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Developing an Adaptive Model
of Thermal Comfort and Preference

Richard J. de Dear, Ph.D. Gail Schiller Brager, Ph.D.
Member ASHRAE
ABSTRACT uniformly through space and time. They are based on a static

model of thermal comfort that views occupants as passive
ecipients of thermal stimuli driven by the physics of the
ody’s thermal balance with its immediate environment, and

The adaptive hypothesis predicts that contextual factor
and past thermal history modify building occupants' therma

warmer indoor temperatures than people living in cold chmatemal comfort standards such as the curlBNSI/ASHRAE

zones. This is contrary to the static assumptions underlying tr§tandard 55-19921992) that prescribe relatively constant

current ASHRAE comfort standard 55-92. To examine thFﬁdoor design temperatures with, at most, a slight seasonal

adaptive hypothesis and i_ts implications for Star_1dard 55-92 ifference to accommodate differences in summer and winter

Ejhet ABSHR?E Rti'884 Froje? a;sf;elgbled a qualt'w'cor;go!fglothing patterns. These standards have come to be regarded
atabase from thermal comtort TI€'d EXperments woridwide, o universally applicable across all building types, climate

(circa 21,000 observations from 160 buildings). OurstatlstlcalZones and populations (e.g., Parsons 1994). But many

analysis examine_d the semantigs of thermal comfort in terrT?‘t':ésearchers are beginning to challenge the assumption of
of thermal sensation, acceptability, and preference, as afun%’niversality arguing that it ignores important cultural
tion of both indoor and outdoor temperature. Optimum indoor ' '

climatic, social, and contextual dimensions of comfort, lead-

temperatures tracked both prevailing indoor and outdooring to an exaggeration of the need for air conditioning (Kemp-

temperatures, as predicted by the adaptive hypothesis. Tl?gn and Lutzenhiser 1992)

static predicted means vote (PMV) model was shown to be . . . . . .
P ( ) Growing dissatisfaction with static comfort temperatures

partially adaptive by accounting for behavioral adjustments,and the ensuing environmental impact caused by mismanage-
and fully explained adaptation occurring in HVAC buildings. 9 P y 9

; . - ment of energy resources, has prompted interest in a variable
Occupants in naturally ventilated buildings were tolerant of a

L . . indoor temperature standard to supplement the current Stan-
significantly wider range of temperatures, explained by a

L . . . (iiard 55. A variable indoor temperature standard, based on the
combination of both behavioral adjustment and psychological . .
adaptive model of thermal comfort, would have particular

adaptation. These results formed the basis of a proposal for a . . L
variable indoor temperature standard. releva_nce to .na}turally ventilated buildings and othersngauons
in which building occupants have some degree of indoor
climatic control. A variable temperature standard links indoor
INTRODUCTION temperatures to the climatic context of the building and
Current comfort standards are intended to optimize th@ccounts for past thermal experiences and current thermal
thermal acceptability of indoor environments. Unfortunatelygxpectations of their occupants.
they have tended to require energy-intensive environmental Ideally, a variable temperature standard would be based
control strategies and often preclude thermally variable solwen an alternative to traditional comfort theory, termed the
tions, such as many climate-responsive and energy-consemdaptive model of comfort, in which factors beyond funda-
ing designs, or innovative mechanical strategies that allow fanental physics and physiology interact with thermal percep-
personal control. These standards (ASHRAE 1992, ISO 1994ipn. An important premise of the adaptive model is that
prescribe a narrow band of temperature to be appliebuilding occupants are no longer regarded as passive recipi-
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ents of the thermal environment, as in the case of climatean successfully combine features of both the static and adap-
chamber experimental subjects, but rather, play an active rote’e models by incorporating behavioral, physiological, and
in creating their own thermal preferences. Contextual factorgsychological modes of thermal adaptation.

and past thermal history are believed to modify expectations This paper reports results from the ASHRAE RP-884
and thermal preferences. Satisfaction with an indoor climatproject—beveloping an Adaptive Model of Thermal Comfort
results from matching actual thermal conditions in a giverand PreferenceThe research is premised on the development
context and one’s thermal expectations of what the indoand analysis of a quality-controlled, cumulative database of
climate should be like in that same context (Auliciems 1981thermal comfort field experiments worldwide (see de Dear
1989, de Dear 19944, Nicol 1993). In short, satisfaction occu998 for more details on the RP-884 database). The specific
through appropriate adaptation to the indoor climatic environebjectives of RP-884 were to use this global database to:

ment. 1. Elaborate and define adaptive processes in the context of
The generic term adaptation might be interpreted broadly  indoor climatic perception.

as the gradual diminution of the organism’s response tg

repeated environmental stimulation. Within this broad defini-

tionitis possible to clearly distinguish three categories of ther-

mal adaptation (Folk 1974, 1981, Goldsmith 1974, Prosser .
1958, Clark and Edholm 1985): 3. Develop statistical models of thermal comfort based on the

various processes of adaptation, including adjustment,
acclimatization, and habituation.

Examine the semantics of thermal sensation, acceptability,
and preference scales within the context of an adaptive
model of thermal comfort.

Behavioral Adjustment. This includes all modifications
a person might consciously or unconsciously make thatin turn _ ) o
modify heat and mass fluxes governing the body’s thermd}l- Compare _these adaptive models with predictions of the so-
balance. Adjustment can be further sub-classified into called static models across the database.
personal (e.g., removing an item of clothing), technologicab. Propose a variable temperature standard that, in time, might
(e.g., turning on an air conditioner), and cultural responses eventually supplement and/or modify Standard 55.

(e.g., having a siesta in the heat of the day). This paper highlights the most significant findings of RP-
Physiological The most comprehensive definition of 884, while a more detailed treatment can be found in the

physiological adaptation would include changes in the physproject’s final report (de Dear et al., 1997).

iological responses that result from exposure to thermal envi-

ronmental factors, and which lead to a gradual diminution iBACKGROUND

the strain induced by su_ch exposure. Physio_logicc_a\l adaptation Brager and de Dear (1998) present an extensive literature
can be broken down into genetic adaptation (intergenergayiew on thermal adaptation in the built environment, elab-
tional) and acclimatization (within the individual’s lifetime). orating the different mechanisms of adaptation, linking the
Psychological The psychological dimension of thermal static vs. adaptive comfort theories through a conceptual
adaptation refers to an altered perception of, and reaction tmodel with interactive feedback loops, and presenting a wide
sensory information due to past experience and expectationange of both climate chamber and field evidence for the
Personal comfort setpoints are far from thermostatic. Relaxtifferent modes of adaptation. Many of the highlights of that
ation of expectations can be likened to the notion of habitu@revious work helped to clarify the conceptual approach and
tion in psychophysics (Glaser 1966, Frisancho 1981) whergnalysis of RP-884, and are presented here for background.
repeated exposure to a stimulus diminishes the magnitude of Of the three types of adaptation, behavioral adjustment of
the evoked response. the body’s heat-balance probably offers the greatest opportu-
In many commentators’ minds there is a belief that thaity for people to play an active role in maintaining their own
static and “adaptive” schools of thought are irreconcilableomfort (Nicol and Humphreys 1972, Humphreys 1994a).
(e.g., Auliciems 1989, Nicol 1993). The static heat balanc&he extent to which contextual factors offer building occu-
models are grounded in a fairly linear, deterministic logic, anghants scope to behaviorally interact with their indoor climate
are tested with extensive and rigorous laboratory experimentan be described in terms of adaptive opportunity (Baker and
yielding fairly consistent, reproducible results. But theStandeven 1994). This concept helps to differentiate those
simplistic cause-and-effect approach embodied in the statlwildings in which a deterministic relationship between the
approach is not so easily applied to the more complex envihermal environment and human response is applicabte
ronments within real buildings populated by real occupants afiose in which an adaptive feedback loop is fully operational.
opposed to subjects. Our opinion is that the adaptive perspegdaptive opportunity can be thought of as a continuum—at
tive complements rather than contradicts the static heabne extreme is the climate chamber, and at the other extreme
balance view. The heat-balance model is more correctlwe find the single-occupant room with full adaptive possibil-
regarded as a partially adaptive model, since it acknowledgéses from operable windows through to task-ambient air
the effects of behavioral adjustments made by occupants tmnditioning.
thermal environmental parameters, clothing, and metabolic The evidence for physiological acclimatization is more
rate. We believe that a variable indoor temperature standatkdoroughly documented for heat exposure than for cold, and
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for prolonged heat stress induced by a regimen of work in hed6 thermal comfort field studies worldwide produced one of
(Folk 1974, 1981, Fox 1974, Bruce 1960, Berglund andhe first, and most widely referenced, statistical relationships
McNall 1973, Givoni and Goldman 1973). Unlike most between indoor thermal neutralities and prevailing indoor
behavioral adaptation, where a person consciously takéemperatures. He found that building occupants were able to
corrective action when uncomfortable, acclimatization is arind comfort in indoor temperatures covering a broad band of
unconscious feedback loop mediated by the autonomimore than 13 K, and attributed this to the adaptive processes,
nervous system. As shown later in this section, a review of theoncluding that “. . . the range of recent experience is better
literature (Brager and de Dear 1998) demonstrated that accliegarded as one of the factors that will contribute to the accept-
matization is not likely to be a factor for the moderate range adbility of the environment to which the respondent is
conditions found in most buildings. exposed.” Subsequent work by both Humphreys (1978) and

Psychological adaptation encompasses the effects Awliciems (1981) found convincing evidence for a relation-
cognitive and cultural variables, and describes the extent &P between indoor thermal neutralities and outdoor climate,
which habituation and expectation alter thermal perceptiongarticularly in so-called free running buildings that had no
The role of expectation in thermal comfort research wa§entralized heating or cooling plant (i.e., naturally ventilated).
acknowledged in the earlier work of Mcintyre (1980), who  While this work has been widely cited as the first to reveal
stated that “a person’s reaction to a temperature, which is legs strong statistical association between neutralities and
than perfect will depend very much on his expectationsputdoor climate, the actual causal mechanisms were left
personality, and what else he is doing at the time.” Althouglinclear. To more rigorously test the relative influences of
the least studied of the three adaptive mechanisms, psychigehavioral, physiological, and psychological adaptive influ-
logical adaptation might actually play the most significant roleences, field researchers have to collect simultaneous measure-
in explaining the differences between observed and predicteglents of all of the input variables to Fanger’s predicted mean
thermal responses. This can be seen particularly in light afote (PMV) model (ISO 1994). de Dear (1994a) and Brager
different environmental contexts, such as the laboratory vé&nd de Dear (1998) present a meta-analysis of results from
home vs. office, or when comparing responses in air-condisuch field experiments conducted in both climate-controlled
tioned vs. naturally-ventilated buildings (Fishman and(air-conditioned) and free-running (naturally ventilated)
Pimbert 1982, Heijs and Stringer 1988, Busch 1990, de Deauildings located in a broad spectrum of climates and seasons
et al. 1991c, Rowe 1995, Oseland 1995). (Busch 1990, de Dear and Auliciems 1985, de Dear and Foun-

Climate chamber evidence against the effects of acclimdain 1994b, de Dear et al. 1991c, Donnini et al. 1996, Schiller
tization on thermal comfort in moderate thermal environmentst al. 1988). The purpose of the meta-analysis was to compare
comes from an experimental research design known as tleéserved comfort temperatures (based on sensation votes)
preferred temperature method, in which the temperatureith those predicted by the static heat balance model
within the chamber is directly controlled by its single subject(Fanger's PMV index). The PMV model predicted comfort
Using this technique, Fanger (1972 et al., 1977) tested subjedenperatures with reasonable accuracy in most air-condi-
with differing climatic experiences (winter swimmers, work- tioned buildings, but failed significantly in the naturally venti-
ers from a refrigerated storeroom, long-term inhabitants of thigted buildings, with the magnitude of the discrepancy
tropics, and control groups), and found that their temperatuigcreasing in the more extreme climate zones of the meta-anal-
preferences were all approximately the same. de Dear et akis. Since all basic physical parameters governing the body’s
(1991a) replicated Fanger’s tropical experiment with healieat balance were included in PMV's calculations, including
acclimated students on location in Singapore, and producédhbie previously ignored contribution of the insulating value of
similar results. Gonzalez (1979) also studied the role of natdbe chair, the mismatch between observation and prediction in
ral heat acclimatization during a five day humid heat wave imaturally ventilated buildings implicate adaptive factors
New Haven, Connecticut. He found that for exercisingoeyond the body’s heat-balance.
subjects there was a discernible increase in preferred temper- \hjle we have known for a long time that clothing was a
ature after the heat wave (Gonzalez 1979), but there were Ry input to the comfort problem (e.g., the clo inputs to
statistically significant differences in restiribjects. In  Fanger's 1970 PMV model), only a few studies have exam-
conclusion, on the basis of the majority of experimentajned field evidence of behavioral adjustment in the form of
evidence published to date, subjective discomfort and thermgjothing changes. Fishman and Pimbert (1982) found that clo
acceptability under conditions most typically encountered ialues had a strong linear dependence on outdoor weather and
residences and office buildings, by resting or lightly activeseason, especially for women. Humphreys (1994b) and Nicol
building occupants, appear to be unaffected by the physiology al. (1994) concluded that as much as one-half the seasonal
ical processes of acclimatization. changes in comfort temperature could be attributed to clothing

Although chamber studies have the advantage of careftilexibility. In a longitudinal study, Nicol and Raja (1996)
control, field research is best for assessing the potentiéund that clothing changes were more strongly dependent on
impacts of behavioral or psychological adaptations as theiye succession of outdoor temperatures that occurred prior to
occur in realistic settings. Humphreys’ (1975) early review othe measurement, compared to the instantaneous or daily
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mean outdoor temperature, or for that matter, the instant&: indoor climatic observations were comprehensive enough
neous indoor temperature, implying that we dress more for to enable heat-balance indices (the static model) to be
outdoor climate than indoor climate. By asking separate ques- calculated for each questionnaire respondent.

tions about availability, use, and effectiveness of a variety of 5 primary goal was to keep the internal consistency of the
behavioral adaptive mechanisms, Benton and Brager (199¢}tapase as high as possible. To this end, the RP-884 database
found that clothing adjustments were given one of the highegfas assembled from raw field data files instead of processed
effectiveness ratings. These findings all support the hypothey published findings, enabling us to apply a variety of quality
sis that the statistical dependence of indoor neutrality 0Bontrols and standardized data processing techniques. Since
outdoor climate may, in part, be due to behavioral adjustmentfie database is described in detail in de Dear 1998, the purpose
that directly affect the heat balance, rather than acclimatizgt the next section is to briefly outline its contents and the basic
tion or habituation. steps taken to ensure its integrity.

Evidence for psychological adaptation examines how .
contextual factors influence one’s perception of control an@ssemblmg the World Comfort Database
expectation, which in turn affect thermal response. Paciuk’s The raw data comprising the RP-884 database came from
(1990) analysis of available control (adaptive opportunity)four continents and a broad spectrum of climatic zones. Nearly
exercised control (behavioral adjustment), and perceivedl,000 sets of raw data were compiled from several locations
control (expectation) revealed that perceived degree of contrgd England and Wales, Bangkok, Thailand, several Califor-
was one of the strongest predictors of thermal comfort in officeian locations, Montreal and Ottawa in Canada, six cities
buildings, and had a significant impact in shaping both theracross Australia, five cities in Pakistan, Athens in Greece,
mal comfort and satisfaction. This finding was also supporte&ingapore, and Grand Rapids in Michigan.
by the work of Williams (1995), in which office workers Each complete set of raw data was structured within the
expressed higher levels of satisfaction when they perceivetitabase using the template developed in previous ASHRAE-
themselves to have more control over their environment. Thieinded research projects, particularly RP-462 in a Mediterra-
effect of air conditioning on perceived control, expectationnean climate (Schiller et al. 1988), RP-702 in a hot-humid
and resulting thermal response has been investigated lsjimate (de Dear and Fountain 1994c), and RP-821 in a cold
several other researchers as well (Rowe et al. 1995, Fishmalimate (Donnini et al. 1996). The data fields included:
and Pimbert 1982, Black and Milroy 1966, Rohles etal. 1977).
Their findings consistently indicate that people have a widet ~ thermal questionnaire responses (sensation, acceptabil-
tolerance of variations in indoor thermal conditions ifthey can  ity, and preference),
exert some control over them, such as in naturally ventilateti ~ clothing and metabolic estimates,
buildings. In contrast, people in large open-plan air-condi¢ ~ concurrent indoor climate observations (air and globe
tioned buildings, typically devoid of any individualized temperatures, air velocity, dew point, and plane radiant
control, had higher expectations for homogeneity and cool ~asymmetry temperature),

temperatures, and soon became critical if thermal conditiorts thermal indices (mean radiant temperature, operative
did not match these expectations. temperature, turbulence intensity, ET*, SET*, TSENS,

DISC, PMV/PPD, and PD draft risk) were recalculated
for each set of observations using the ASHRAE RP-781
software package known as the ASHRAE Thermal

Our literature review (Brager and de Dear 1998) indicated ~ Comfort Tool (Fountain and Huizenga 1996), _
that the overwhelming weight of evidence supporting humaf ~ outdoor meteorological observations including daily
thermal adaptation came from field research, rather than teémperatures and relative humidities at 600 hours and
climate chamber laboratory experiments. Therefore, the RP- 1500 hours, and daily effective temperatulg$] also
884 approach focused exclusively on field data, and began the Calculated with the software packafgxcluding the
process of assembling a database by sending a three-page ©ffécts of solar radiation).
guestionnaire on field research methods to most of the thermal . _ . . .
comfort research community currently or recently active in Of all thes_e variables, it was the c!othmg msula_tl(_)n e.St"
field research. On the basis of the questionnaire returns, Wnéate that p_rowded the RI.D'884 team with the mos_tdlfﬂculn_es,
requested data from researchers whose: since a variety qf estlmatlon methods_ were used in the various

database contributions. To standardize the database, clo unit

1. methods of measurement, both physical and subjectiveStimates based on either the Sprague and Munson (1974)
came as close as possible to laboratory-grade, method (also described in Mcintyre 1980), the ISO Standard
7730 (1984) method, or the ISO Standard 7730 (1994) method

2. data were structured to allow each set of questionnaitgere converted into their equivalents under the Standard 55
responses to be linked to a concurrent set of indoor artdchnique by using a set of conversion coefficients described
outdoor climate observations, and in de Dear (1998). Accompanying each clothing insulation

Methods
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estimate in the database was an indication of whether or not thad small sample sizes or that had uniformly hot or cold indoor
subject was seated at the time of their questionnaire responsemperature.

since McCullough and Olesen (1994) have indicated that this  Statistical analysis of subjective thermal sensation votes
has a significant effect on thermal insulation. An increment ofvithin each building were used to define thermal neutrality—
0.15 clo was added to the overall thermal insulation estimatie operative temperature found to correspond most closely
for all seated subjects to account for the insulating value of with the scale’s central vote of neutral. Neutrality was calcu-
typical office chair. lated for each building in the meta-analysis by the following

Once the field experiments supplied by original researchsteps:

ers had been quality controlled and standardized into the RR:  we binned the building’s indoor operative temperature
884 database template, they were broken down according to  gpservations into half-degree (K) increments, and analysed

season (summer/winter) and building type (centrally-  the bins' mean thermal sensation responses.
controlled buildings—HVAC), naturally ventilated buildings

(NV), and mixed-mode buildings. The classification of build- "
ings largely depended on the judgment of the original
researchers supplying raw data, but the main distinction mean thermal sensatigna + b « (ty)
between centrally-controlled HVAC and naturally ventilated
buildings was that individual occupants in the former had little™
or no control over theirimmediate thermal environment, while
occupants in naturally ventilated buildings at least had access Apart from neutrality, other information also was

to operable windows. It should be pointed out that most of thextracted from these regression models. Accepting the statis-
naturally ventilated buildings were only studied in thetical assumptions underlying Fanger’s PMV/PPD model
summer, and so the type of heating system was irrelevant. TEE970), our range of, corresponding with 80% acceptable
few that were studied in winter may still have had a heatin§hermal sensations was determined by solving each building’s
system in operation, but it was of the type that permitted occiiegression model for mean thermal sensation @5+close

pant control. The sample included too few mixed-mode buildto slightly cool or warm)The range of, corresponding with

ings to permit meaningful analysis, so the remainder of thi§0% acceptable thermal sensations was determined in a simi-

We fitted a weighted linear regression model between
sensations and operative temperattge (

Neutrality was derived by solving each building’s regres-
sion model for a mean sensation of zero.

paper refers exclusively to NV and HVAC buildings. lar fashion, by solving for mean thermal sensations0ob.+
In addition to observedeutralities for each building, the
Meta-Analysis Methods meta-file also contained neutralities predictsd Fanger’s

é1970) PMV heat-balance index. Our method consisted of

o o inputting each building’s mean values for each of the five
models was conducted at the scale of individual buildings, MV variables €, th, v, Iy + chair insulation,me} to the

which there were 160 in the database. The main reason for t SHRAE Thermal Comfort Tool software (Fountain and
aggregation was that several parameters critical to the objeg—

The statistical analysis underlying the RP-884 adaptiv:

. : : uizenga 1996). The PMWodel was then solved iteratively
tives of the project, such as thermal neutrality and preferre " . . . .
. . y adjustingt, (t; with t, linked) until the PMV output field
temperature, can only sensibly be derived from groupe
. “equaled zero.
comfort responses. Therefore, the RP-884 adaptive modeling . .
Preferred temperature was assessed directly in a subset of

exercise can be thought of as a meta-analysis of the S.ep.argrsebuildings in the RP-884 database with questionnaire items
statistical analyses conducted on each of the 160 bu”dmggsembling this:

within the database.
Several basic assumptions were made at the outset of the ~ “Atthis pointin time, would you prefer to feel warmer,
RP-884 meta-analysis. Field experiments with longitudinal cooler, or no change?”
research designs (repeated sampling of a few subjects) were The categorical responses to this question led us to probit
assumed to have independence between observations amthlysis (Finney 1971, Ballantyne et al. 1977) rather than
were statistically analyzed in the same way as cross-sectiorlalear regression. Separate probit models were then fitted to
research designs (once-off sampling of many subjects). For ale want warmer and want cooler percentages within each
statistical modeling conducted on the meta-file, each buildingalf-degree (K) operative temperature bin. Our operational
data point was weighted according to the number of questiomefinition of the preferred temperature within a particular
naire respondents it represented (i.e., sample size within tibelilding is the operative temperature corresponding to the
building). Derived statistical products such as a building’sntersection of the two fitted probit curves.
thermal neutrality and preferred temperature were appended The RP-884 work statement specified separate analyses
as new variables in the meta-file, but if the model or test if thermal comfort (assumed to be associated with specified
guestion failed to reach statistical significance at p < 0.05, thdnermal sensations) and preference. The rationale behind this
building registered a missing value code for that particuladistinction is known as the “semantic artefact hypothesis,”
variable in the meta-file. The effect of this significance crite-which suggests the preferred temperature in cold climates
rion was to eliminate from further analysis those buildings thatnay, in fact, be described as slightly warm, whereas residents
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of hot climates may use words like slightly cool to describeBehavioral Adaptations
their preferred thermal state. The RP-884 meta-file offers an

opportunity to examine this hypothesis in detail. To this end Clothing changes, metabolic rate, and air velocity were

. L . . | examined as indications of behavioral adaptations. A clear
a new variable, semantic discrepancy, was defined in OL?H P

meta-analysis as the temperature difference between a buiﬁﬁi?gtlg dofr?i?a::(e)ril t_:_wr?(ren:;zl aednadpetﬁil(\)/grti(;[lgr;:ov?/reflI[:r':s(tjebls
ing’s neutrality and its preferred temperatugg. ( 9 ' P ' 9 y

the number of observations within each building, is mean
intrinsic thermal insulation, including both clothing and furni-
ANALYSIS ture components, and presented in clo values. The error-bars

Numerous thermal indices have been developed by tH_gotted above and_be_low building means represent the build-
comfort research community over the years, ranging fror’9s’ Standard deviation.
relatively simple air and mean radiant temperatuted, ) In both the centralized HVAC and naturally ventilated
through to more complex heat-balance indices sudfitas  building samples of Figure 1, mean thermal insulation was
SET.and PMV. The four indices selected for use in the RP-884gignificantly related to mean operative temperature, but the
analyses were operative temperatugg, ET*, PMV, and  relationship was stronger in the case of the naturally ventilated
SET. While the Final Report presents the full set of thesebuildings, where 66% of the variance in the dependent vari-
results (de Dear et al. 1997), for brevity the results in thigble was accounted for by the model 6.81, p < 0.0001).
section will be confined to the first of these results since itn such buildings, mean thermal insulation decreased, on aver-
achieved the best correlations with thermal sensation votes &ge, by 0.1 clo units for every 2 K increase in the building’s
the largest number of buildings in the database. A possibl@ean indoor temperature (less than half as sensitive as
explanation for this diminution of statistical significance aspredicted by the PMV model when adjusting clo units alone).
the thermal index becomes more complex is behavioral adap- The metabolic rate of building occupants was another
tation. When occupants use clothing adjustments to compepehavioral parameter investigated for possible relationships
sate for inter-individual differences in thermal preference, theith indoor temperature, but in both centralized HVAC and
more complex indices that account for these adjustments, sughturally ventilated building samples, the regression models
asSET and PMV, tend to have a more restricted range than igere insignificant and ran horizontally through the mean
the case with simpler indices that ignore clo units altogethgnetabolic rate of about 1.2 met units, regardless of indoor
(e.9.,t,). When used in a regression analysis, a diminishegemperature.
range of the independent thermal index variable might be  \1aan indoor air speed measured within each building

expected to reduce the statistical significance of any relation; the same times and locations as subjective thermal ques-
ship with a dependent variable such as thermal sensation VOt& nnaires represents another indication of behavioral

For the sake of simplicity, the results in this paper aradjustment to indoor temperature. Building occupants,
confined just to those buildings that were classified as eithgrarticularly in naturally ventilated buildings, might be
having centralized HVAC systems or natural ventilation.expected to increase general air movement within their
Buildings falling outside either of these categories were tooccupied zone, either through operable windows or fans, as

few to permit any meaningful statistical analysis. air temperatures increased. Figure 2 shows the regression
buildings with centralized HVAC buildings with natural ventilation
1.8 1.8
16+ 16 +
S 14 S 14
) O
= 12 + = 12—
o =
c © 1
e 10~ § 1.0
(e}
5 0.8+ o 087
+ c
S 06 £ 06
© o
S 04 S 04
clo=173-0.04*t 02 C07208-0057%
02 =~ nUTee o “ R?=0.66, p=0.0001
o | RE=0:18 p=0.0001 0.0 > PR | |
10 15 20 25 30 35 10 15 20 25 30 35
mean indoor operative temperature (°C) mean indoor operative temperature (°C)

Figure 1 Clothing as an indicator of behavioral adaptation. Dependence of mette() thermal insulation (clothes and
chair) on mean indoor operative temperature.
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buildings with centralized HVAC buildings with natural ventilation
1.0 1.0
- v=-0.56+0.03*t, . v=0.008 M7t
@ 2 _ _ %) 2
2 R?=0.34, p =0.0001 L =
£ 08 P £ g  R=053 p<005
= 2
o ©
o 0.6+ o 06+
= g
8 04+ 8 04
=} ©
c £
c g
T 02 S 02
E g
o §
0.0 f Be 0.0 | | -
20 21 L 26 27 10 J 15 Hzo is —30 35
mean indoor operativé temperature (°C) mean indoor operative temperature (C)

indoor operative temperature.

Figure 2 Air velocity as an indicator of behavioral adaptation. Dependence of mean (zstdev) indoor air speeds on mean

TABLE 1
Thermal Sensation and Indoor Temperature
Centrally Heated/ Naturally Ventilated
Air-Conditioned Buildings Buildings
Number of Buildings 109 44
(2 missing values) (1 missing value)
Number of Buildings with Regression Models 63 36
Achieving 95% Significance (57.8% of total) (81.8% of total)
Mean (xstdev) Model Constant —11.96 —6.65
(a = y-intercept)* (#5.839) (#3.572)
Mean (zstdev) Model Gradient (b)1L 0.51 0.27
(£0.248) (£0.134)

Note: Summary of the weighted linear regression of mean thermal sensation on indoor operative temperature.

1. Based on building models (y = a + hgJ achieving 95% statistical significance or better.

analyses for the two classes of building. Mean air speedsstricted range of temperatures observed in the latter class of
recorded in the HVAC buildings generally were confined tobuildings. The gradient of the regression model is related to
the region below 0.2 m/s, as prescribed in Standard 55. Thke sensitivity of mean thermal sensation to indoor tempera-
naturally ventilated buildings, on the other hand, recordedure, and the results in Table 1 suggest that occupants of
speeds above this draft limit when indoor temperaturesentralized HVAC buildings were twice as sensitive to
extended beyond the upper temperature limit of 26°C inemperature deviations away from optimum, compared to
Standard 55. The best-fit regression line for the sample dheir naturally ventilated counterparts, with the difference
naturally ventilated buildings was an exponential modebetween the two sub-samples being statistically significant (T
that achieved a correlation of r = +0.73, (p<0.05). =5.37, df = 97, p<0.001).
) - Solution of each building’s regression model for zero

Thermal Sensation, Acceptability, and Preference defines thermal neutrality, and the adaptive hypothesis

Weighted linear regression models were fitted to the relasuggests that neutrality should drift toward the mean indoor
tionship between thermal sensation and indoor operativiemperature. Figure 3 shows graphs of the statistical relation-
temperature for each building. Table 1 summarizes the mode$§ip between indoor neutrality and building mean indoor oper-
separately for the centralized HVAC and naturally ventilatedative temperature, and the statistically significant correlations
building samples. Table 1 also indicates that naturally ventir = +0.5 ~ +0.6) in both cases lend support to this adaptive
lated buildings were more likely than centralized HVAC hypothesis.
buildings to achieve a statistically significant regression The adaptive hypothesis was noted in the background to
model for thermal sensation votes, possibly due to thepredict thermal adaptation to the outdoor climate, as well as
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buildings with centralized HVAC buildings with natural ventilation
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Figure 3 Neutrality and indoor temperature. Dependence of indoor neutral temperatures on the mean operative
temperature prevailing inside the building at the time of survey.
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Figure 4 Neutrality and outdoor temperature. Dependence of indoor neutrality on mean temperature recorded outdoors
during each building survey.

the indoor. If valid, this hypothesis can explain the tendencgt al. (1988), we found the difference in slopes between HVAC
for indoor neutrality to increase as outdoor climate becomeand NV sub-samples in Figure 4 was statistically significant
warmer, and would predict this relationship to be stronger ifT = 3.25, df = 101, p<0.01).

buildings where people are more connected to the natural Preferred temperatures were extracted from those build-
swings of the outdoor climate (i.e., naturally ventilated buildings in the database in which the questionnaire included the
ings). Figure 4 statistically tests this hypothesis using mea@ppropriate item. In such cases, it was possible to examine the
outdoor daily effective temperatur&€T¥) as the index of difference between building occupants’ neutrality and their
outdoor climate. The range of average neutralities in thBareferred operative temperatures. This enabled closer exami-
HVAC building sub-sample was generally confined tohation of the semantic artefact hypothesis that pred_icts that
between 21°C and 25°C, compared to 20°C~27°C in the natggople prefer warmer-than-neutral temperature_s in cold
rally ventilated buildings. Both sub-samples' regressiorflimates, and cooler-than-neutral temperatures in warmer
models achieved statistical significance, but the gradient Oq!lmates. Regr_ess_lon models were f|tt_ed separately to the
the naturally ventilated buildings was more than twice tha?'gned semantic discrepancy for centralized HVAC and natu-

found in the centralized HVAC buildings. Using the methodr.ally v_ent_ﬂgted bundlngs, butorlly the former achieved statis-
. ; : . tical significance (r = +0.62, p = 0.0001):
for comparing gradients of two straight regression models semantic discrepancy in HVAC buildings =

based on separate regression fits, as described by Kleinbaum

\ @
—0.95+ 0.07x ( outdoorET )
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According to this model, occupants of a centrally-
controlled HVAC building in a climate zone with a mean
outdoor effective temperature of 0°C registered a temperature
preference that was about one degree warmer than their the+ : : '
mal neutrality. At the other extreme, occupants of a centrally-§ : oo s : R
controlled HVAC building in a climate zone with a mean
outdoor ET* of 28°C expressed a preference for indoor © | : : ‘
temperatures one degree cooler than neutrality. This seerril i : ! A
ingly theoretical question of semantics has a bearing on th¢2
practical outcomes of RP-884 in that we view preference as
being a more appropriate indicator of one’s optimum thermal 0
condition than the customary assumption of neutral thermal
sensation. We can now statistically account for preference by
defining optimum temperatures in terms of neutrality, plus the
correction for the semantic artefact. Figure 5 indicates thatFigure 6 Thermal acceptability. Thermal acceptability
correcting HVAC buildings’ optimum temperatures has the ratings of buildings show no relationship to the
effect of decreasing their sensitivity to outdoor temperature. compliance of their indoor climates with the

27 Standard 55 comfort zone prescriptions.

NV and HVAC buildings combined

o
v}
-
2 60
&
&)
]

0 20 40 60 80 100
% indoor climate observations falling
within ASHRAE 55-32 comfort zones

S . ‘ semanﬁ; in Figure 6. Admittedly, the total number of buildings in which
correction this comparison could be performed was relatively small.
% ‘ § ‘ P Nevertheless, the insignificant line-of-best-fit (at about 80%
acceptability in Figure 6) suggests that compliance with the
Standard'€T* prescriptions had little bearing on how build-
T ings were rated by their occupants.
T - 323{;‘;‘@ model for The limited availability of the direct thermal acceptability
. ] questionnaire item across the RP-884 database, combined
21 * semantic | —{1— adaptive model . . B . _ A i _ .
T mﬂ ) including semantics with insignificant relationship between ratings and objective
20 - 1 ‘ ; | indoor climatic observations (Figure 6) led us to develop an
-5 0 5 10 15 20 25 30 35 alternative quantification of building thermal acceptability. In
mean outdoor effective temperature (°C) particular, we needed some empirical basis for defining the

Figure 5 Thermal sensation vs. preference. The effect ofrange of acceptable temperatures within buildings. Our

24 |

23 |

22 7

comfort temperature ( °C)

the semantic artefact on comfort temperatures
inside buildings with centralized HVAC systems
is to decrease their sensitivity to outdoor
temperature. The adaptive neutrality model
came from Figure 4 and the semantic correction
factor between neutrality and preference came

approach was to accept one of the underlying assumptions of
Fanger's PMVPPD indices, namely that a group mean ther-
mal sensation between the limits f0.85<PMV<+0.85
corresponds with a predicted percentage dissatistied) of

20%. A more stringent level of acceptabiliBPD<10%, is
assumed in Fanger’s method to correspond with a group mean

thermal sensation between the limits-d3.5<PMV<+0.5.

These assumptions were applied to our need for accept-

Current thermal standards are presented in terms efble temperature ranges by simply substituting our buildings’
acceptability. As noted in the Methods section, some buildingsbserved thermal sensation regressions in place of the PMV
in the RP-884 database had questionnaires in which thermialex (i.e., acceptability obtained from our observed rather
acceptability was rated directly, and the overall observed thethan predicted mean thermal sensation votes). Table 2
mal acceptability of such buildings can be quantified simply agontains a statistical summary of acceptable temperature
the percentage of the sample of occupants who answereghges inside our HVAC and NV sample buildings for the 80%
acceptableAdditionally, we were able to give buildings a and 90% acceptability criteria. The table indicates that both
predicted acceptability rating on the basis of the percentage tife 80% and 90% acceptable temperature ranges in naturally
indoor climate observations falling within the relevantventilated buildings were about 70% wider than those calcu-
summer or winter comfort zones of the Standard 55. The latt¢sited for centrally controlled HVAC buildings, lending
were defined as the slanti&F™ limits of 20°C to 23.5°C in  support to the adaptive hypothesis that occupants with higher
winter, and 23°C to 26°C in summer on Standard 55-92'fevels of personal control will be more tolerant of wider
psychrometric chart. temperature swings.

A comparison between buildings’ observed thermal  The end-use of the acceptable temperature ranges listed in
acceptability ratings and those predicted on the basis of thefable 2 is their application around the optimum temperature,
compliance with Standard 55-92’s comfort zones is presentaslhich was defined earlier as thermal neutrality after correc-

from Equation 1.

SF-98-7-3 (4106) (RP-884) 9



TABLE 2
Range of Acceptable Operative Temperatures

Centrally Heated/ Naturally Ventilated
Air-Conditioned Buildings Buildings
Number of Buildings 108 41
(3 missing values) (4 missing values)
Number of Buildings with Regression Models Achiey 62 33
ing 95% Significance* (57% of total) (75% of total)
80% Acceptability Criterion, Mean (xstdev) 41K 6.9 K
(£1.92) (£2.79)
90% Acceptability Criterion, Mean (xstdev) 24K 49K
(#1.12) (£3.27)

1. Based on those thermal sensation models (y = atg) lmchieving 95% statistical significance or better.

tion for semantic effects (where applicable). Before makingpeeds (both of which are included as inputs to the PMV
this step, we checked for the possibility that these acceptalieodel) were shown earlier to have a statistical dependence on
ranges were statistically related to outdoor climate. Given thahean temperatures prevailing within buildings (Figures 1 and
the scope for clothing adjustments probably has a bearing @). Since both of these behavioral adaptations probably are
acceptable temperature ranges, and the scope for such adjustated to outdoor climate, as well as indoor, the neutralities
ments probably diminishes as mean thermal insulation levefsredicted by Fanger’s PMV model for a given building and its
approach socially or culturally defined minima, the range obccupants also can be expected to show some dependence on
acceptable temperatures also might be expected to diminishoatdoor climate.
warmer climate zones. Regression analyses indicated this not Obviously, the adaptive opportunity for manipulating
to be the case, leading us to regard the mean acceptaliese parameters is context specific, so comparisons between
temperature ranges in Table 2 as constants suitable for applie PMV predictions and the optimum temperatures observed
cation in comfort standards to be proposed later in this papes our RP-884 database need to be conducted separately in
. , both the centralized HVAC and NV building sub-samples. The
Comparison of Static Model (PMV) static vs. adaptive comparison for RP-884's centralized
With Our Adaptive Models HVAC buildings in Figure 7 shows that observed comfort
One of the aims of this research was to compare theemperatures, after correction for semantic effects, have only
performance of the so-called static model with observations & moderate variation (less than 2 K) across a wide range of
temperature optima in the RP-884 database. Mean thermalitdoor climates (spanning about 40 K). An interpretation of
insulation worn by building occupants and mean indoor aithis finding could be that occupants of such buildings have

mean outdoor effective temperature ( °C) mean outdoor effective temperature ( °C)

buildings with centralized HVAC buildings with natural ventilation
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Figure 7 Adaptive vs. static comfort model predictions. Comparison of the RP-884 adaptive models’ predicted indoor
comfort temperatures with those predicted by the static PMV model. The static model's comfort temperature for
each building was derived by inputting the building’s mean v, rh, clo, met into the PMV model and then iterating
for different ¢ until PMV = 0. The left-hand panel shows results from buildings with centrally controlled HVAC
systems. The right-hand panel shows results from naturally ventilated buildings.
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become finely adapted to the mechanically conditioned ansample clearly breaks down in the context of naturally venti-
static indoor climates being provided by centralized HVAClated buildings where the regression line fitted to observation
services. The question of what type of adaptation this might kehows a gradient almost twice as steep as the heat-balance
can be answered by the comparison with comfort temperatur®MYV regression’s. This divergence tested positive using the
predicted by the so-called static model (PMV). The observeHleinbaum et al. technique (1988) (T = 2.43, df = 80, p<0.05).
(adaptive) and predicted (PMV) models appear close togethértherefore appears as if behavioral adjustments to body heat
in the left panel of Figure 7, with the discrepancy being a trivbalance (clo and air speed adjustments) account for only about
ial 0.1 K offset in their Y-intercepts. PMV, therefore, appeardalf of the climatic dependence of comfort temperatures
to have been remarkably successful at predicting comfomwithin naturally ventilated buildings. In effect, the PMV
temperatures in the HVAC buildings of RP-884’s database. Anodel has been demonstrated to function as a partially adap-
corollary of this finding is that the behavioral adjustments tdive model of thermal comfort in naturally ventilated build-
clothing and room air speeds observed for the occupants wfgs.

HVAC buildings fully explain the systematic response in However, there still remains the other half of the adaptive

comfort temperature to outdoor climatic variation, and that . :
. . . ffect to be explained. Having taken account of the effects of
these adaptive behaviors are, in fact, adequately accounted for, ~ . : . : . ; )
ehavioral adaptations, what is left is the physiological (accli-
by the PMV model. o : T
matization) and psychological (habituation) hypotheses

Itis interesting to note that this graph so closely matCheaiscussed in the Introduction to this paper. There it is noted

predict?ons of PMV with observations in real buil_dings With .1 o+ effects of acclimatization were not in evidence during
centrallzgd HVAC, whereas many of the garher tr,]er,mat,limate chamber experiments on moderate heat/cold stress
comfort field research papers discussed in this paper’s I'ter%'xposures, so it is not surprising that they failed to appear in
ture review indicated quite the opposite. Indeed, some oftho?ﬁe field setting of the RP-884 database. Therefore, by a
anomalous papers were from authors who contributed th rocess of elimination, we are left with psychological adapta-

raw data to this project’s database. Our success at bringing | (i.e., expectation and habituation) as the most likely

PMV predictions into line with optimum temperature Obser'explanation for the divergence between field observations and

vations in HVAC buildings most probably can be attributed % eat-balance (PMV) predictions in naturally ventilated build-

the quality controls and pr(_ecautions we took when assemblirﬁ s. Apparently, the physics governing body heat balance are
the RP-884 database, which transformed, to some extent, t dequate to explain the relationship between comfort in

raw data used in the contributors’ original analyses. Amongaturally ventilated buildings and their external climatic

the more important of these controls were: context. But these findings do support the adaptive hypothesis
1. setting minimum standards on instrumentation and protahat thermal comfort is achieved by correctly matching indoor
cols for data going into the RP-884 database, thermal conditions and expectations, based on past experi-

2. conversion of all clo estimates throughout the entire dat&"Cces and architectural norms.
base to a single standard (ASHRAE 55-92),

3. inclusion of the thermal insulation effects of the chairs useHROPOSAL FOR AN ADAPTIVE
by subjects (McCullough and Olesen 1994), COMFORT STANDARD

4. recalculation of thermal indices from raw data throughout  This section takes the RP-884 adaptive models forward
the entire database with a consistent software tool (Fountaifto a proposal for a variable temperature thermal comfort
and Huizenga 1996), standard. Analyses in the preceding section were conducted

5. application of a consistent set of statistical techniques to gifParately for buildings with and without centrally controlled
raw data instead of relying on different author’s approached VAC systems, and yielded quite different results. It seems

to thermal neutrality, preference and other statisticallQOgicali therefore, to partition the variable temperature stan-
derived parameters dards along these same lines. This distinction between build-

) ) _ ings in which individual occupants have little or no control
6. con_du_ctlng the mgta—analy5|s at t_he _a_ppropna_te_ scale 8§ertheirimmediate thermal environment, and those in which
statistical aggregation, namely the individual building. occupants at least have control over windows is a unique
The right-hand panel of Figure 7 repeats the adaptive véeature of the ASHRAE RP-884 project. All thermal comfort
static comparisons for the naturally ventilated buildingsstandards to date, both extant and proposed, regardless of their
within the RP-884 database. One important departure from ttetatic or adaptive bases, have been promulgated as universally
method just described for HVAC buildings, however, is theapplicable across all types of buildings. Earlier comfort stan-
omission of the semantic effect. This was because we wedards, in effect, attempt to extrapolate from relationships
unable to discern any systematic relationship between thestablished in centrally controlled HVAC settings to naturally
preferred and neutral temperatures in our sample of naturallyentilated contexts, or vice versa. In contrast, a fundamental
ventilated buildings. The close agreement found betweetenet of RP-884 has been that the indoor climates found in
PMV and adaptive models in the centralized HVAC buildingcentrally-controlled HVAC and naturally ventilated buildings
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are not only quantitatively different, but also qualitatively
distinct, and as such, require separate comfort standards.

Standard for Buildings with
Centrally Controlled HVAC

» Purpose To specify the combinations of indoor space
environment and personal factors that will produce ther-
mal environmental conditions acceptable to a majority of
the occupants within centrally heated and air-condi-
tioned spaces.

Scope This standard applies to general thermal comfort
conditions and excludes local discomforts such as draft,
vertical thermal stratification, and radiant asymmetry.
This standard is intended for use in the design of HVAC-
systems, design of buildings, evaluation of existing ther-
mal environments, prediction of the acceptability of
expected thermal environments, building ratings or
labeling, and testing of HVAC system performance. The
standard applies exclusively to indoor environments
with HVAC systems over which the occupants have no
control. The occupants of such buildings are presumed to
have no option to open/close windows.

Definitions

—adaptive model: A linear regression model that
relates indoor design temperatures or acceptable
temperature ranges to outdoor meteorological or
climatological parameters. Note that the range of
applicable outdoor climates should be restricted to
that appearing on the X-axis of the adaptive
model’s graph (i.e., they should not be extrapo-
lated beyond the range of the regression model's
X-variable).

—insulation, thermal: The resistance to sensible
heat transfer provided by a clothing ensemble (i.e.,
more than one garment) and the chair upon which
they are seated. Itis described as the intrinsic insu-
lation from the skin to the clothing surface, not
including the resistance provided by the air layer
around the clothed body; it usually is expressed in
clo units. Thel(,) provided by clothing ensembles
can be estimated by summing the garmigpt
values as described in Standard 55 (1992). The
incremental thermal insulation of chairs used by
building occupants needs to be addedi.toThe
typical office chair’s clo value is ~0.15 clo units.

—mean monthly (or daily) outdoor effective
temperature: Arithmetic average of 6 am outdoor
ET* (assumed minimum), and 3 pm outd&qdr
(assumed maximum) for a calendar month or
particular day. Calculations are performed on air
and humidity measurements taken in accordance
with standard methods of meteorological
measurement.

12

—neutrality, thermal: the indoor thermal index
value (usually operative temperature) correspond-
ing with a mean vote of neutral on the thermal
sensation scale by a sample of building occupants.
Note that this cannot be assumed to coincide with
preferred temperature in centrally-controlled
HVAC buildings (see Figure 5).

—PMV, analytic: Predicted Mean Vote index calcu-
lated analytically from mean measurements or
estimates of the six primary comfort parameters:
mean air and radiant temperatures, mean air speed,
humidity, clothing (plus chair) thermal insulation,
and metabolic rate.

—PMV, adaptive: the RP-884 adaptive regression
model that predicts optimum thermal comfort
temperature (thermal neutrality corrected for
semantics—see Figure 5), as a function of outdoor
climate. The name adaptive PMV is used for the
model because it predicts essentially the same
optimum operative temperature as the analytic
PMV approach (assumirtg= t,), but uses mean
outdoor effective temperature as the only input
instead of the usual four inputdd, met rh andv)
required by the analytic PMV method to predict
optimum operative temperatures (see left panel of
Figure 7).

—sensation, thermal: a conscious feeling
commonly graded into the categories3 cold,

—2 cool, —1 slightly cool, 0 neutral, +1 slightly
warm, +2 warm, and +3 hot; it requires subjective
evaluation. An individual's ideal thermal comfort
does not necessarily correspond with a thermal
sensation vote of neutral (zero).

—summer: operationally defined as the cooling
season; climatologically defined for the purposes
of this standard as having a mean daily outdoor
effective temperature of 96.

—temperature, optimum operative: the operative
temperature that satisfies the greatest possible
number of people at a given clothing and activity
level. Due to the semantic offset between preferred
and neutral temperatures, optimum operative
temperature in centrally controlled HVAC build-
ings does not necessarily correspond exactly with
thermal neutrality (i.e., optimum temperature is
neutrality after correction for semantic offset—
see Figure 5).

—winter: operationally defined as the heating
season; climatologically, for the purposes of this
standard, a typical winter condition is assumed to
have a mean daily outdoor effective temperature
of 0°C.

Conditions for an Acceptable HVAC Thermal Envi-
ronment. The conditions for an acceptable thermal environ-
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ment shall be basech@neof the following three tetiniques,
listed in order d preference:

* the analytt PMV methal, asdescaibed in1SO 7730
(1994), if mean clothilg and metholic rates ar&nown
in advance, or

* the adaptie PMV metha in which indoor optimum
operative temperature is predictédm a knowledge of
outdoor défective temperature using RP-884 megsion
models, or

» the prescriptive method in whichremer and/or winter
comfort zones for either 90% &0% thermal accept-

ability levels are selected from the RP-884 psychromet-

ric charts.

Analtic PMV Method forHVAC Buildings See the
detailed proeduresfor estimation 6 the optimun operative
temperature for a gup of building occupants dediged in ISO

7730 (B94). Note that the optimum temperature predicted by

setting MYV = 0 (neutralwill coincidewith thetemperature the
majority of occupants actuglprefer @group meapreference
for no change). Budtthatsamne predicted optimum, the actual
mean sensatn vot (as opposedot predicted mea vote)
expressd by the goup of building occupants may fler from
neutal. This is due tohe sematic offsetbetween observed
groy thermal neutrality and preference, wheeople might
actually prefe to feel asensation other thareutral when they
are at optimum condiths (Fgure 5).

Adaptive PMV Method for BWAC Buildings In centrally
controled HVAC buildings where t mean thermal insula-
tion (clothing and chairs) and mean air speed cannot

buildings with centralized HVAC
28

comfort temperature (°C)

\[cororttemp. = 22.6 + 0.04 X ET",, |

18 ‘ . |
- 0 5 10 15 20 25 30 35

mean outdoor effective temperature (°C)

Figure 8 \ariable temperatue standard, adaptive
method—Centralized YAC. Adaptie PMV
method for pedicting optmum comfort
temperatue and acceptable temperaturanges
(80% and 90% geeral comfort criterg) in
centally cortrolled HVAC bildings. The
optimum caofort temperatue model canefrom
Figure 5 (including tle semantic corection
factor) and the 80% and 90% acceptable ranges
came fomTable 2.

Scope: The scopefahis standards essentially theane as
that for tre preceding (WAC) standargexcept thethisstandard
is intendel for use inthe design of naturgliventilated buildings
and evaluation of existing or expected thermal environments
within such buildingsThe standard applies exclusively to indoor
environments without centralizedAC systemsSud build-
Rgsare presumedtave operable windows that thecupants

observed oreurately anticipted, the adaptive PMV method 56 some derge of controlover. They may have soeform of

may ke applied.Weather data ithe fom of mean outdoor
effective temperature for the relevant timé year are
requred In the absencefacurernt meteorological observa-
tion, published meaclimatdogical data for the relevant
month from tke nearest weather station mayfge.
Presciptive Method for WAC Buildings Whereoutdoor
meteorological or climatological data are unavailathie RP-
884 prescriptie methodmay be used to defmacceptable

ranges of temperatures. The prescriptions are designed to

provide envionments in which minimum levels of thenal
acceptability (based on genkerhermal corfort) can be
selected as eith®0% or 80%.

The comfot zones slantirg side loundaries in Figur® are
defined intermsof effective tempeature(ET*) linesand are loci
of constant thenal sensationg heywere derive fromtheanal-
yses infable2. Theuppea wet-bulb temperature limits wetaken
from the Addendum to Standard 55 hdjusted to restrict rela-
tive humidit/ in the summeseason below 85% .

Standard for Naturally Ventilated Buildings

Purpose: To specify tle thermalenvironmental condi-

tions thatwill be acceptable to a majority of the occupants of

naturally ventilatecgpaces.

SF-98-7-3 (4106) (RP-884)

heating installed, but it would be controllegthe building occu-

pants, either individually or in small groups.

The standard cannotébsed to decide when@where to
install centréized air conditiomg. While it may provide
useful informatiao in relaion to such decisionthe standard
cannotbe regarded as the soldterion. For example, the
adaptive opportunity affordethe occupais of naturally
ventilated buildings also should be borne in mind.
Definitions. The definitions presenden the preceding
sectionapply to this standard as well, except in the case of the
following terms.

—naturally ventilated: Those premises in which
centralzed heating, ventilation, and air-condition-
ing systems are absent and windows are operable.
Same form of heating may be presentbutit would
normally be under the cdrol of building occu-
pants.

—temperature, optimum operative: the operative
temperatug that satisfies the greatest possible
numbe of people at given clothing andactivity
levd. Optimumoperdive temperatwin this stan-
dard coresponds reasonablyelvwith both ther-
mad neutrality and preferred temperature.
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Figure9 \driable temperatte standad, prescriptive method —CentralizedAC. The prescriptive method for pedicting
acceptable temperate ranges in centrally cordlled HVAC buildings. The left-hand chart showsmeoer and
winter rescrigionsfor the 986 general acceptabilitcriterion and the right-handhart refers to the 8% general
acceptallity criterion. Sdectionof sunme or winte comfot zone shoulde based on meansulationlevds
seasoally descrbed inTable 3.

TABLE 3
Variable Temperature Standa rd, Prescriptive Method—Centr alized HVAC*
Seson _ Description of | _ do Optimum OperatlveR';irggerature Range
Typical Thermal Insulation Temperature (90% accept.) (80% accept.)
Winter heavy sla&s, long sleee 1.05 225°C 21.3°Cto0 23.7°C 20.5°C to 246°C
shirt, sweater and office chair
Summer light dacks short 0.65 23.5°C 22.3°Cto 24.7°C 21.5°C to 25%°C
sleeveshirt and office dair

Note: Optimum and acceptabé ranges of opetive tenperature for persons engagen light, primarily sedentary actiyi (< 1.2 mets) at 50% tetive humidity andmean air
speel <0.15 m L. Forusein buildings with @ntralized HVAC systems.
1 For infarts, certain elderly persons, athindividuas who arephysically disabled, théower limits of Tatbe 3 stould beavoided.
Clo values in the table were deriviedm seaonal analyseef the HVAC buildings within theRP-884 database (de Dear, Bjer andCogper 1997). They include 0.15 clo
for chair effets. The temperatureanges came fromTable 2.

Conditions for an Acceptable Naturdly Ventilated
Thermal Environment. Theconditions for an acceptaktteer-
md environment shdl be based exclusivelon the adapive
modé (linear regresson) apgoach. The PMV/PPD modeis
inapplicabk to naturdly ventilated premises becaugeonly
partialy accounts for processef therma adaptatio to indoor
climate.The modéwas developed in tightly ctmolled labora-
tory corditionswhere peple hadno caitrol over their exiron-
ment (a context quite sitar to buildings with centralizeHlVAC
systems, but much less relevém naturaly ventilated build-
ings) The presdption of summeand wnter comfort zoness

buildings with natural ventilation

operative temperature (°C)

16 f \/comfort temp. = 18.9 + 0.255 X ET°,, |

inappropriaefor this standartée@use tle steep gradient on the 14 ; ‘ 3 ‘

naurally ventlated adaptive model would render climiaggcal 5 10 15 20 25 30 35
definitions of universasummerand wirter conditiors mislead- mean outdoor effective temperature (°C)

ng. Figurel0 \ariable tenperature standard, adaptive

method—Natural ventlation. Adaptive model

CONCLUSIONS for predcting optmum comfort temperate

This wak was premised on a conceptual framework and acceptable temperagiranges (80% and
combining feattes of both th statc and adaptive theories of 90% general coffort criteria) in naturally
thermal comfortThe static heatdiance model can be viewed vertilated buldings. The optimum comfort
as apartially adaptive mode| accounting for th effects of temperatue line came fom Figue 4 and the
behavioral adjustmesitthat directly affect inputs such as acceptable temperate ranges camedm the
clothing a air velocity. An adaptivenodelof comfort comple- ddtas inTable 2.
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ments this conventional approach by accounting for additiondével of clothing and air speed adjustments. HVAC building
contextual factors and thermal experiences that modify buildsccupants appear to be adapted quite well to the conditions
ing occupants’ expectations and thermal preferences. The Rihey are being given (22°C~24°C), but are intolerant of
884 approach began by assembling a quality-controlled, thefemperatures that fail to match these expectations.
mal comfort database containing nearly 21,000 sets of raw The patterns of thermal responses in naturally ventilated
field data compiled from previous thermal comfort field yyildings were significantly different. First, occupants appear
experiments conducted on four continents and across a brogflerant of a much wider range of temperatures than in the
spectrum of climatic zones. Data analysis was done separatelyntralized HVAC buildings, and find conditions well outside
for buildings with centrally-controlled HVAC systems, and the comfort zones published in Standard 55-92 (ASHRAE
for buildings that were naturally ventilated (i.e., had operablg 992) to be acceptable. Physical explanations for the correla-
windows). The analysis examined the semantics of thermgp petween indoor comfort temperatures and outdoor
comfort response in terms of thermal sensation, acceptabilityimate, such as clothing insulation or indoor air speeds,
and preference, all as a function of both indoor and outdog{ccounted for only half the observed variance. By a process of
temperatures. Observed responses also were comparedeifnination, we conclude that psychological adaptation in the
predicted thermal sensation using the PMV model. form of shifting expectations—the subjective comfort set-
By successfully accounting for behavioral adjustmentspoints—account for the residual variation observed in the
the so-called static model of comfort (represented in this papeomfort temperatures of our database. Current standards such
by Fanger’'s PMV model) was demonstrated to be a partiallgs ANSI/ASHRAE 55-199%nd the PMV model prescribe a
adaptive model, and appears suitable for application as it wasuch too narrow range of conditions in such buildings, are
initially proposed back in 1970 by Fanger himself—as atnappropriate for predicting acceptability, and are unsuitable
engineering guide in centrally controlled HVAC buildings guides for deciding when and where HVAC systems are
where occupants have little or no control over their immediateequired.

thermal environment. In the introductory chaptef termal The results of the RP-884 analysis enabled us to propose
Comfort—Analysis and Applications in Environmental Engi- variable temperature thermal comfort standard to supple-
neering Fanger was quite clear that his book, and by impliment Standard 55 (1992). The proposed standard was
cation, the PMVmodel at its core, were intended for presented in two separate sections—one for buildings with
application by the HVAC industry in the creation of artificial centrally controlled HVAC systems and the other for naturally

climates in controlled spaces (Fanger 1970). The extrapolgentilated premises. Both of the proposed standard’s sections
tion of the model's scope to all spaces intended for humaRcjude 80% and 90% acceptability zones.

occupancy, including those with natural ventilation, was a

_ ) . At least two suggestions for further research emerge from
much later development that the results in this paper fail tfhis

A project. The first involves a closer examination of the
Justify. semantic artefact issue and its context specificity. We found a
Although there have been numerous publications frong|ear climatic relationship between the sensation-preference
field studies showing differences between PMV-predictiongemantic offset and outdoor climatic context for occupants of
and observed mean thermal sensations, the RP-884 analygi§idings with centralized HVAC buildings, but not so in natu-
offers some insights into why these discrepancies might haygy ventilated buildings. This requires an explanation which,
occurred. One explanation is the diversity of methods used i this time, we are unable to offer. The second area for further
estimate clo values. The present analysis demonstrated thakearch is an intervention field experiment in which buildings
clo estimates need to be standardized and the methqgh centralized HVAC systems have their set points manip-
described inANSI/ASHRAE 55-92ppears to be a logical yjated outside the 22~24 envelope by an adaptive algorithm
choice. Clo estimates also need to include the incrementg|gre closely resembling the naturally ventilated model (see
contribution of chair insulation. Another source of error inFigure 10), rather than the HVAC adaptive model (see Figure
field research appears to be the assumption that neutral alwajs our results were interpreted to indicate that occupants of
coincides with ideal (preferred). This was shown not to be thgpac buildings had become finely tuned to the very narrow
case for people in buildings with centralized HVAC systemsgange of indoor temperatures being presented by current
Occupants were found to prefer a sensation slightly coolegyac practice. But there is potentially a very high energy
than neutral in summer and slightly warmer than neutral iRost to maintaining those narrowly defined comfortable ther-
winter. So, if one accepts that preference is a more approprigigy| conditions. In contrast, occupants of naturally ventilated
indicator of optimum than neutral, then the PMV mOde'buiIdings had a greater scope of adaptive opportunity, and
appears to accurately predict thermal optima in building$yere thus comfortable across a wider band of temperatures
where occupants have no control over their environment. that more closely reflected the patterns of outdoor climate
The relationship between optimum temperatures andhange. This suggests an opportunity to optimize both energy
prevailing indoor/outdoor temperatures presented in thisise and thermal comfort if we can take these broader adaptive
paper demonstrates that adaptation is at work in buildings witmechanisms into account when designing and operating
centralized HVAC, but only at the biophysical (behavioral)buildings. To this end, the challenge still remains to determine
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how far that adaptation can be pushed in the context of a build- advanced customer technology test (ACT2) for Maxi-
ing in which occupants have little or no individual thermal mum Energy Efficiencyf-inal Report, CEDR-06-94,

control. Center for Environmental Design Research, University
of California, Berkeley.
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