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ABSTRACT 

Direct load control (DLC) is a utility-sponsored demand response program which allows a utility to cycle specific 
appliances on and off during peak demand periods. Direct load control of air conditioners induces temperature cycles that 
might potentially compromise occupants’ thermal comfort. In two separate experiments, 56 subjects’ thermal comfort 
was closely examined during 6 DLC conditions and 2 control conditions simulated in a climate chamber, representing 
typical DLC-induced thermal environments in university lecture theatres. Results show that half of the DLC conditions 
were clearly accepted by subjects. Multilevel linear modelling of thermal sensation demonstrates that operative 
temperature, vapour pressure and the rate of temperature change are the three most important predictors during DLC 
events. Multilevel logistic regression indicates that in DLC conditions with lower adapting temperatures, thermal 
acceptability is significantly predicted by air speed and its interaction with operative temperature whereas in DLC 
conditions with higher adapting temperatures, by air speed, operative temperature and the rate of temperature change. 
Subjects’ thermal comfort zone during DLC events is wider than predicted by Fanger’s PMV/PPD model in that the 
former is more tolerant of cooler temperatures. Results from this study suggest that ASHRAE 55-2013 is overly 
conservative in defining the limits for temperature cycles, ramps and drifts.  
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1. Introduction 

1.1 Direct load control strategy and its impact on indoor thermal environment  

Demand response provides an opportunity for consumers to play a significant role in the operation of the electric grid by 
reducing or shifting their electricity demand during peak periods in response to time-based tariffs or other financial 
incentives [1]. Direct load control (DLC) is a utility-sponsored demand response program which allows a utility to cycle 
specific appliances on and off during peak demand periods. In exchange, participating customers are entitled to financial 
incentives or discounted electricity bills. The most commonly targeted appliances in DLC programs are air conditioners, 
electric water heaters and pool pumps. Air conditioners are the focus of the present study. Direct load control of air 
conditioners typically consists of duty cycle restriction and temperature setback [2]; the former is the research interest of 
this paper. Under duty cycle restriction program, the air conditioner compressor is switched on and off at predetermined 
intervals with the fan on even if the set-point temperature is not met.  

For the duty cycle restriction DLC approach, cycling the air conditioner compressors on and off for a given proportion of 
time will generate repeated rises and falls in air (operative) temperature. Depending on the DLC algorithms and building-
specific characteristics, it is possible that indoor temperature fluctuation amplitude exceeds the range of thermal comfort 
zones in steady states and potentially causes thermal discomfort for building occupants. The previous work of the authors 
[3] have simulated thermal comfort impacts of 48 DLC algorithms in university lecture theatres where there are much 
higher occupant density and ventilation rate than the residence small business buildings, representing a “worst case” 
scenario for DLC-induced thermal environments. Although most of the simulation cases exceeded the permissible 
thermal comfort range defined by Fanger’s Predicted Mean Vote (PMV) / Predicted Percentage Dissatisfied (PPD) 
method [4], since the applicability of the PMV/PPD method in transient thermal environments is questionable (refer to 
the discussion in 1.2), the actual comfort impacts of DLC events must be examined in either laboratory experiments or 
field studies with human subjects.      

1.2 Thermal comfort during temperature cycles, ramps and drifts 

ISO 7730-2005 [5] defines temperature cycle as “variable temperature with a given amplitude and frequency”. In 
ASHRAE 55-2013 [6], cyclic variations refer to “those situations where the operative temperature repeatedly rises and 
falls, and the period of these variations is not greater than 15 minutes”. The maximum allowable peak-to-peak cyclic 
variation in operative temperature is 1.1°C. Temperature ramps and drifts are defined as “monotonic, non-cyclic changes 
in operative temperature” [5–6]. Cyclic variations with a period greater than 15 minutes are also treated as ramps or drifts. 
The maximum change allowed for ramps and drifts in operative temperature during a period of time is shown in Table 1. 

Table 1 Limit on temperature ramps and drifts by ASHRAE 55-2013 [6] 
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Hensen [7] reviews 5 climate chamber experiments on cyclical temperature variations [8–12]. After this review, there has 
been no recent study on temperature cycles. Table 2 summarises their key experiment design parameters and main results. 
Regarding the range of comfort zone due to temperature variations, Table 2 reports inconsistent results from the 
experiments: Sprague and McNall [8] reported narrowed comfort zones with increased rates of temperature change; 
Wyon and his colleagues [9–10], nonetheless, found the opposite to be true—subjects tolerating greater amplitudes when 
the temperature changes more quickly; Nevins et al. [11] and Rohles et al. [12], however, concluded that fluctuation-
induced comfort zones would not differ much from those obtained in steady state conditions. Possible explanations for 
these contradictions pointed out by Hensen [7] related to distinct experimental designs, different voting scales, 
acceptability criteria adopted, test conditions and so on. Despite the confusion he concluded that, with cyclical 
fluctuating ambient temperatures, the bandwidth of acceptable temperatures decreases with increasing fluctuation 
frequency, and achieves its maximum under steady-state conditions. 

Table 2 also summarises 6 climate chamber experiments on temperature ramps and one experiment on temperature drifts. 
Berglund and Gonzalez [14] define thermal sensitivity as ∆TSV/∆T where ∆TSV means change of thermal sensation 
vote on the ASHRAE 7-point scale and ∆T means change of operative temperature. In respect to subjects’ thermal 
sensitivity, the experiments consistently show it to be neither affected by clothing [14] nor age [19]. Regarding thermal 
sensitivity vs. rate of temperature change, no consistent relationship can be observed in these studies. Comparison 
between Thermal Sensation Vote (TSV) and PMV reveals that generally these two parameters are in reasonably good 
agreement for young subjects [13, 17–19]. Knudsen et al. [17] concluded that the PMV model might be possible to 
predict thermal sensation for a rate of temperature change up to ±5.0 °C/h. As for thermal comfort zone width compared 
with steady states, contradictory results have also been reported: Berglund and Gonzalez [14, 15] and Schellen et al. [19] 
reported increased comfort zone width (thermal acceptability) than in steady states; Griffith and McIntyre [13] reported 
the same comfort zone width; Rohles et al. [16] and Knudsen et al. [17] reported decreased comfort zone while Kolarik et 
al. [18] reported inconsistent results for different ramps. As mentioned before, discrepant thermal acceptability criteria 
are likely an important cause of the inconsistent findings; another factor might include human thermoregulation control 
mechanisms that will be discussed in the following. 

Table 2 Summary of thermal comfort studies on temperature cycles, ramps and drifts 

1.3 Dynamic thermal comfort and alliesthesia 

The most common thermal sensation models are Fanger’s PMV model [4] and Gagge’s 2-Node model [20], both catering 
for uniform and steady state conditions. Dynamic thermal sensation models include a derivative that corresponds to 
sensations induced by changing (transient) conditions, which are correlated with the responses of the body’s thermal 
receptors. 

Ring and de Dear [21] and de Dear et al. [22] developed a skin receptor impulse frequency model based on humans’ 
ability to instantaneously detect changes in the thermal environment from the cutaneous thermoreceptors. The cutaneous 
thermoreceptor response includes both static and dynamic components: the static component being proportional to the 
temperature at the receptor site, and the dynamic component being proportional to rate of change with respect to time in 
local skin temperature. When exposed to a temperature up-step, warm receptors respond with a sudden spike in impulse 
frequencies, and then decay back to its static response. The cold receptor follows the similar pattern during a temperature 
down-step, except that the intensity of cold overshoot could be about twice the size of the corresponding warm overshoot 
derived from the same but opposite direction temperature transient, as have been observed by de Dear et al. [22]. This 
appears to result primarily from cold receptors being closer to the skin surface than warm receptors, and also from the 
higher sensitivity of cold receptors to skin temperature change. Fiala et al. [23] proposed a dynamic thermal sensation 
model from physiological states using a multi-node, dynamic model of human thermoregulation for spatially uniform 
transient conditions. Zhang et al. [24–26] proposed a model that predicts both sensation and comfort at the local body 
parts level as well as the whole-body level to evaluate comfort in nonuniform and transient environments; this model 
cannot predict participants’ subjective states (thermal responses) from objective environmental measurements. 

Hensel [27] concluded that faster thermal transients required smaller deviations of skin temperature from neutral to 
produce a just noticeable sensation than was the case for slower temperature transients, meaning that there is a threshold 
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for thermal sensation and it is affected by the rate of temperature change. The threshold of thermal sensation is also 
determined by the adapting temperature (the temperature to which the skin is adapted when the change starts), the 
direction of temperature change, the exposed part of the body and the area being exposed. Hensen [7] inferred that the 
latter two factors have partly contributed to the contradictory results in Table 2. 

The term alliesthesia was coined by Cabanac [28] for homeostatic systems in which a given stimulus can induce either a 
pleasant or an unpleasant experience, depending on the subject’s internal state. De Dear [29] has summarized the concept 
of alliesthesia as “any external or environmental stimulus that has the prospect of restoring the regulated variable within 
the milieu interieur to its set-point will be perceived as pleasant (positive alliesthesia), while any environmental stimulus 
that will enlarge the error between the regulated variable and its set-point will be perceived as distinctly unpleasant, or 
even noxious in more extreme cases (negative alliesthesia)”. Parkinson and de Dear [30] further developed the concept of 
spatial alliesthesia, referring to the perceptual process derived from rapid changes in local skin temperature driven 
predominantly by cutaneous thermoreceptors instead of the more conventional whole-body model of alliesthesia driven 
by load errors of central origin [28, 29].  

1.4 Research aims 

In spite of previous studies on temperature cycles, ramps and drifts, there has been no study to date directly looking at the 
thermal comfort impacts of temperature cycles induced by direct load control strategies of peak electricity demand 
management. The present study tries to address this issue through laboratory experiments with university student subjects, 
simulating lecture theatre settings as a worst-case DLC-induced thermal environment; specifically it elaborates on the 
following research questions: 

• What are subjects’ thermal comfort responses to variant DLC air conditioning events? 
• What are the main environmental and demographic factors that affect subjects’ thermal comfort? How do these 

factors interact with each other? 
• How does thermal sensitivity vary between DLC air conditioning events of different frequency and amplitude? 

How do acceptability results from this study compare with the ASHRAE 55-2013 [6] limits on temperature 
cycles, ramps and drifts? 

• Can the steady-state PMV/PPD model [4, 5] reasonably predict thermal sensation and thermal acceptability 
during DLC air conditioning events? How does the thermal comfort zone change compared with steady states?  

2. Methods 

2.1 Participants 

Two separate experiments on simulated DLC air-conditioning events with different adapting temperatures were 
performed. Participants for the two experiments were recruited from the university students, regardless of age, degree 
and discipline. Key anthropometric characteristics of the subject were listed in Table 3. All participants wore a 
standardised clothing ensemble consisting of a short-sleeve T-shirt, athletic shorts, sandals and their own underwear, 
representing typical clothing ensemble in Australian universities during summer time. T-shirts and shorts were 100% 
polyester to avoid any transient absorption and desorption heat effects. The uniform’s intrinsic clothing insulation was 
estimated to be 0.5 clo including the insulation of the chairs (0.1 clo) used inside the climate chamber.  

Table 3 Anthropometric characteristics of participants (Mean ± Standard Deviation) 

2.2 Experiment conditions 

The authors’ previous simulation study on thermal comfort impacts of DLC air-conditioning strategies in university 
lecture theatres [3] have identified off cycle fraction, cycling period, cooling set-point temperature before DLC events 
and building envelope thermal performance as the most influential factors affecting thermal environments during DLC 
events. As a fractional factorial design [31], 8 DLC algorithms were selected from 48 simulation cases conducted in [3] 
by the orthogonal array method [32]. The orthogonal arrays stipulate the way of conducting the minimal number of 
experiments that could give the full information of all the factors that affect the performance parameter. For each 
experiment, participants will experience 1 control condition (no DLC event) and 3 experiment conditions (DLC events). 
All four conditions in Experiment 1 have a cooling set-point temperature (adapting temperature) of 22 °C whereas 24 °C 
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for conditions in Experiment 2. The simulated operative temperature (top) and relative humidity (RH) for each condition 
were illustrated in Fig. 1 and Fig. 2. 

Fig. 1. Simulated operative temperature and relative humidity in four conditions of Experiment 1 
Fig. 2. Simulated operative temperature and relative humidity in four conditions of Experiment 2 

2.3 Experimental set-up 

The experiments were conducted in the summer of 2014 so that subjects were assumed to be naturally heat acclimatized. 
A climate chamber (8.85 m × 6.85 m, 2.60 m in height with an accessible raised floor of 250 mm) with temperature and 
humidity control was used to re-create the various DLC events in the research design and accommodate human subjects. 
The constant air volume air-conditioning system provided heating and cooling as well as constant fresh air supply at 10 
L/s/person during the experiments. The outdoor simulation corridor alongside the climate chamber rendered the typical 
Sydney DLC event day outdoor condition reported in Zhang and de Dear [3]—30.8 °C. During the experiments, the air 
temperature, globe temperature, relative humidity and air speed were measured every five minutes throughout every 
session. The globe temperature was measured at 0.6 m height in the occupied zone using thermistors (± 0.2 °C accuracy) 
inserted in 38 mm Ping-Pong balls painted malt black and served as the control temperature to implement the 
temperature cycles as depicted in Fig. 1 ad Fig. 2; the air temperature was measured at 1.1 m height in the occupied zone 
by INNOVA 1221-Thermal Comfort Data Logger; the wall-mounted humidity sensors at 1.7 m height monitored 
atmospheric moisture in the chamber. Seven fast-response Dantec thermal anemometers (Omnidirectional Transducer 
54T21 for Indoor Air Flows) were mounted at 1.1m height adjacent to each subject where they measured air speed at a 
sampling rate of 1Hz.  

2.4 Procedure 

In each experiment, 28 subjects were divided into 4 sub-groups. The sequences of experimental conditions to which the 
four sub-groups were exposed, were balanced in a 4×4 Latin-square design. All participants were required to attend a 1-h 
induction session one week before the experiments started. The purposes of the induction were to provide training on the 
thermal comfort questionnaires and also the cognitive performance tests. Results on cognitive performance tests are not 
the focus of this paper and will be discussed elsewhere. Participants experienced four conditions throughout four 
successive weeks. The experimental session lasted for 2.5 hours. During the first half hour, participants acclimatized to 
the cooling set-point temperature (also the adapting temperature, 22 °C for Experiment 1 and 24 °C for Experiment 2). 
The subsequent 2 hours were formal experiment period in which thermal comfort questionnaires were administered to 
subjects via a bespoke IPad application every 5 minutes until the session ended. Thermal comfort questionnaires included 
a 7-point ASHRAE thermal sensation scale (with continuous slider scale to enable real TSV numbers), and a binary 
thermal acceptability scale. At the end of every session, subjects were presented with a binary overall acceptability 
question asking about each experimental session’s thermal acceptability as a whole. 

3. Statistical analysis 

Multilevel linear modelling (MLM) is designed to deal with the violation of the assumption of independent errors 
expected when individuals within groups share experiences that may affect their responses or there are repeated measures 
for the same individuals. This experimental study is a three-level repeated cross-sectional design [33]: thermal 
environments were clustered within experiment conditions, which are in turn clustered within participants. Each 
participant attended the same four experiment conditions (including a control condition) in which they were exposed to 
various thermal environments (determined by the specific DLC event). The Level 1 variables are thermal environmental 
parameters such as operative temperature, vapour pressure, air speed, rate of temperature change, and time variables such 
as subjects’ length of exposure. The Level 2 variable is the experiment condition. The Level 3 variables are demographic 
variables, i.e. subjects’ age and sex. To manage multicollinearity between predictors and help with interpreting the 
models, Level 1 variables that do not have a meaningful zero point were centred by their respective grand means [34]. 
Multilevel linear modelling of participants’ thermal sensation was implemented through SPSS Mixed Models, Version 
22. Multilevel logistic modelling of participants’ thermal acceptability and overall acceptability was implemented by 
glmer function in R, Version 3.2.0. 

4. Results  
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4.1 Thermal perception during DLC events 

Fig. S1 depicts the time series data for air temperature and operative temperature monitored in the climate chamber for 6 
DLC conditions in two experiments, along with subjects’ TSV and thermal acceptability ratings every 5 minutes. For 
comparison, the calculated PMV results using on-site measured parameters were also plotted on the same graph. The 
temperature fluctuation amplitudes in Condition 3, 4 and 7 ranged from 5 °C to 7 °C (air temperature) and were higher 
than those in Condition 2, 5 and 6 which were generally around 3–4 °C. Comparing TSV with the calculated PMV, it is 
evident that the previously mentioned overshoot effect (overestimate of warm and cool sensations) commonly occurred 
in both sudden warming and sudden cooling stages during all DLC events, with that in large temperature cycles 
(Condition 3, 4 and 7) being especially pronounced. Also, this overshoot was usually stronger during the first cycle, but 
was attenuated during subsequent cycles. Thermal acceptability votes in Conditions 2, 4 and 5 were almost above 80% 
throughout the whole DLC event while in Condition 3, 6 and 7, thermal acceptability strayed from 80% limit for 
different durations. Detailed experimental effects during DLC events will be discussed in the following sections.   

4.2 Predictors of TSV during DLC events 

As stated in Section 1.4, this study aims to explore main environmental and demographic factors that affect subjects’ 
thermal sensation and thermal acceptability during DLC events. Steady-state experiments by Rohles [35] and Rohles and 
Nevins [36] on 1600 college-age students revealed correlations between TSV and temperature, humidity, sex, and length 
of exposure. Air speed was also a significant predictor for subjects’ thermal sensation [4]. However, under transient 
exposures, the rate of skin temperature change has been clearly demonstrated to be related to thermal sensation in 
thermal transients [21, 37, 38]. Schellen et. al [19] reported age difference regarding thermal sensation. The above-
mentioned parameters along with experiment condition (Level 2 variable) have been tested in the MLM with possible 
two-way interactions. The rate of operative temperature change in the ambient environment was adopted instead of the 
rate of subjects’ skin temperature change since the latter was not monitored during the experiments. The rate of 
temperature change was calculated by the operative temperature change in five minutes, expressed by either a positive or 
negative value for warm or cold trends in °C/h respectively. Although the air speed was not controlled in the experiment, 
it was expected to vary from heating to cooling stages in the occupied zone. The monitored values showed a variation 
between nearly negligible values to 0.18 m/s during heating and cooling stages respectively. Thus, air speed was also 
tested in the MLM and turned out to be a highly significant predictor. 

Level 1 main and within-level interaction effects 

There are five main significant predictors that have been detected by both of the experiments—operative temperature, 
vapour pressure, rate of temperature change, length of exposure and air speed. The operative temperature, vapour 
pressure and rate of temperature change were significantly positively related to TSV, while occupants’ length of 
exposure in the thermal environment and the air speed were significantly negatively related to TSV. Note that the effect 
of the rate of temperature change on TSV confirms the previously mentioned overshoot effect [21, 27]. It is expressed as 
either a positive/negative value representing a warm/cold overshoot respectively. In the MLM model, the regression 
coefficients for the rate of temperature change were 0.020 for Experiment 1 and 0.035 for Experiment 2, meaning that if 
the other predictors remain the same, the rate of temperature change of ±10 °C/h would cause a warm/cold sensation 
overshoot of 0.20 for Experiment 1 and 0.35 for Experiment 2.      

Apart from the main effects, there were significant interaction effects observed between some main predictors, although 
these effects were not consistent in both experiments. Significant interaction effect means that main predictors not only 
affect subjects’ thermal sensation independently, but also have a joint impact. Specifically, the relationship between TSV 
and one main predictor would be modified by different levels of values of other main predictors. For Experiment 1, 
taking Condition 3 as an example, the relationship between TSV and air speed (the regression coefficient) was 
significantly modified by the value of the operative temperature. If the operative temperature was higher than the mean 
value in Experiment 1, the air speed had larger negative impacts on TSV than when the operative temperature was lower 
than the mean value. Similarly, the relationship between TSV and rate of temperature change was also significantly 
modified by two other parameters—air speed and subjects’ length of exposure. The overshoot of subjects’ TSV due to a 
warm temperature change would be ameliorated by a higher air speed that was above the mean value and longer length of 
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exposure in this environment. On the contrary, if the air speed was lower than the mean value and subjects were just 
exposed to this warm temperature change, the overshoot effect of TSV would be more pronounced. 

Experiment 2 produced more interaction effects between the main predictors than Experiment 1. Taking Condition 6 as 
an example, the relationship between TSV and operative temperature—known as thermal sensitivity—was significantly 
modified by subjects’ length of exposure in this environment. The longer the exposure, the less thermal sensitivity they 
had. The relationship between TSV and vapour pressure—humidity sensitivity—was also significantly modified by 
subjects’ length of exposure as well as the operative temperature value. However, subjects’ length of exposure had a 
positive impact on subjects’ sensitivity to humidity, meaning that the longer they stayed in a humid environment, the 
larger the impact of humidity on TSV. The operative temperature also had a positive modification on subjects’ sensitivity 
to humidity, which was strengthened at higher operative temperature. There were also two parameters that significantly 
modified the relationship between TSV and rate of temperature change: the vapour pressure and length of exposure. The 
overshoot of subjects’ TSV due to a warm temperature change was augmented by higher vapour pressure but attenuated 
by longer length of exposures.  

Condition effects and cross-level interactions 

Experiment condition, the Level 2 variable, was tested by MLM along with interactions with Level 1 main predictors for 
the two experiments and results are shown in Table 4. It is worth mentioning that the relationship between TSV and 
centred operative temperature (thermal sensitivity) significantly varied across conditions in both experiments (p < 0.05 
for Experiment 1 and p < 0.001 for Experiment 2). In Experiment 1, Condition 3 had significantly higher thermal 
sensitivity (0.170 TSV/°C) than that (0.058 TSV/°C) in Condition 1, 2 and 4 (p < 0.05). In Experiment 2, the thermal 
sensitivity in Condition 7 (0.336 TSV/°C) was significantly higher (p < 0.05) than that (0.115 TSV/°C) in Condition 5, 6 
and 8.  

Table 4 The effect of experiment condition and cross-level interactions on TSV for two experiments 

Sex and age effects and cross-level interactions 

The effects of subjects’ sex and age, as well as their interactions with Level 1 main predictors, were also tested by MLM 
for two experiments and results are presented in Table 5. Neither sex nor age had a significant effect on thermal sensation 
during DLC events; nor did these two factors have significant interactions with Level 1 predictors. The only exceptions 
were an interaction between sex and rate of temperature change in Experiment 2, and an interaction between age and rate 
of temperature change in Experiment 1.  

Table 5 The effect of subjects’ sex, age and cross-level interactions on TSV for two experiments 

In order to establish which main predictors or interaction effects (the independent variables) had greater effects on TSV 
(the dependent variable) in a multilevel multiple regression analysis, standardized regression coefficients which have 
removed the units of measurement of predictor and outcome variables were calculated for all Level 1 main predictors and 
interaction effects by applying Equation (1) from Hox [39]. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐𝑐𝑐𝑆𝑆𝑐𝑐𝑐𝑐𝑆𝑆𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑢𝑢𝑐𝑐𝑐𝑐𝑢𝑢𝑐𝑐𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 × 𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝐷𝐷𝑢𝑢𝐷𝐷𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑢𝑢 𝑐𝑐𝑐𝑐 𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑢𝑢𝑒𝑒 𝐷𝐷𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑣𝑣𝑒𝑒𝑢𝑢
𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝐷𝐷𝑢𝑢𝐷𝐷𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑢𝑢 𝑐𝑐𝑐𝑐 𝑐𝑐𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑜𝑜𝑢𝑢 𝐷𝐷𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑣𝑣𝑒𝑒𝑢𝑢

                         Equation (1) 

Standardized coefficients reveal that for both experiments, operative temperature, vapour pressure and rate of 
temperature change were generally the most important predictors for thermal sensation during DLC events. In Hensen’s 
extensive transient thermal comfort literature review [7], he pointed out that four studies on the effect of varying 
humidity on thermal sensation and thermal comfort [40–43] all indicated that the relative humidity range between 20% to 
60% did not have an appreciable effect on the thermal comfort of sedentary or slightly active, normally clothed persons, 
providing the operative temperature was within or near the comfort zone; relative humidity became more important when 
conditions were warmer and thermoregulation depended more on evaporative heat loss. Obviously during warm and 
humid temperature cycles induced by DLC events, relative humidity had a bigger impact on thermal sensation, which 
could be even more pronounced than the temperature effect.    

4.3 Predictors of thermal acceptability during DLC events 
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Previous literature has not directly looked at how thermal acceptability could be predicted from thermal environmental 
and demographic parameters. In this study, a multilevel logistic regression has been adopted to identify significant 
predictors for thermal acceptability during DLC events for both experiments. Table 6 shows predictors for thermal 
acceptability in both experiments and odds ratios calculated for significant predictors. In Experiment 1, operative 
temperature was not a significant predictor for subjects’ thermal acceptability vote, whereas the air speed and the 
interaction between operative temperature and air speed were both highly significant. The odds ratio of air speed implied 
that holding the operative temperature fixed, thermal acceptability would increase greatly if air speed was higher than the 
mean value. Similarly, in Experiment 2, there were three significant Level 1 predictors, namely operative temperature, 
rate of temperature change and air speed. Length of exposure was not significant; however its interaction effect with rate 
of temperature change was significant. The odds ratio for centred operative temperature indicated that, holding rate of 
temperature change, centred air speed and length of exposure at fixed values, the odds of voting acceptable would 
increase if the operative temperature was higher than its mean value 25.9 °C. Similarly, holding the other three 
parameters fixed, the odds of voting acceptable would go down when the rate of temperature change increases towards 
the warm direction and go up when the air speed increases from its mean value 0.05 m/s. 

Table 6 Estimate of predictors for probability of voting acceptable in both experiments 

4.4 Overall acceptability of tested DLC events and limits on temperature cycles, ramps and drifts 

For each subject in each experiment, the proportion of unacceptable votes throughout a DLC event was calculated to 
represent the proportion of time in a specific condition that this subject felt the thermal environment to be unacceptable 
(p). This parameter was correlated with subjects’ overall acceptability votes in multilevel logistic regression model and 
was highly significant in predicting overall acceptability in both experiments. Plots of predicted probability of overall 
acceptability for both experiments were shown in Fig. 3. In order to guarantee a 90% overall acceptability of DLC events, 
the proportion of time that the thermal environment is deemed unacceptable should not exceed 35%, according to Fig. 3. 
Applying this criterion to the judgement of overall acceptability for 6 DLC conditions based on the thermal acceptability 
plots in Fig. S1, Condition 2, 4 and 5 were clearly acceptable while Condition 3 was borderline. 

Fig. 3. Predicted probability of subjects’ overall acceptability of DLC events against proportion of time the thermal 
environment is deemed unacceptable 

Based on the normative 80% thermal acceptability criteria, the permissible maximum operative temperature change from 
the adapting temperature can be figured out for each DLC condition from Fig. S1. Table 7 shows the maximum operative 
temperature allowed derived from the two experiments in this study, specifically from Condition 2, 4 and 5. It should be 
noted that these limits are also dependent on the adapting temperature, its location in the steady-state comfort zone and 
building occupants’ clothing insulation. For example, in Experiment 1, the adapting temperature (operative temperature 
23.2 °C) was below the neutral temperature (operative temperature 24.5 °C) whereas in Experiment 2, the adapting 
temperature (operative temperature 24.9 °C) was around the neutral temperature. Consequently, subjects in Experiment 2 
tolerated smaller amplitudes of operative temperature than in Experiment 1 (shown in thermal acceptability plot in Fig. 
S1). In this study, subjects had light clo values of 0.4, representing typical Australian university lecture theatre settings in 
summer. However in an office environment, workers tend to have heavier clothes (clo value 0.5–0.6). An increase in clo 
value is not likely to affect the range of temperatures occupants can tolerate (the deviation from neutral temperature) if 
the cooling set-point temperature (adapting temperature) is reduced correspondingly. Comparing with ASHRAE 55-2013 
limits [6] for temperature cycles, ramps and drifts (Table 1), the temperature fluctuation amplitudes in all DLC events 
tested in this study went far beyond (Table 7). On this evidence, it is reasonable to conclude that the ASHRAE limits are 
overly conservative with temperature fluctuations in that not one of the tested DLC events complied with the ASHRAE 
standards, yet half of them yielded high thermal acceptability.  

Table 7 The permissible maximum operative temperature change (°C) based on 80% thermal acceptability criteria 
derived from the current study compared with ASHRAE 55-2013 [6] (values in the brackets indicate the corresponding 
limits depicted by ASHRAE 55-2013) 

5. Discussions 

5.1 Thermal Sensitivity and Numerical Model Simulations  
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As mentioned in Table 4, there is a consistent conditional effect (difference) observed in both experiments—subjects’ 
thermal sensitivity in two large temperature cycles (Condition 3 in Experiment 1 and Condition 7 in Experiment 2) was 
uniformly higher than in smaller temperature cycles or control conditions. Since previous literature implies that thermal 
sensitivity might be related to rate of temperature change during temperature ramps and drifts (although no consistent 
result obtained), in this study, the relationship between thermal sensitivity and rate of temperature change was further 
tested for each experiment condition in both experiments by adding a three-way interaction item in MLM. Results show 
that in Experiment 1, only Condition 4 detected a significant relationship (p < 0.01) between thermal sensitivity and rate 
of temperature change, while in Experiment 2, both Condition 6 and 7 detected significant relationships (p < 0.001 for 
both Conditions). For all three conditions, thermal sensitivity had a positive linear relationship with rate of temperature 
change, meaning that subjects have higher sensitivity when temperature is changing faster. Taking the range of 
temperature variations into account for the above conditions, it seems that there is a threshold of temperature amplitudes 
within which there is no significant difference in subjects’ thermal sensitivity. When temperature variation exceeds this 
threshold, thermal sensitivity increases when temperature changes faster. From the results of this study, the threshold is 
estimated to be 3–4 °C (air temperature).   

Based on the general properties of cutaneous thermoreceptors, Ring and de Dear [21] and de Dear et al. [22] developed a 
model based on heat diffusion through the skin for the dynamic response of cutaneous thermoreceptors to temperature 
stimuli at the skin surface. In this study, the model was used to simulate thermoreceptor impulse frequency during a 
typical large temperature cycle (Condition 7) and a typical small temperature cycle (Condition 2). Fig. 4 graphs the 
numerically simulated warm and cold fibre discharge along with the skin temperature for a theoretical subject using 
measured physical parameters during DLC events. There is larger volume of thermoafferent traffic in the large 
temperature cycle than in the small one, meaning that in the large temperature cycle the central nervous system receives 
more neural signals carrying thermal information. Hence, the skin simulation results corroborate with the previous 
finding that subjects’ thermal sensitivity was higher in large temperature cycles than in small ones.   

Fig. 4. Simulated warm and cold fibre discharge and the skin temperature for Condition 2 and 7 

The purpose of ASHRAE limits on temperature cycles, ramps and drifts is to prevent occupants from experiencing 
discomfort due to fast temperature change, especially to avoid sensation overshoot/ shock resulting from the activation of 
dynamic thermoreceptor response. However, these limits seemed overly conservative when compared with the numerical 
model simulation results in this study. Although not displayed in Fig.4, skin simulation results revealed that for even the 
largest temperature cycles, the warm and cold fibre discharge still predominantly derived from the static (steady-state) 
response, while the dynamic sensitivity of thermoreceptors remained dormant for most of the time. As Parkinson and de 
Dear [30] have clearly pointed out, the ASHRAE limits for cycles, ramps and drifts are inconsistent with literature on the 
role of elevated air movement in extending the upper range of the adaptive thermal comfort zone [e.g. 44–46].  

5.2 Validity of the PMV/PPD Model and Thermal Comfort Zones during Temperature Cycles  

Previous research literature gives inconsistent conclusions regarding thermal comfort zones during temperature transients. 
In the current experiments, the Percentage Dissatisfied calculated from the binary thermal acceptability votes were 
plotted against TSV using the pooled data from both experiments (Fig. 5). A best-fit 3rd degree polynomial equation 
derived from the data was also drawn in Fig. 5. In order to compare with previous literature that adopted Fanger’s criteria 
for dissatisfaction (subjects whose TSV is beyond ±1.5 defined as dissatisfied with the environment), a probit analysis 
was carried out to predict percentage of cold dissatisfied and percentage of warm dissatisfied, and then they were 
combined into the total Percentage Dissatisfied (shown in Fig. 5). Fanger’s PMV/PPD model is also plotted in Fig. 5 for 
purposes of comparison.  

Fig. 5. The relationship between TSV and Percentage Dissatisfied based on binary thermal acceptability votes, Fanger’s 
criteria (TSV >1.5 or TSV < -1.5) and the PMV/PPD model 

Fanger’s PMV/PPD model failed to predict thermal acceptability in the current experiments since it consistently 
underestimated subjects’ acceptability during DLC events. The thermal comfort (80% thermal acceptability) boundaries 
based on the binary acceptability votes spanned between TSV range of [-1.5, 1.2], which was much wider than the [-0.85, 
0.85] range defined by the PMV/PPD model. Also, instead of a symmetric comfort zone around a neutral PMV, the 
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comfort zone developed from binary acceptability votes in the current experiment was displaced to the cooler side (the 
magnitude of -1.5 is larger than 1.2), meaning that subjects were more tolerant of cooler temperatures than warmer ones. 
The Percentage Dissatisfied based on Fanger’s criteria demonstrated close agreement with PPD curve in the warm side 
(+0.85 for 20% dissatisfaction), however in the cooler side, it defined a wider comfort zone than the PPD curve (-0.97 for 
20% dissatisfaction). Comparing two criteria defining the thermal comfort zone, a binary thermal acceptability vote leads 
to a wider comfort range than the one derived from TSV values. As pointed out by Hensen [7], different acceptability 
criteria explain the contradictory results in the literature; yet in this study, thermal comfort zone during DLC events was 
wider than predicted by the PMV/PPD model regardless of the acceptability criteria adopted.    

Previous literature has also demonstrated a link between thermal comfort zones during temperature variations and the 
rate of temperature change, although the exact relationship remains controversial [8–12, 18]. In this study, data from two 
experiments were pooled together and the upper and lower temperature limits of 80% thermal acceptability were 
determined for variant rates of temperature change bins of 5 °C/h interval (Fig. 6). Due to limited range of temperatures 
tested for each bin, the solid arrow beside the bars indicate that the 80% thermal acceptability limits might go beyond the 
temperature limits indicated in Fig. 6. There appears to be a bifurcation of thermal comfort zones with the cooling 
transients being associated with wider comfort zones than their warming counterparts. During the warming temperature 
transients away from subjects’ neutral temperature, the width of comfort zone tends to decrease when the rate of 
temperature change is higher. This trend can also be observed from Fig. S1 where in two large temperature cycles with 
relatively higher rate of temperature change (Condition 3 and 7), thermal acceptability drops below 80% at lower 
temperatures than in smaller cycles with the same adapting temperature. In contrast, during the cooling temperature 
transients towards the neutral temperature, the comfort zone has been extended towards the warm side. As demonstrated 
in Fig. S1, there are sudden spikes in thermal acceptability at the initiation of cooling stages in Condition 3, 6 and 7 even 
if the operative temperature is still 27–28 °C. Relating to the alliesthesia theory, this scenario can be understood as an 
instance of positive spatial alliesthesia [30]: after being exposed to an upward temperature ramp away from neutral 
temperature for some time, subjects perceived the sudden convective cooling that was superimposed on warmer-than-
neutral temperatures as pleasurable and highly acceptable, because the cooling supply air falling on their heads, necks 
effectively offset or countered the thermoregulatory load-error of the warm ambient conditions.  

Regarding the impacts of rate of temperature change on the width of comfort zones during cold transients, unfortunately, 
no strong conclusion could be derived from Fig. 6 due to lack of adequate data for faster cold transients. However, if 
related to the previous study by de Dear et. al [22], the conclusion could still be drawn that faster cold transients lead to 
reduced thermal comfort zone. In effect, de Dear et. al [22] has observed conscious thermal sensations approximately 
twice as sensitive to ambient temperature down-steps as they are to equal magnitude of up-step transients, meaning that 
subjects have experienced substantial cold sensation overshoot leading to thermal discomfort. However, this higher 
intensity of cold overshoot is not discernable from Fig. S1 in this study mainly because the rate of temperature change in 
temperature cycles was much slower than in step-changes. Consequently, it would be reasonable to conclude that thermal 
comfort zone shrinks during faster thermal transients regardless of the direction of temperature change, which is 
consistent with Hensel’s summary of the transient thermal comfort literature [27]. 

The extended comfort zone during cooling transients shown in Fig. 6 also reveals an opportunity for non-steady-state 
indoor thermal environments to achieve the occupant thermal acceptability higher than 80% with adequate local stimulus 
to offset the load-error—that is, to exploit the phenomenon of alliesthesia. In that case, not only the building energy 
impacts on the environments could be ameliorated, but also building occupants’ sensory function could be activated and 
energized which overcomes thermal boredom. 

Fig. 6. Breakdown of 80% thermal acceptability temperature limits for variant rates of temperature change 

 

6. Conclusions 

This experimental study has explored the effects of DLC-induced temperature cycles on university students’ thermal 
sensation and thermal acceptability in lecture theatres (a worst case setting for DLC-induced thermal environments). The 
following conclusions can be drawn: 
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 Comparison with TSV and PMV indicates overshoot effects in both sudden warming and sudden cooling stages 
during DLC events. Out of 6 DLC conditions tested, 3 of them were clearly accepted by subjects. 

 During DLC events, operative temperature, vapour pressure, rate of temperature change, length of exposure, air 
speed, along with several interaction effects significantly predicted subjects’ thermal sensation, among which 
operative temperature, vapour pressure and rate of temperature change were the most important predictors for both 
experiments. Thermal sensitivity in two large temperature cycles (Condition 3 and 7) was significantly higher than 
that in small temperature cycles or the control condition. Subjects’ sex and age generally did not significantly affect 
TSV. 

 In Experiment 1, air speed and its interaction with operative temperature significantly predicted subjects’ thermal 
acceptability; in Experiment 2, air speed, operative temperature, the rate of temperature change as well as its 
interaction with subjects’ length of exposure all significantly predicted subjects’ thermal acceptability.  

 Results from current experiments imply that limits on temperature cycles, ramps and drifts defined in ASHRAE 55-
2013 [6] are overly conservative since all DLC conditions tested in the experiment went far beyond the standard’s 
limits but still they yielded high levels of thermal acceptability; also, the numerical simulation of thermoreceptors 
revealed that the dynamic sensitivity of thermoreceptors remained dormant for most of the time during DLC events.  

 No matter which acceptability/ dissatisfaction criteria were adopted, the thermal comfort zone of our sample during 
DLC events was wider than predicted by the PMV/PPD model on the cooler side. The thermal comfort zone shrinks 
when the temperature changes faster regardless of direction of change. Results from this study imply a possibility of 
achieving 80% thermal acceptability in non-steady-state thermal environment with application of local stimulus—in 
effect, alliesthesia.    

 

Supplementary Material 

Supplementary material includes one figure and can be found with this article online. 
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