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Thermal adaptation in the built environment: a literature review
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Abstract

This paper presents the results of an extensive Literature review on the topic of thermal adaptation in the built environment. The adaptive
approach to medeling thermal comfort acknowledges that thermal perception in ‘real world® setlings is infiuenced by the complexities of past
thermal history and cultural and technical practices, An important premise of the adaptive model s that the person is no longer a passive
recipient of the given thermal environment, but instead is an active agenfinteracting with the person—environment system via multiple feedback
Ioops. Thermal adaptation can be atributed to three different processes—behaviorat adjustment, physiclogical acclimatization and psycho-
logical habituation or expectation. Bath climate chamber and fisld evidence indicates that the slower process of acclimatization is not so
relevant to thermal adaptation in the relatively moderate condisions found in buildings, whereas behaviora] adjustment and expectation have
& much greater influence. One of the most important findings from our review of field evidence was the distinction between thermal comfort
responses in air-conditioned vs. naturally ventilated buildings, most likely resulting from a combination of past thermal Ristory in the buildings

and differences in levels of perceived control.  © 1998 Published by Elsevier Sciénce S.A.

Keywords: Adaptation; Natural ventilation; Individual control

1. Introduction

What constitutes a “comfortabie’ thermal environment?
The answer to this deceptively simple question has profound
impiications for the way we design and operate buildings, the
amount of energy required to heat and cool them and the
resulting impact on the quality of both the natural and built
environments. For example, traditional lifestyles in tropical
regions can inspire a distinctive climate-responsijve architec-
ture, where buildings are naturally veniilated and not only
consume less energy, but give occupants a sense of comfort,
delight and connection to their climate and culture { 1]. Such
buildings, however, are giving way to sealed glass towers
and an increased reliance on mechanical cooling, which in
turn is changing building occupants’ expectations, desires
and behavioral patterns related to air conditioning [2-6]. A
key question addressed in this paper is whether occupants in
these different building types would all define ‘comfort’ in
the same way.

Existing standards which prescribe ‘ideal’ conditions for
thermal comfort are based on a heat balance model of the
human body and are derived from extensive experiments in
climate chambers, conducted primarily with university stu-

* Corresponding author.

dents in mid-latitude climate regions [7,8]. Although these
standards were inilially developed for centralized HVAC-
controlled buildings, it is often suggested that they are uni-
versally applicable across all building types, climates and
populations [9,10]. In practice, however, they provide little
guidance for the design and operation of buildings that are
either naturally ventilated, or provide occupants with other
means of individual control over their thermal environment.
We join other researchers, therefore, in challenging this
assumption of universal applicability and would argue that a
strict reliance on laboratory-based comfort standards ignores
important contextual influences that can attenuate responses
to a given set of thermal conditions. Perhaps the single biggest
issue in this debate remains the applicability of standards in
buildings which are not air conditioned at all. An entire issue
of Energy and Buildings was devoted to the social and cul-
tural aspects of cooling, including the variation among people
in the perceived need or desire for air conditioning {11].
While the ‘comfort zone” might be an appropriate design goal
for a deterministic HVAC control system, its relevance to
naturally ventilated buildings where conditions are inherently
much more variable is questionable {12,13]. This was rec-
ognized by Givoni {14]. who revised his already notable
work on the building bioclimatic chart to account for the
notion that people living in unconditioned buildings would

(378-7188/98/519.00 © 1998 Published by Elsevier Science S.A. All rights reserved
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beconze accustomed to and grow to accept higher temperature
or humidities. To do this in a systematic way, however,
requires i fundamental shift in the way we view the relation-
ship between people and their thermal environment.

An alternative to conventional comfort theory embraces
the notion that people play an mstrumental role in creating
their own thermal preferences through the way they interact
with the environment, or modify their own behavior, or grad-
ually adapt their expectations to match the thermal environ-
ment. Interest and research into this ‘adaptive’ theory of
thermal comfort first began in the mid-70’s in response 1o the
otl-shocks and has recently regained momentum due to
inereasing concerns over human impact on the global climatic
environment. Allowing people greater control over their own
indoor environment and allowing temperatures to more
closely track patterns in outdoor climate, can have potentiaily
significant and positive impacts on both improving comfort
and reducing energy consumption [15], as well as altering
the way we design and operate buildings.

This paper presents the results of an extensive literature
review on the topic of thermal adaptation in the built envi-
ronment, with a focus on air-conditioned vs. naturally ven-
tilated buildings. After a brief discussion of conventional heat
balance models, we describe a conceptual model of thermal
adaptation, present a wide range of both climate chamber and
field evidence for thermal adaptation of building occupants
and discuss the potential applications of an adaptive thermal
comfort theoty in terms of predictive modeling, building
design, controi algorithms and standards.

2. Defining the adaptive process
2.1, The heat balance model

Incontemporary thermal comfort research there appears to
be an irreconcilable split between heat balance and adaptive
modeling approaches. Heat balance models, also referred to
as the ‘static’ or ‘constancy’ models, were the basis of the
carly pioneering work of Gagge et al. {16,17] and Fanger
[18] and have been adopted into current standards that pre-
scribe acceptable conditions for thermal comfort [7,8}. Heat
balance models view the person as a passive recipient of
thermal stimuli and are premised on the assumption that the
effects of a given thermal environment are mediated excin-
sively by the physics of heat and mass exchanges between
body and environment. The maintenance of a constant inter-
nal body temperature necessitates some physiological
responses proportional to the thermal imbalance and it is
generally assumed that thermal sensations { hot-warm-cool—
cold) are propertional te the magnitude of these responses,
as measured by mean skin temperature and Jatent heat loss or
wetledness due to sweating [19}. The deterministic logic
underpinning the heat balance comfort model is:

physics = physiology == subjective discomfort

These models are based on extensive and rigorous laho-
ratory experiments and yield fzirly consistent, reproducible
results between climate chambers. However, researchers are
increasingly questioning whether the simplistic cause-apd-
effect approach embodied in these taboratory-derived models
can be applied, witheut medification, (o deseribe real-world
thermal perception [20-24]. One perceived limitation of the
heat balance madel, when used as a design ool, is that the
user has to anticipate what average ¢lo {clothing msulation)
and met (metabolic rate) values might exist in a building
which may not have been built. Yet, even when applied to
occupied buildings where the crucial input parameters of
metabolic rate and clothing insulation can be observed, these
models frequently still fail to accurately describe or predict
thermal comfort [25-40]. Potential explanations for the wide
discrepancies often found between observed and predicted
mean thermal sensations can be categorized into the follow-
ing groups.

211 Model inputs

2111 Estimating insulation of clothing parmenis or
ensembles

Brageretal. [37] demonstrated that the calculated clothing
ensemble insulation value (clo) differs by as much as 20%
depending on the source of the tables and algorithms com-
monly used [7,8,41]. In addition. clothing insulations meas-
ured under laboratory conditions with an inanimate thermal
manikin may be different than in situ clothing insclation due
to factors such as posture, pumping effect, different materia)
fibers, vapor permeability, fiber thermodynamics under tran-
sient environmental conditions [42-457.

2.1.1.2. Accounting for the chair insulation

The tendency for PMV to overestimate thermal neutralities
in many fietd studies may be due to the systematic ormission
of the thermal effect that chairs have on their occupants
[33.46]. McCuliough and Olesen [47] examined the effects
of upholstered office furniture on the total thermal insulation
of a heated manikin and found that a typical office chair adds
approximately 0.15 clo to the value that one gets by simple
addition of individual garment values [ 7,8].

2.1.1.3. Estimating activity panerns and associated met
levels

Existing field methods for assessing people’s activity pat-
terns and then transiating them into metabolic rates using
standard tables, are perhaps one of the least-developed meth-
ods of thermal comfort research. Factors that would influence
the assessment of metabolic rate would include the mental
stress related to a given task, transient effects of earlier activ-
ities, or the vigor with which a given activity is performed
[481.
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2.0.1.4. Non-uniformities of physical measurements

Field studies often take only spot-measurements of anbi-
ent thermal parameters and, if they happen to be slightly
separated from the occupant’s location in space and/or time,
they might not be representative of the indoor microclimate
aclually experienced by the occupant {44]. This becomes
particutarly important in rooms with transient or spatially
non-uniform thermal conditions as is often the case in passive,
or naturally ventilated buildings, or any situations where

workers have high leveis of environmental control available
to them.

2.1.2. Model assumprions—steady-stare vs. transient

Static heat balance models are based on experiments in
steady-state conditions in the laboratory, whereas conditions
in buildings are likely to be much more dynamic, in terms of
both the thermal environment and the occupants’ activities.
(In terms of human ecology, this variance is referred to as
ecological valency and ecological potency, respectively
{51.) Although more work is needed in this area, examples
of preliminary studies suggest that clothing can significantly
affect one’s sesponse to humidity transients [49} and that
cold temperature transients give rise (o a strong subjective

response compared to warm transients of equal magnitude
{501,

2.1.3. Non-thermal facrors

Human response to conditions in real buildings may be
influenced by a range of complex factors that are not
accounted for in the heat balance models. These can include
demographics (gender, age, culture, economic status}, con-
text (building design, building function, season, climate,
semantics), environmental interactions {lighting, acoustics,
indoor air quality) and cognition (attitude, preference and
expectations) [38,44.51--53}. While the factors that have
beer tested have been demonstrated time and again to be
irrelevant to the comfort responses of subiects in the contrived
setting of the climate chamber [54,55], there remains a lin-
gering suspicion in the minds of many researchers and prac-
titioners alike that non-thermal factors cannot be dismissed
so easily. For example, it has been suggested that a particu-
larly important influence is the impact of one’s perception of
control-—psychologists have clearly demonstrated that
adverse or noxious stimuii are less irritating if the subject
perceives she/he has control over them [56-62]. This and
other forms of adaptation will be explored throughout this
paper.

2.2. A conceptual model of thermal adaptation

Enviroament and behavior research teaches that one’s
experience of a place is a multi-variate phenomena and a
reflection of the degree to which the place contributes to a
person’s objectives and expectations [ 63,64]. In the adaptive
approach to modeling thermal comfort, thermal perception is
affected by circumstances beyond the physics of the body’s
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heal-balance, such as climatic setting, social conditioning,
economic considerations and other contextua) factors. The
adaptive hypothesis states that one’s satisfaction with an
indoor climate is achievad by matching the actual thermal
environmental conditions prevailing at that point in time and
space, with one’s thermal expectations of what the indoor
climate should be like. These all-important expectations
result from a confluence of current and past thermal experi-
ences and cultural and technical practices {21,22,65]. The
adaptive model reflects a ‘give and take’ relationship between
the environment and the user, an important premise being
that the persen is no fonger simply a passive recipient of the
given thermal environmen: (a deterministic view more
appropriate for a climate chamber experimental subject), but
instead is an active agent interacting with and adjusting tothe
person-environment system via multiple feedback loops
[58,59].

The generic term ‘adaptation” might broadly be interpreted
as the gradual diminution of the organism’s response to
repeated environmental stimulation and subsumes all proc-
esses which building occupants undergo in order to improve
the “fit’ of the indoor climate to their personal or collective
reguirements. Within this broad definition, the literature dis-
tinguishes three modes of adaptation [66-70]: (1) behav-
ioral adjustments (personal. environmental, technological, or
cultural), (2) physiological ¢ genetic adaptation or acclima-
tization} and (3) psychological (habifuationorexpectation).
2.2.1. Behavioral feedback—adjustmenr

Behavioral adjustment includes all modifications a person
might consciously, or unconsciousty make, which in turn
modify heat and mass fluxes governing the body’s thermai
balance [71]. We define adjustment in terms of three sub-
categories: (1) personal adjustment: adjusting to the sur-
roundings by changing personal variables, such as adjusting
clothing, activity, posture, eating/drinking hot/cold food or
beverages, or moving to a different location; (2) technolog-
ical or envircnmental adjustment: modifying the surround-
ings themselves, when control is available, such as opening/
closing windows or shades, turning on fans or heating, block-
ing air diffusers, or operating other HVAC controls, etc.; and
(3) cultural adjustments, including scheduling activities,
siestas, adapting dress codes. etc.

Behavioral adjustment of the body’s heat-balance probably
offers the greatest opportunity for people to play an active
role in maintaining their own comfort. Chatonnet and
Cabanac [72] stated that ““behavioral thermoregulation is
well-developed in man and becomes preponderant and tends
to supplant other forms of thermoregulation™”.

'The heat balance model partially accounts for behavioral
adjustment, but in a linear way by using only as inputs those
parameters affected by personal adjustment and environmen-
tal interventions (i.e., clething, metabolic rate, air movement,
etc.} In the adaptive view of thermal comfort, however,
behavioral adjustment represents an immediate and conscious
feedback link, where the sense of discomfort or dissatisfac-
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tion is not only the oulcome but alse serves as the starting
point, initiating the adaptive response. Simply stated, if a
person is uncomfortable. or expects to become so, this is a
signal to take corrective action.

Behavioral adaptation operates across several time scales.
Cutaneocus thermoreceptors provide almost instantanzous
neural information about sudden changes in the thermal envi-
ronmment, as experienced. for example, when crossing the
indoor/outdoor  threshold, thus  enabling clothing
adjustments and other behavioral adaptations to be effected
well in advance of any significant alteration in the body’s
heat balance. While very little research has been published
on adaptive time lags, a notable exception is a study by Hum-
phreys [73] on clothing adjustments at the seasonal and
synoptic weather time scales. He was able to statistically
relate clothing nsulation levels on any given day to an expo-
nentially weighred moving average of cutdoor temperatures
on the days leading up to and including the day in guestion,
It was suggested that the half-life for daytime clothing regu-
lation was of the order of 20 h in the UK.

The extent to which buildings provide occupants with
scope for adaptive interventions has been described both in
terms of ‘adaptive opportunity’ [53] and ‘adaptive con-
straints” [23,74]. Exampies of each can be categorized as
follows:

(a) Climate. Buildings in mild climates will tend to afford
their occupants greater adaptive opportunities, compared to
buildings in harsh or extreme climates that might need to
present a more exclusive barrier to the elements.

(b) Economies. Both the initial and operating costs of
thermal environmental control may be an acceptabie part of
clients’ budgets in developed countries, but often exceed
owners’ resources in many developing countries.

{c) Building design. Opportunities and constraints can
relate to attributes of the building envelope (What is the
placement and size of windows? Are they operable? Are solar
control devices available?); interior layout (How far are
occupants placed away from such windows? Is the floor pian
individual office cells ar open-plan bureau landschaft?}; or
climate control system (Is the HVAC system centralized?
Are task conditioning controls available at each workstation
or within small zones?).

(d) Organizational and social customs. This category
refers either to conditions prevailing within the building (Is
there a strict or casual dress code? Are employees bound to
a single workstation for the entire working day?), or to requi-
rements imposed from the outside (government energy
guidelines, greenhouse gas emission quotas or targets that
limit our freedom to behaviorally thermoregulate) .

The concept of adaptive oppertunity helps to differentiate
those buildings in which a deterministic relationship between
the thermal environment and human response is operating
and those in which an adaptive feedback loop is fully devei-
oped and operational. Adaptive opportunity can be thought
of a5 a continuum—at one extreme is the climate chamber in
which subjects are instructed what to wear and what activitics

they are to perform while an external agent, the researcher,
determines the temperature, humidity and air flow regime
they are to experience for the duration of the experiment. At
the other extreme we can place the single-occupant room in
which clothing and activity patierns are discretionary and
environmental controls cover the full range of possibilities
from operable windows through 1o task-ambient air condi.
tioning. The ultimate efficacy of anv form of adaptive conirol
would ideally be evaluated in terms of available contrel vy,
exercised control vs. perceived control (60,611, But regard-
less of whether it is placebo or real. there seems little dispute
that the issue of personal and environmental control is central
to thermal comfort and acceptability.

2.2.2. Physiological feedback—acelimatization

The most comprehensive definition of physiological adap-
tation would include all of the changes in the physiological
responses which result from exposure to thermal environ-
mental factors and which lead 1o a eradual diminuton in the
strain induced by such exposure. Physiological adapiation
can be broken down inte at least two subcategories: (1)
genetic adaptation—alterations which have become part of
the genetic heritage of an individual or group of people,
developing at time scales beyond that of an individual’s life-
time and {2) acclimation or acclimatization {used inter
changeably here)-changes in the settings of the physiological
thermoreguiation system over a peried of days or weeks, in
response to exposure to single or a combination of thermal
environmental stressors.

Physiological acclimatization is mediated by the auto-
nomic nervous system and directly affects the physiological
thermoregulation setpoints. The heat balance models do not
recognize this form of adaptation. however, assuming these
setpoints to be fixed. A detailed review of the thermophy-
siological literature on acclimatization is beyond the scope
of this paper, suffice to say that acclimatization to cold stress
is primarily associated with maintenance of warmer skin tem-
peratures and increased heat production, although it is not
clear to what extent the increased metabolic rate can occur in
the absence of shivering {75]. Otherwise, adaptation to the
cold is primarily behavioral [70]. The evidence for physio-
logical acclimatization is more thoroughly documented for
heat exposure, particularly for high temperature environ-
ments and/or for subjects working in the heat [68,69,76~
791. For hot-dry climate zones, the primary physiological
response fo heat stress, induced by a regime of work in heat,
is an increased sweating capacity for a given heat load, be it
metabolically or environmentally induced. Other changes
related to thermoregulatory sweating inciude a fall in the
setpoint body temperature at which sweating is triggered and
a better distribution of sweat over the skin. The heat-accli-
matized person also demonstrates a variety of cardiovascuiar
responses such as reduced heart rate, and an increased blood
volume and peripheral blood flow compared to their unaceli-
matized counterpart [79-82]. The picture in hot~humid cli-
mates, however, differs significantly {83,84]. In particular,



e A

(.8, Brager, R, de Dear/ Evergy and Buildings 27 (1998} 83-96 y

the elevated capacity for sweating seems to be tess importans
in humidity. Thus, while sweat secretion in the bumid accli-
malized subject s initiated at a core temperature lower than
that for the unacclimatized subject, the shortfatl in body heat
dissipation in the humid condition appears to be taken up by
increased dry heat Josses resulting from increased peripheral
blood flow and elevated skin temperature.

Experimeants with daily work-in-heat regimes or hyperth-
ermic suits demonstrated that acclimatization to heat begins
on the first day of exposure and progresses rapidiy to full
development by the third or fourth day, providing the heat
exposures are sufficiently severe to elevate core temperatures
[78.80]. Longer periods are required for cold acclimatiza-
tion, or for passive exposures to heat in the course of normal
day-to-day sedentary activity [ 76]. For example, Wyndham
[82] reports that passive exposures to the normal course of
the seasons in South Africa induced definite signs of at least
partial acclimatization. The time scales of interest for office
warkers, therefore, may be of the order of weeks to months.

2.2.3. Psychological feedback—habituation and expectation

Psychoiogical adaptation encompasses the effects of cog-
nitive and cultural variahtes and describes the extent to which
habituation and expectation aiter ong's perception of and
reaction to sensoery information. This notion, also sometimes
referred to as perceptual adaptation [20], is described in
psychophysics as repeated or chronic exposure to an envi-
ronmental strassor leading to a diminution of the evoked
sensation’s intensity { 73.85]. The static heat batance model
has ne ability to account for this influence, instead assuming
an unchanging relationship between physiological strain,
thermal sensation and associated discomfort. On the other
hand, the adaptive model recognizes the potential for a feed-
back loop where one’s past and current thermal experiences,
with both the indoor and outdoor climate, can directly affect
one’s thermal response and cognitive assessment of
acceptability.

The concept of habituation and expectation has been most
clearly elaborated under the banner ‘adaptation-level theory’,
which introduces the notion of optimal levels of stimulation,
or adaptation levels. These optimal adaptation levels are
established as functions of past exposure and act as bench-
marks or norms for environmental evaluations [7},86-881.
While a thorough review of research on the general nature of
perception and its relationship to environmental stimuli,
memory and cognition and contextual factors is far beyond
the scope of this paper, the vast literature of environmental
psychology can still offer insights into the specifics of thermal
perception in real buildings [56.62-65,8%,90].

The roie of expectation in thermal comfort research was
acknowledged in the earlier work of Mclntyre [91], who
stated that *‘a person’s reaction to a temperature which is less
than perfect will depend very much on his expectations, per-
sonality and what eise he is doing at the time.”” Although the
least studied of the three adaptive mechanisms, psychological
adaptation might actually play the most significant role in
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explaining the differences in observed and predicted thermal
sensations and acceptability, particularly in light of different
environmental contexts such as the laboratory vs. home vs.
office, or when comparing responses in air-conditioned vs.
naturally ventilated buildings [27,31,34.35,39,40)

Unfortunately this literature review was unabie to find ref-
erence to any research on the time scales of psychological
adaptive response, probably for the simple reasen that no
researchers have attempted to disentangie psychological from
other thermal adaptive processes. However, anecdotal evi-
dence suggests that building occupants become accustomed
tolevels of warmth prevailing within buildings on time scales
of weeks to months. These scales translate into synoptic and
seasonal processes operating in the outdoor atmospheric
environment.

3. Climate chamber evidence for adaptation to climate

While ciimate chambers lack the realism of an actual build-
ing and are unsuitable forlongitudinal studies, they are none-
theiess useful tools due to their high degree of control and
reproducibility. Therefore, a thoreugh examination of peo-
ple’s thermal adaptation should consider evidence from both
the field and the laboratory. A research design for climate-
chamber experiments known as the ‘preferred temperature
method’ {91] has been applied by various researchers to the
questions raised by the adaptive hypothesis. This method is
ideally suited to testing adaptive feedbacks insofar as the
environmental temperature within the chamber is directly
controlled by its single occupant, the subject. What follows
is a summary of some of the more pertinent results.

Using a climate chamber. Fanger investigated the effects
of differing cold climatic experiences and by implication,
adaptive states, on thermal comfort responses by comparing
the temperature preferences of three groups of Danish sub-
jects—regular college students [927, winter swimsners [ 93]
and meat packers from a refrigerated storeroom [93]. Using
the same experimental procedures (standard 0.6 clo ensem-
ble, string chair, 2.5-h exposure), all three groups were found
to have the same preferred temperature of about 25.5°C.

To examine the effects of acclimatization in the moderate
heat stress range, Fanger {941 recruited a sample of 16 long-
term inhabitants of the tropics shortly after their arrival in
Copenhagen. The same procedure as described above was
followed and the result, again, was that temperature prefer-
ences were not significantly different from 25.5°C. Acknowl-
edging the limited ‘shelf-life" of the physiologicai effects of
heat acclimatization, de Dear et al. [95] replicated Fanger’s
tropical experiment on focation in Singapore (lat 1°N) using
a sample of 32 college students from that country’s national
university. Again, temperature preferences turned out not to
be significantly different from those of Fanger's benchmark
Danish subjects.

Chung and Tong [96] conducted yet another laboratory
study that produced no evidence of acclimatization. Using a
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climate chamber in Hong Kong, 134 young Chinese wore 0.6
clo uniforms and maintained sedentary activity during a 3-h
exposure, Although the protocol was slightly different than
the previcus studies (a matrix of constant temperature tests
were conducted, rather than the preferred temperature
method ), the results were not significantly different, with a
mean neutral temperature of 24.9°C.

Gonzalez [97] studied the role of short-term natural heat
acclimatizatton during a five-day heat wave in New Haven
Connecticut, during which daily maxima ranged between
32°C and 37°C concurrently with 88 to 90% v, For lightly
exercising young male subjects (116 W m~*), there was a
discernible increase in preferred temperature {as assessed by
4 rating scale) afier the heat wave, However, there were no
statistically significant differences in thermal comfort or
acceptability responses of resting subjects between the
before- and after-heat-wave tests,

Interestingly, the only significant departure from this pic-
ture of overall consistency in chamber research results has
been an as yet unpublished PhD thesis from the University
of London.' As part of this study, Malay subjects were tested
in climate chambers in both Malaysia and London and results
cited by Humphreys [23] suggest that the hot and humid
climatic context of the Malay peninsuia was responsibie for
a three-degree elevation of temperature preference (28.7°C)
compared to what was found in the London climate chamber
(25.7°C). These results are quite perplexing, however, inso-
far as the same ethnic mix of subjects with exactly the same
thermal histories and experiences were represented in the
previously described de Dear et al. [95] chamber study in
Singapore (at the tip of the Malay peninsula and climatolog-
ically no different 1o Malaysia). As noted earlier, the tem-
perature preferences in Singapore’s climate chamber were
consistent with all the other cited studies and are EVEn COMm-
parable (o the resuits in the London climate chamber. Without
further information about their experiments] methods, we can
offer no explanation for these unpublished anomalous find-
ings from the Malaysian climate chamber study.

To summarize, on the basis of experimental evidence pub-
lished to date, subjective discomfort and thermal acceptability
under conditions most typically encountered in residences
and office buildings, with resting or lightly active building
occupants, appear uniikely to be affected by the physiological
processes of acclimatization,

4. Field evidence for adaptation

While chamber studies have the advantage of carefuily
controlled conditions, field studies are best used for assessing
the potential impacts of behavioral or psychological adapta-
tions as they occur in ‘real-world’ settings. This paper exam-

' Abdulshukor, Human Thermal Comfortin the Tropical Chimate. Unpub-
lished PhDD thesis, Usiiversity of Loadon, Laondon, 1993, (cited by Ref.
[237).

mes these impacts by summarizing and comparing the
published results of field studies conducted in across-se
of climates, The authors have conducted new analysis o., e
cumulative raw data from many of these studies and this is
reported elsewhere {98,997

The extent to which a field study can determine precisely
whal adaptation mechanisms are taking place depends on the
level of detail in hoth the subjective guestionnaires and, more
importantly, the physical measurements. Three broad ciasses
of thermal comfort field investigation can be discerned in the
literature, based on the standard of instrumentation and pro-
cedures used for indoor climatic measuremetits.

Class III: Field studies based an stimple measurements of
indoor lemperature and possibly humidity at one height of
measurement above the floor. Possibly asynchronous and
non-contigucus  physical ¢ temmperature) and subjective
{guestonnaire) measurements, The majority of field studies
used in the derivation of the early adaptive models by Hum-
phreys [100-i02) and Auliciems {651 were Class ITL. While
the quality of this data class does not necessarily allow
explanatory analyses, if the research questions being asked
require only simplified statistical techniques, then this class
offers the widest range of published data.

Class I Field experiments in which all physical environ-
mental variables (1., ¢, ¢, rh. clo, met) necessary for the
calculation of heat-balance SET* and PMV/PPD indices
were collected at the same time and place as the thermal
questionnaires were administered, but most likely only at
height of measurement, Humidity measurements taken by
aspirated psychrometer or absarption rh sensors. Air speeds
measured by hot wire probes with thresholds above 0 | m/s
and/or directional sensing elements and/or time constants
exceeding the threshold required for turbulence intensity
assessments. By measuring the main physical parameters
influencing comfort. Class 1 data allows an assessment of
the impact of behavioral adjustment and control on subjective
responses.

Class I: Field experiments in which all sensors and pro-
cedures are in 100% compliance with the specifications con-
tained in ASHRAE Standard 53 [7F and ISO 7730 [8]. Three
heights of measurement above floor level as specified in
ASHRAE and ISO standards {0.1,006and 1.2 m). All meas-
urements done  with laboratory-grade instrumentation,
including fast-response omnidirectional anemometry capable
of turbulence intensity assessments. The three ASHRAE TC
2.1 sponsored field experiments in the San Francisco Bay
Area [32,1031, Townsville [ 104-1061 and Montreal T107]
are examples of Class | investigations. Data in this class aliow
more careful examination of the effects of non-uniformities
in the environment, as well as of results across different
buildings which all have the same high quality data.

4.1. Evidence of adaptation wsing Class HI data

The typical cross-sectional fieid study of thermat comfort
consists of a questionnaire with rating scales administered to
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building occupants while simultaneously recording indoor
climatic variabies, the most important of which is air tem-
perature. Using a thermal sensatien or comfort scale, therma}
comfort is operationalized as a vole coinciding with the
scale’s central category ('neutral’, or ‘comfortable’, respec-
tively) { 108]. The ambient temperature found by statistical
analysis 1o most frequently coincide with this central rating
is referred to as that sample’s ‘nevtrality’ and is denoted here
as T,. Numerous such studies have heen published over the
years and have served as the basis for a series of widely cited
adaptive models.

A notabie review by Humphreys { 100] of 36 examples of
Class I studies from varicus countries around the world
uncovered a strong statistical dependence of thermal neutral-
ities (T,) on the mean levels of air or globe tlemperature { T,)
recorded inside the buildings:

T,=2.56+0.83T, {r= +0.96) (1

It was noted that building occupants were able to find comfort
in indoor temperatures spanning more than 1 3°C. Humphreys
{100} atributed this 1 the adaptive processes, concluding
that **...the range of recent experience is better regarded as
one of the factors which will contribute to the acceptability
of the environment to which the respondent is exposed’”.

The next development examined people’s adaptation to the
outdoor climale, based on Auliciems’ reasoning that both
indoor temperatures and occupants” thesmal expectations are
dependent, to varying extents. on outdoor temperatures
[109]. Humplreys {102] parameterized ‘outdoor climate’
as simple mean monthly temperature ( T,,) and analyzed the
data separately for ‘climate-controlled buildings' with cen-
tralized HVAC and “free running buildings’ which had nei-
ther centralized heating nor cooling (ie., naturally
ventilated) . The results are depicted in Fig. 1 with the follow-
ing best fit equations:

(free-running buildings)
T,=11.94+0.5347T,
(r=4+0.97) {2)

{ climate-controlled buildings)
T,=239+0295(T,—22)exp( — ((T,, —22)/(24\[2_) %)
{r=+0.72) (33

The influence of external climate on indoor neutralities is
particularly evident in the ‘free running’ buildings, where the
steeper regression model accounted for 94% of the variance
in neutralities. In comparison, climate-controlled buildings
had a less pronounced but still highly significant correlation
with outdoor mean monthly temperature.

Auliciems [65] conducted yet another analysis of the ear-
lier Class 111 studies by first deleting incompatible field stud-
ies from Humphreys® database. such as those based on
asymmetric rating scales or children as subjects and then
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Fig. 1. The statistical dependence of indoor thermal neutralities on climate
{1011

adding more recent studies that had been published since the
earlier work. These revisions brought the database up to 53
separate Class 111 field studies from various climatic zones in
Australia, Asia, the Americas and Europe. After pooling free-
running and climate-controlled building samples together, the
resulting linear regression eguation was:

{all buildings)
T,=0.487,+0.147,,+9.22 (r=0.95) (4}

m

Even though the regression coefficients may be unstable in
such a model due to intercorrelation between the two inde-
pendent variables, Eq. (4) represents a widely cited statistical
expression for the adaptive hypothesis of human thermal
perception.

While the statistical association between neutralities and
prevailing outdoor climate appears quite strong and convine-
ing in Fig. 1, the actual causal mechanism is still left in doubt
by these earlier ‘black box’ adaptive models. In the warm
climate studies (to the right-hand side of Fig, 1), behavioral
adjustments such as reduced clothing and metaholic rate and
higher air velocities (resulting from adjustments to fans or
operable windows}, guite possibly shifted thermal neutrali-
ties up the temperature scale. But this is only a speculation
in the absence of more rigorous data and is also only one type
of adaptation. More recent field studies and experiments ena-

bie us to begin quantifying the specific causal mechanisms
driving thermal adaptation indoors

4.2. Direct evidence for behavioral adaptation—adjustment

An early example of a study that examined behavioral
adaptation was conducted by Macfarlane [ 110] on subjects
born in the humid tropics of Australia. He showed that, by
utilizing behavioral adjustments such as wearing light cloth-
ing and restraining physical exertion, local inhabitants were
able to reach acceptable comfort in what—to immigrants
from cold climates—couid be quite uncomfortable, if not
stressful, combinations of heat and humidity, Fishman and
Pimbert [27] looked closely at weekly clothing patterns of
26 subjects in a UK office building for an entire year. Their
estimated clo values had a strong linear dependence on out-
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door weather and season. especially in the case of women
subjects, with a regression gradient of —0.02 clo units per
degree of outdoor mean weekly temperature. This supports
the hypothesis that the statistical dependence of indoor neu-
trality on outdoor climate may be due, in part, to behavioral
adpustments that directly affect the heat balance.

The influence of clothing adjustments on neutrality was
directly investigated by Humphreys {11171 and Nicol et al.
[1121, as part of a study of office workers in naturally ven-
tilated buildings in North West Pakistan. They found that the
office workers were comfortable across a wide range of sea-
sonal temperatures, with neutralities varying between 15.7°C
in winter and 26.4°C in summer and concluded that some
{half to two-thirds}, but not all, of the seasonal changes in
comfort temperature could be attributed to the flexibility in
the traditional Pakistani clothing worn. While this suppaorts
the hypothesis that people use clothing adjustments o adapt
to a wide range of temperatures, it also suggests that there
may be additional non-behavioral ways in which people
adapted to the environment.

Nicoland Raja [ 113} looked at temporal patterns in behav-
ioral adjustments and found that clothing changes were more
strongly dependent on the succession of outdoor temperatures
that occurred prior to the measurement, compared to the
instantaneous or daily mean outdoor temperature, or the
instantaneous indoor temperature. Baker and Standaven [ 13]
found a similar pattern, where ciothing was not typically used
to improve comfort on an hourly basis, but was more strongly
based on people’s expectations in the morning about what
the external thermal conditions might be that day. The Nicol
and Raja [113]} study also found a significant correlation
between temperature and posture as an adaptive behavior. As
it got warmer, the posture changes would tend to reduce the
effective insulation of the clothing, while increasing the effec-
tive body surface area available for sweating,

In addition te adjusting oneself to the environment, one
can directly manipulate the environment itself. Baker and
Standeven [ 13,53} used hourly questionnaires to ask whether
subjects had made adjustments to their clothing or to furni-
ture, doors, windows, shades, fans or any other part of the
building to improve their comfort. Results indicated exten-
sive occupant interaction-for 23 subjects in 7 buildings,
over a total of 864 h—there were a total of 273 adjustmments
to controls or other environmental aspects of the room and
62 adjusiments to clothing. Benton and Brager [ 114} con-
ducted a field study of thermal comfort which addressed the
availability, use and effectiveness of both personal and envi-
ronmental behavioral adaptation. While environmental mod-
ification mechanisms such as operable windows, blinds, or
heaters were infrequently cited, when they were operated they
consistently received high ratings for effectiveness. Personal
behavioral mechanisms such as ‘take a break’, or ‘het or cold
drink’ received the highest number of citations, even though
they vielded slight improvements in thermal comfort. When
asking specifically whether the subject had made changes
during the last hour prior to filling out the survey, Benton and
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Brager { 114] found thatonly 12% of the people had adjusted
their clothing, although when they did it was givena refatively
high effectiveness rating.

4.3, Direct evidence for psychological adaptation—
expectation

Psychological adaptation refers to an altered perception of,
of response (o, the thermal environment, resulting from one’s
thermal experiences and expectations. The role of personal
controf has beer frequently cited as a key Tactor influencing
this adaptive mechanism, Paciuk {61] provided a direct anal-
ysis of the distinction between available control (adaptive
opporiunity), exercised contro! (hehavioral adjustment} and
perceived control (expectation} and found that perceived
degree of control was one of the strongest predictors of ther-
mal comtort and had a significant impact on both comfort
and satisfaction. This finding was also supported by the work
of Williams [115] in her study in office buildings in the
Northwest of England, where subjects expressed higher leyv-
els of satisfaction when they perceived themselves to have
more control over their environment. Perception of control
can be influenced by a variety of building features, including
the envelope, mechanical systems and occupant density pat-
ierns. A good example of the latter comes from Leaman and
Bordags [116], who administered & standardized question-
naire to thousands of office workers across the UK, including
a 7-point bipolar scale asking respondents to rate their per-
ceived degree of environmental control. The results revealed
a strong inverse relationship between perceived control and
the number of persons sharing the same space.

The role of personal control on expectation and thermal
response has important implications in naturally ventilated
vs. centrally air-conditioned buildings. The adaptive hypoth-
esis implies that if occupants in a centrally-controlled build-
ing have generally experienced fairly constant and uniform
conditions, with limited opportunities for personal control,
then they not unreasonably expect their buitding to automat-
ically provide them with perfect comfort. And when it fails
to meet those expectations, they will be more likely to judge
that building harshly compared to a sitvation were they had
control over those conditions. Evidence of this was presented
by Paciuk [60,61]}, who found that personal or environmental
adjustments in air-conditioned buildings actually had a small
negative effect on satisfaction. Gagpe and Nevins [25] and
Elder and Tibbott [ 117] both found very widespread thermal
dissatisfaction among the occupants of North American air-
conditioned office buildings that were subjected to setpoint
adjustments of anly a few degrees. In a study conducted by
Biack and Milroy { 1 18] in both air-conditioned and naturally
ventilated office buildings in London, occupants in central-
ized air-conditioned buildings expressed more complaints
about minor temperatoge fluctuations, even though the natu-
rally ventilated buildings experienced much greater variabil-
ity. In a year-long study in a mixed-mode UK office building,
Fishman and Pimbert [27) found that, as lemperalures rose
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Thermal comfort experiments in the field: obhserved and predicted nenwalities in relation o outdoor climate

Location and season Reference Control strategy

Mean oustdoor lCiﬂpCI'ﬂlUl'C

Neutral temperature (°C) PMV residun) * (°C)

(") —
Observed newrality PMVY model
Metbowrne-sumimer 1301 NV 19.8 218 239 + 2.1
Metbourne -summer [30] AC 203 337 233 + 0.8
Brisbane-summer [ 30] NV 249 25.6 25.0 —~{1.6
Brisbane-summer [30] AC 24.4 239 2401 4.2
Darwin-dry 301 AC 25.2 2472 334 -6
Darwin-wet 1301 AC 28.9 239 342 +(.3
San Francisco-winter [32] AC 12.8 221 337 + 0.4
San Francisco-stmmer 132) AC 187 226 34 +.8
Townsville-dry [ 105] AC 19 4 24.2 230 —12
Townsville-wet [105] AC 27.0 24.6 236 - 1.0
Montreal-summer [107) AC 18] 240 134 —0.6
Mositreal-winter [107] AC —6.0 231 220 - 11
Heng Kong-summer [ 123} AC 277 23.5 131 —0.4
Hong Kong-winter {1233 AC 16,6 21.2 207 +0.5
Bangkok 134] NV 28.6 28.5 251 -34
Bangkok {34] AC 303 24.5 237 —.8
Singapore {35} NV 271 28.5 257 -12.8
Singapare {351 AC 27.4 24.2 244 +4.2

* Residual = predicled — observed.

above 24°C, peopie in centraily air-conditioned work areas
began voting much higher on the thermal sensation scale than
their colleagues in the naturally ventilated work areas, sug-
gesting that they were less tolerant of higher temperasures
and expected a higher standard in the thermal environment.
Rowe et al. [40] locked at studies in air canditioned buildings
and naiurally ventilated buildings both with and without sup-
plementary on-demand cooling and heating equipment. He
found a significantly higher level of satisfaction in the natu-
rally ventilated buildings with additional supplementary con-
trol and concluded that people have a wider tolerance of
variations in indoor thermal conditions if they can exert some
control over them.

Similar patterns can be found in thermal comfort field
studies of homes vs. office buildings, where a multitude of
contextual factors, including perceived control, might influ-
ence expectation and thermal response, Hunt and Gidman
(119] found an unusually low average househeld tempera-
ture of 15.8°C in a national survey in the UK and suggested
that residences were motivaled to use adaptive mechanisms
to stay comfortable at these lower temperatures in order to
reduce their heating bills. Cena et al. [ 120] studied the ther-
mal comfort of healthy. independently living elderly subjects
in their own homes. Neutralities were much fower than pre-
dicted by PMV and analysis suggested that the subjects psy-
chologically adjusted to the cool thermal environment in their
flomes. Oseland [38.39] conducted a large number of field
studies in UK homes and offices using a variety of methods
and consistently found that thermal neutralities and prefer-
ences were significantly lower in the homte compared to the
offices and the differences could not be accounted for by
changes in clothing. activity, or air velocity. Similar findings

were reported by Pimbert and Fishman [121}, where pre-
ferred temperatures in UK homes were up to 2°C cooler than
those in offices, All of these patterns support the notion that
people grow to accept the thermal conditions to which they
become accustomed to [ 122] and that this acceptance might
be influenced by factors such as personal control, energy bills,
or concern for the environment and the associated societal
pressures Lo conserve energy [ 1207,

4.4, Analyzing neutral temperatures with Class I and Class
H data

As noted earlier, Humphreys’ and Auliciems’ analyses of
Ciass I field studies had the advantage of looking at cumu-
lative data from multiple field studies conducted in a range
of climates, but were limited in their ability to determine the
causal mechanisms behind the apparent adaptation. And
while the field studies described in Sections 4.2 and 4.3 were
able to look at specific mechanisms, such as behavioral
adjustments or perceived control, each study was conducted
n a limited climate and building context. The next step in
evaluating field evidence for thermal adaptation uses results
from & range of Class I and Class II field studies that have
measured atl the environmental and personal variables nec-
essary as inputs to the traditional heat balance models. By
comparing observed and predicted thermal responses, one
can then distinguish between the influences of behavioral
adaptive mechanisms that are accounted for in the heat bal-
ance models (i.e., clothing, air movement, etc.) and psycho-
logical adaptive mechanisms which are not.

Table | summarizes the results from 18 Class I and Class
I} field studies (listed in chronologiczal order), conducted by
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seven research teams in a range of climates and seasons and
m both air-conditioned and naturally ventilated buildings
130.32,34,35,105,107,123]. These particular field studies
were selected because of their consistent methads, including
mstrumentation, questionnaire, protocols and analysis, This
permits chimatic and contextual effects to be disentangled
from the dozens of methodological artifacts that potentially
confound earlier investigations. Neutral temperatures are
listed as observed and predicied using the PMV model [18].
The differences between predicted and observed neurralities
are also listed, with positive numbers indicating that neutral-
ities were over-predicted by the PMV model. It should be
noted that the PMV predictions may differ from those pre-
sented in the original publications, because all caleulations
reported here increased the average clo values by 0.15 clo
units, to account for the insulation value of a typical office
chair [47]. In most cases. this had the net effect of lowering
the PMV model’s predicted neutrality by over a full degree.

While the original publications can be referred to for the
details of each study, an immediate chservation here is that,
with Lhe exception of Brisbane, the largest discrepancies
between PMV-predicled and observed neutralities occur in
the naturally ventilated buildings. The poor predictive capa-
bilities of PMV in these buildings implies that adaptive proc-
esses other than behavioral adjustment ( which are accounted
for in the heat balance models) must be occurring and expec-
tation seems the most likely explanation since acclimatization
has all but been eliminated by laboratory experiments. The
naturally ventilated buildings probably had occupants who
perceived a higher degree of personal environmental control
by comparison to their counterparts in centrally air-condi-
tioned office buildings. Within the adaptive hypothesis, such
buildings would be expected by their occupants to provide
variable indoor temperatures and therefore be judged less
critically than centrally air-conditioned buildings.

5. Discussion
5.1. Thermal comfort predictive models

Itis our view that the adaptive and heat balance approaches
to modeling thermal comfort are complementary, rather than
contradictory. At some level. the static heat balance model
can be considered as pardally adaptive in the behavicral
sense, since it accounts for clothing and indoor climatic par-
ameters which can be adjusted by the occupant. As a result,
the heat balance model does. in fact, predict comfort temper-
atures moving in the direction of prevailing outdoor cli-
mate—as seen in the offset of winter and summer comfort
zones that result from differences in seasonal clothing pat-
terns {7]. The limitation here is that the input variable of
clothing level is the only underlying basis or cause for the
shift in temperature, The heat balance model does not account
for the feedback that might initiate this or other behavioral
responses, nor does it account for the contextuaily related
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expectations. On the other hand. while the earlier adapiive
models describe an empirical relationship between neutral
temperatures and exposures to both the mdoor and outdoor
climaltes, they are unable to articuiate the underlying causal
relationships. We believe that only through a combination of
the features of both these modeling approaches will we even-
tually be able to account for both the thermal and non-thermal
influences on occupant response in real buildings.

Given (hat heat balance models account. 1o some extent,
for the effects of behavioral adjustments, the challenge in this
area is twofold. First, when using the model to assess existing
thermal comfort conditions, it 15 critical that field methods
accurately measure thermal conditions directly at the occu-
pant’s focation in space and time and that careful assessments
are made of activity and clothing levels, including the effect
of the chair. Secondly, when the mode! is used to predict
thermal conditions resulting from design decisions, one needs
to carefully estimate what the anticipated clothing and activ-
ity levels will be and how people s use of local environmental
controls wilt affect the indoor thermal environment, It is this
Jatter point that is possibly the more formidable and the area
where an adaptive model could make an important contri-
bution by taking account of the feedback loop between dis-
comfort and purposive behavioral thermoreguiation. This
would eliminate the need, in some cases, to guess what the
clothing patterns of future, unknown occupants might be.

3.2, Natural ventilation vs. air-conditioning

Our review of field evidence for thermal adaptation shows
a clear distinction between the responses of occupants in
naturally ventilated buildings as opposed to air-conditioned
buildings. The data also showed that this difference conid not
be entirely accounted for by adjustments to clothing or activ-
ity. The most plausible explanaiion for these differences is
the contextual influence of thermal history and its effects on
expectations—past thermal experiences in a building create
a benchmark for expectations of future thermal performance.
In naturally ventilated buildings. indoor temperatures more
closely maitch the diurnal and seasonal variations in outdoor
temperatures. People recognize this, relax their expectations
or individual ‘comfort criteria’ and not only become more
tolerant of the more varied, dynamic and non-uniform indoor
conditions, but often prefer having a closer connection with
weather and seasonal changes. Comfort ultimately depends
on the degree to which the environment matches and contrib-
utes o our expectations and studies have consistently shown
that this is strongly affected by our sense of whether or not
conditions are under our control [61,124-127],

Expectation plays a role for occupants of air-conditioned
buildings as well, but in a different way. Here, thermal history
comprises consistently cool, constant, uniform conditions,
creating more stringent comfort criteria while biasing expec-
tations towards constant HVAC setpoints rather than daily or
seasonal fluctuations. Air-conditioned occupants were basing
their evaluations on the benchmark of their own preconcep-
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tions of what air-conditioning shouid achieve { an expectation
of constancy), rather than on what it actually provided. In
effect, this suggests that increasing Jevels of sophistication in
environmental contrel systems and building services are on
a treadmill of attempting to satisfy increasingly stringent
occupant expectations [ 124].

5.3, Building controfs

The advantages of developing envirommental control algo-
rithms based on an adaptive comfort model include: (1)
ability to be implemented inte either new or existing buildings
as a relatively low-cost retrofit strategy; (2) potential energy
savings by allowing setpoint temperatures to track the out-
door weather and climate, particularly in the less extreme
Spring and Autumn seasons: {3} comfort improvements, by
relating more directly to context-dependent and variable pref-
erences of the occupants: and {4) a more integral approach
to designing buildings that can operate along a continuum
between passive and active modes of operation [128]. Ide-
ally, adaptive building controls would strike a balance
between fully autornated controls at the system side and man-
ual controls that the users are able to aiter [129].

Current control strategies typically adopt a building-cen-
tered, energy-consuming approach that focuses on creating
constant, uniform neutrality-conditions which might actually
be perceived hy some as thermal moncteny or sensory dep-
rivation {130]. In contrast, a person-centered approach
would purposely provide, or at least permit, variability across
time and space. Spatiaily, we might design for thermally
differentiated areas to allow for individual thermal require-
ments [ 130,131}, Temporally, we might permit a gradual
drift of indoor temperatures towards outdoor conditions in a
way thal would enable and encourage adaptations such as
clothing changes and use of operable windows [132,1331].

Auliciems {132] was the first to propose such an adaptive
algorithm, premised on the adaptive model described in Eq.
(4}, and suggested that the averaging period for the algo-
rithm’s temperature inputs shouid be a running mean based
on hourly observations across the preceding fortnight. More
recently, Humphreys and Nicol [133] proposed a similar
adaptive algorithm for UK office temperatures, in which an
outdoor temperature index is defined by combining current
outdoor temperature with an exponentially-weighted running
mean of the preceding week's daily mean outdoor tempera-
ture in a ratio of 3:7. This outdoor temperature index (T,;) is

then used to specify the target indoor temperature { 7;) using
the following relation:

T,=0.534T, + 12.9 (5)

Nicol and Roaf [ 134] also proposed an adaptive algerithm,
suitable for Pakistan. using a simple outdoor temperature
catculated from the preceding month (7}

71=0.387,+17.0 (6)

03

One concern regarding both Egs. (5) and (&) might be that
they represent an air-conditioning application of regression
equations derived from naturally ventilated buildings. Their
suitability fora control algorithm is therefore uncertain, given
the different levels of adaptive opportunity and thermal
expectlations among occupants in these two quite distinct
archifectural contexis.

5.4. Thermal comfort standards

As mounting evidence confirms that thermal perceptions
are affected by recent thermal experiences, it seems increas-
ingly unreascnable to expect that a universal standard can be
applicable for all people. all buildings and all climate zones
{21}, Current comfort standards tend to discourage or pre-
clude the design of nawrally ventilated buildings because,
without accounting for the effects of expectation and higher
levels of perceived contrel on thermal satisfaction, they pre-
dict that the more variable conditions found in naturally ven-
tilated buildings will be uncomiortable. They are also limited
in their usefuiness to building designers who want to use
thermal qualities to help shape their design decisions. Being
based solely on a goal of ‘neutrality’, regardless of context
or the nature of the design problem, these standards disregard
the more dynamic, experiential qualities of the indoor envi-
ronment that may also be appropriate design goals [ 135].

An adaptive model is needed te modify existing standards
to more appropriately account for contextual effects. A var-
iable temperature standard would link indoor temperatures to
the climatic context of the building, thereby accounting for
past thermal experiences and thermal expectations of their
occupants. ASHRAE has recently funded work in this area
in which new analysis of existing data collected from Clags [
and Class Il field experiments worldwide produced a proposal
for a variable temperature standard. A unique feature of this
work is that the proposed standard takes two different forms
for centrally-controlled air-conditioned buildings vs. natu-
rally ventilated buildings {991,

6. Conclusions

The adaptive approach to modeling thermal comfort
acknowledges that thermal perception in ‘real world’ settings
is influenced by the complexities of past thermal history, non-
thermal factors and thermal expectations. Thermal adaptation
in the built environment can be attributed to three differeat
processes—behavioral adjustment, physiological acclimati-
zation and psychological habituation or expectation.
Evidence reviewed in this paper indicates that the slower
physiological process of acclimatization appears not to be so
relevant to thermal adapiation in the relatively moderate con-
ditions found in buildings, whereas behavioral adjustment
and expectation have a much greater influence and should

therefore be the focus of future research and development in
this area.
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One of the mostimportant findings from our review of field
evidence was the distinction between thermal comfort
responses in air-conditioned vs. naturally ventilated build-
ings. Analysis suggested that behavioral adaptation incor-
porated in conventional heat balance models could only
partially explain these differences and that comfort was sig-
nificantly influenced by people’s expectations of the thermal
environment. Occupants n naturally ventilated buiidings had
more relaxed expeclations and were more (olerant of temper-
ature swings, while also preferring temperatures that tracked
the outdoor climatic trends. In contrase, occupants in closely
controlled air-conditioned buildings had much more rigid
expectations for a cool, uniform, thermal environment and
were more sensitive (e conditions that deviated from these
constant setpoints. These contextual differences most likely
resulted from a combination of past thermal history in the
buildings and differences in fevels of perceived control, It is,
therefore, essential that adaptive algorithms for comfort con-
trol utilize regressicns from the architectural context for
which they are intended. Regressions based on data from
naturally ventilated buildings will probably be unsuttable as
a control algorithm for air conditioned buildings in which
adaptive opportunities are severaly constrained,

There are numerous benefits to be gained from an improved
understanding of the influence of adaptation on thermal com-
fort in the built environment. These potentially include
improved predictive models and standards, more sophisti-
cated and respensive environmental control algorithms,
enhanced levels of thermal comfort and acceptability among
occupants, reduced energy consumption and the encourage-
ment of climatically responsive building design. These ben-
efits can best be achieved through an ongoing, open dialogue
and collaboration between the proponents of the ‘adaptive’
vs. ‘heat balance’ approaches and we hope that our paper has
provided a foundation for that to accur.
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