfort” the authors refer to an overall comfort estimation
based on occupant’s subjective votes from four IEQ categories, namely: thermal, visual,
olfactory, and acoustical comfort. The data in this research project consists of newly collected
and falls into four key categories: (i) environmental factors, (ii) occupant behaviour indicators,
(iii) energy consumption, and (iv) answers to a survey. The objective is to highlight key
influencing factors and the most relevant motivations behind the interaction occupants have
with controls, in relation to their perception of comfort and physical measurements of the
environment. To be able to reveal potential seasonal effects, the study was carried out in
different seasons for a minimum of two weeks in selected open space office buildings with a
minimum of 40 participants in total for each monitoring campaign.
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INDDORS

Figure 1. Simplified rendering of the eCOMBINE campaign used to inform occupants on the environmental,
behavioural and energy monitoring (burgundy, red and yellow logos). Occupants are triggered to report
comfort and motivation via desktop and app surveys.

2.1. Environmental data

The detailed list of measured physical variables (and their associated sensors) can be
found in Table 1. The variables are classified by IEQ categories: thermal comfort, indoor air
quality, lighting and acoustics.

2.1.1. Thermal environment

Data on a wide range of thermal variables were collected in order to capture global
microclimate and local discomfort parameters. Air and globe temperature, relative humidity,
and air speed were measured at the desk level of occupants (between 0.7 and 1.2 m height).
Draft rate, vertical air temperature difference between the ankle and head level, and radiant
temperature asymmetry (in vertical and horizontal plane) were measured to evaluate local
thermal discomfort. In addition, outdoor environmental measurements were taken with a
dedicated weather station installed on-site, that monitored outdoor air temperature, relative
humidity, precipitation, wind speed, wind direction, and solar radiation.

2.1.2. Indoor Air Quality

In order to better understand whether and to what extent office workers were exposed
to various airborne pollutants, the eCOMBINE project monitored the temporal and spatial
variation of gaseous and particulate air pollutants at multiple locations in the office
environment. Specifically, five types of sensors were used for monitoring seven major air
pollutants indoors and outdoors, including carbon dioxide (CO2), total volatile organic
compounds (TVOC), formaldehyde, ozone (03), carbon monoxide (CO), nitrogen dioxide
(NO2), sulphur dioxide (SO2), and particulate matter smaller than 2.5 microns (PM2.5).

2.1.3. Visual environment
Visual comfort, views and lighting conditions play a fundamental role in ensuring a
satisfying and healthy occupant experience in buildings. Discomfort glare is known to be one
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of the major sources of complaints in offices and was thus part of the key factors to monitor.
On the other hand, we have in the last 20 years become increasingly aware of the critical role
played by light in synchronizing our internal clock. The so-called non-image forming effects of
light, mediated by the intrinsically photosensitive Retinal Ganglion Cells (ipRGCs), have a
demonstrated impact on human health and well-being, and must thus be carefully taken into
account when discussing the environmental quality of the workplace (Amundadottir et al.
2017). Of particular importance to those effects are the intensity, spectrum and timing of the
light exposure, as it may trigger both phase-shifting (circadian, e.g. impacting sleep quality)
and acute effects (e.g. impacting alertness). This project offered the first opportunity to
continuously measure both light spectrum and intensity in a Post-Occupancy Evaluation
(POE).

2.1.4. Acoustic environment

Workspace noise can cause stress or fatigue and be distracting, resulting in a decrease
of productivity. Despite its importance in the perceived quality of a workspace, acoustic
quality remains a difficult parameter to assess in the context of post-occupancy evaluations,
mostly because of the evaluation method. As measurements typically require some form of
recording, they are often perceived as intrusive. In this project, it became a priority to address
privacy concerns through a careful selection of the measurement device: the chosen
approach was to record sound pressure level integrated over time as well as at the different
octave bands without recording people’s conversations while they work.

Table 1. Summary table of the physical measurements for the four IEQ categories.

1I/0Y | Parameter? (unit) | Accuracy Sensor Frequency/Locati
on
| T (°C) +0.15°C Digital
thermometer
Tgiobe (°C) +0.15°C Digital
thermometer
every 5'/every 2-3
RH(%) +2.5% RH sensor workstation
embedded in
the datalogger
Radiant +0.20°C Thermocouples
temperature (T-type)
Thermal asymmetry
environment Air velocity (m/s) +0.02 m/s + 1.5% of Omnidirectional | every 0.2’ /every
reading anemometers 2-3 workstation
(0] Ta (°C) +0.60°C Digital weather
RH (%) 3% station
Solar radiation 5% of measurement
(W/m?)
Wind speed (m/s) +0.3 m/s every 5'/roof
Wind direction (°) +5°
Precipitation 5% of measurement
(mm/h)
| CO2 (ppm) 50 ppm +5% of Nondispersive every 5'/every 2-3
reading infrared (NDIR) | workstation
Air quality CO2 logger
CO (ppm) +2 ppm Multigas sensor | every 5’/every 2-3
workstation
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SOz (ppm) 2 ppm

O3 (ppm) +2 ppm

CO2 (ppm) +3% of reading (ppm)

Formaldehyde LOD® < 5 ppb

(ppb)

TVOC (ppb) LOD® < 5 ppb

CO2 (ppm) +7% of reading (ppm) | Air quality every 15’/every 2-

TVOC (ppb) +14% of reading sensing module | 3 workstation
(ppb)

NO:2 (ppb) +30 ppb

PM2s mass (ug/m3) | +10 pg/m3 (PMz.s)

CO2 (ppm) +7% of reading (ppm) | Air quality every 15'/roof

NO:2 (ppb) +30 ppb sensing module

TVOC (ppb) 1+14% of reading

(ppb)

PM2.5 mass (ug/m3)

+10 pg/m3 (PMz.s)

Illuminance meter +10% of reading (lux) | Photodiode every 5'/every 2-3
(lux) sensor workstation
connected to a (horizontally-
data logger mounted)
Spectral intensity +25nm resolution Optical every 5'/near each
(W/m?/nm) spectrometer fagcade and near
sensor with the core
embedded data | (vertically-/
logger horizontally-
mounted)
High Dynamic - Digital single- 1x per season
. Range (HDR) image lens reflex (spot
Visual
environment camera measure)/gvery 2-
3 workstation
Luminance meter +2% +1 digit of Luminance 1x per season
(handheld) (cd/m?) | reading (cd/m?) Meter (spot
measure)/every 2-
3 workstation
Illuminance meter 7% of reading (lux) Photodiode 1x per season
(handheld) (lux) sensor (hand (spot
held device) measure)/every 2-
3 workstation
Global (Total) and 5% +10 W/m? Pyranometer every 5’/roof
Diffuse irradiance
(W/m?)
SPL across the Integrating every 1'/every 2-3
Acoustical octaves (dB) averaging workstation
environment sound level
meter

1'1/0 = indoor/outdoor

@ Acronyms used for the parameters: Ta = indoor air temperature, Tglobe = globe temperature, RH = relative
humidity, CO = Carbon monoxide, CO> = Carbon dioxide, TVOCs = Total Volatile Organic Compounds, NO; =
Nitrogen dioxide, SOz = Sulfur dioxide, Os= Ozone, PM=Particulate matter, SPL = Sound pressure level

3) LOD = limit of detection
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2.2. Occupant Behaviour

In the eCOMBINE pilot study, four different types of occupant behaviours were
tracked: window control, window blinds control, light switching and occupancy (Table 2).
Thermostat and mechanical ventilation controls were neglected since occupants in the
planned pilot case studies did not have direct control over the space heating and cooling
system. If in future case study buildings such kinds of controls were to be available, these
types of human-building interactions should also be tracked through the building
management system or a dedicated sensor network. If employees have no control over space
heating, cooling, and mechanical ventilation systems, operating windows and blinds remain
the only possible (human-building) actions that allow for improving thermal comfort. The
impact on energy use of these not automatically controlled interactions needs to be carefully
evaluated and is a main point of investigation of the eCOMBINE project.

Table 2. Summary table of measurements for occupant behaviour tracking.

Behaviour Parameter Sensor Frequency/Location

Window control Window state Bluetooth enabled low energy Event-based/on

behaviour position contact sensors window frame

Window blinds control Window blinds Wireless window blinds Event-based/on slats

behaviour position

Light switch behaviour Instant power Wireless smart plug load meter 1’/on desk light
plugs

Occupancy Presence at desk Wireless occupancy sensor 5’/under each desk

2.3. Energy metering

The monitoring of energy use by HVAC systems, one of the main energy users in office
buildings, is essential for bridging the gap between the real performance with predicted
values from building energy simulation outcomes. Monitoring approach and instruments to
measure energy use should be selected based on the specifics of the BMS system and HVAC
system installed in the case study building. If energy metering is pre-installed in the case study
building, it is possible to get direct measurements. However, in some cases, no direct
metering of the energy usage by the HVAC system is possible either because of no energy
metering pre-installed or no possibility to retrieve energy use for conditioning and ventilation
of a particular zone. It was the case in the COMBINE pilot study, where studied office areas
were in large office buildings. The energy use by the HVAC system was indirectly measured
by recording thermal energy removed or supplied to space by the thermal conditioning
system and required pre-conditioning of fresh air for adequate ventilation. Heating and
cooling in one case study office were provided by radiant ceiling panels, while only radiators
for heating were used in the second case study office. Heat supplied/removed from the space
was measured using heat flux sensors placed directly on each heating/cooling surfaces.
Supplied fresh air for ventilation was pre-conditioned in one of the case study spaces, and
thermal energy provided for pre-conditioning was estimated by knowing the volumetric air
flow rate and the temperature difference between the outdoor air and air supplied into office
space. The volumetric air flow rate was measured at the air supply diffusers by means of a
ventilation hood and dedicated read-out device, while hourly air temperature difference was
taken from the BMS system.
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2.4. Survey framework

The eCOMBINE project relies on a mixed experimental approach that combine