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Abstract
As office workers will usually have a slightly elevated metabolic rate when arriving at work, they may prefer a room
temperature below the comfort range for sedentary activity in the morning. This possibility was studied in an
experiment with 25 young people, male and female, exposed to four different conditions. Each condition consisted of
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two sessions, the simulated commute (activity equivalent to walking to work) and the office session. Each office session
had a different starting room temperature, namely 18.5°C, 20°C, 21.5°C or 23°C, followed by an increasing

temperature “ramp” of 1.5K every 30 minutes. During the last 30 minutes the temperature remained constant. Physical
measurements were continuously recorded and subjective evaluation questionnaires were completed every 30 minutes.
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It was observed that, upon arrival at the office-lab, a room temperature of 20°C provided a thermal environment with
neutral thermal sensation (0.23), low thermal dissatisfaction (8.6%) and a high level of thermal comfort for the whole

M
AN
U

body (3.3). It was concluded that, in the cooling season, to improve the thermal sensation of occupants, a lower
temperature than is suggested by the existing standards should be maintained in the early office hours, and that this will
lead to a lower maximum room temperature during the day, which would result in less demand for cooling during the
summer period.
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Metabolic rate
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According to ISO Standard 7730 [1], thermal comfort is “the condition of mind that expresses satisfaction with the
thermal environment”. Warm or cold discomfort of the whole body, or unwanted heating or cooling of a human body

AC
C

part, can cause dissatisfaction and lead to thermal conditions being judged unacceptable. Several studies have correlated
thermal discomfort with low productivity in school and office working environments [2]–[4]. In addition, according to
Wyon and Wargocki [5], thermal discomfort also causes distraction, generates complaints and increases the intensity of
Sick Building Syndrome (SBS) symptoms. SBS symptoms include headache, nose irritation (stuffy, running), irritated
throat, fatigue, dry eyes, difficulty in concentrating, a lack of alertness etc. The literature shows that increased room air
temperature resulted in increasing the intensity of symptoms of fatigue, headache and difficulty in concentrating [6],
[7]. A field study conducted in an office building, showed that lower temperature, even within the comfort range,
reduced the intensity of SBS symptoms [8].
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Due to fluctuations in solar heat gains, occupancy level and equipment, steady-state conditions are rarely observed in
practice. Nevertheless, the majority of human subject experiments examining thermal comfort have been conducted
under steady-state conditions and in a thermally uniform environment [7], [9]–[16] or in a non-uniform but constant
thermal environment [8], [17]–[22]. Only a few studies have been conducted under transient uniform conditions.
Kolarik et al. examined different temperature ramps and observed a linear relationship between mean thermal sensation
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and operative temperature [7]. In another study examining thermal sensation under transient conditions for sedentary
unclothed men, it was found that when the temperature was increasing, the rate of rise of skin temperature caused a
sensation that reduced the discomfort caused by the lower skin temperature [15]. Griffiths and McIntyre examined
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steady state and 3 levels of temperature ramps, both increasing and decreasing, and developed a method for estimating
the degree of dissatisfaction produced by temperature changes [23]. Goto et al. investigated the impact of different
activity intensity and duration on thermal sensation and concluded that participants’ thermal sensation was more
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sensitive to changes in core temperature caused by a reduction in activity than by increased activity [24]. McIntyre and
Gonzalez examined the impact of clothing insulation and activity level on men’s thermal sensitivity during rapid
temperature drops and found that for resting subjects, thermal sensitivity was not affected by clothing insulation or
season [25]. A literature review study of thermal comfort in transient conditions showed that ramps between 0.5 K/h
and 1.5 K/h have no impact on the range of the comfort zone [26]. In all of these studies, either the participants had
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been acclimatized for a period of time in an environment similar to that of the experiment, to negate any effect of
previous activities, or no information was provided about their previous metabolic rate. No study was found that
correlated thermal sensation in an office environment with previous activity, e.g. commuting on foot or bicycling.

EP

Adaptive thermal comfort has attracted the attention of the thermal comfort community and has been implemented in
ASHRAE and CEN standards [27], [28]. The principle of the adaptive approach is that occupants have the possibility to
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adjust their clothing level, open or close the windows, draw the curtains to reduce solar heat gains, etc. Moujalled et al.
conducted a field study in four office buildings in southeast France during Summer-Autumn and found that the
subjects’ vote was in close agreement with the adaptive control for naturally ventilated buildings [29]. In another study,
a survey was conducted in nine schools in Australia during summer and it was found that the more thermally sensitive
group of students originated from naturally ventilated schools than air-conditioned schools [30]. Damiati et al.
conducted a field study in 13 office buildings in Malaysia, Indonesia, Singapore and Japan running in three different
modes (heating, cooling and free-running mode) and found that the results for the free-running mode very mostly
within the comfort range of EN 15251 [27]. They also observed that the most frequent personal adaptive behaviour
varied among the four countries, namely, turning on the air-condition in Malaysia, or drinking cold beverages in
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Indonesia and Japan [31]. Liu et el. introduced a method to quantify the physiological, behavioural and psychological
portions of the adaptation process and concluded that the physiological adaptation was the dominant factor in the
creation of an acceptable thermal environment [32]. It should be stated though, that the adaptive approach incorporated
in standards is used for the evaluation of buildings where no mechanical system is in use for the condition of the indoor
temperature, and the occupants have the freedom to open or close the windows and adjust their clothing level.
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Most offices need cooling even in temperate climates like Denmark due to more airtight building envelopes. Several
papers and studies show the benefits of using night cooling combined with the active use of thermal mass in the
building [33]–[37]. These benefits are mainly due to transferring some of the cooling from day-time to night-time and
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reduction of the peak load. During night-time the potential for using free cooling (evaporative cooling, increased
ventilation with cooler outside temperatures) and the use of lower electricity rates, will result in significant energy
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benefits. During the day the temperature drifts upwards due to solar heat gains and the internal loads from occupants
and equipment. It is however important that the temperature drift within the comfort zone [27], [28]. The study by
Kolarik et.al showed that a drift even up to 4.8 K/h was acceptable as long as the room temperature stayed in the
comfort range [7].

In the existing standards [27], [28], there is a seasonal effect on both the adaptive model and the PMV-PPD approach
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mainly due to change in clothing level from winter to summer. The effect of a change in metabolic rate (activity level)
during the day on the acceptable room temperature has not been studied in detail. Most people will have an increased
activity (higher than sedentary) coming to work. This may result in a feeling of warmth arriving in an office controlled
for sedentary comfort. A little lower temperature than the comfort range may improve the comfort when arriving in the

EP

office and at the same time increase the potential use of night-cooling. The present study investigated that issue,
focusing on the conditions in office buildings that can exploit the possibility of night-cooling.
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The aim of this study was to examine the impact of increased metabolic rate on thermal sensation when entering an
office room that has a lower temperature than is recommended by European Standard 15251 [27]. The authors
conducted a human subject experiment in which the effect of commuting to work on foot (estimated and planned to be
2 met on average) was taken into consideration when the participants were asked to evaluate thermal sensation,
acceptability and comfort when entering a climate chamber simulating an office space.

2. Experimental methods
The experiment was carried out in the climatic chambers of the International Centre for Indoor Environment and
Energy (ICIEE) at the Technical University of Denmark (DTU) in the period mid of April to beginning of May. Based

ACCEPTED MANUSCRIPT
on the Köppen-Geiger climate classification, Copenhagen is classified as category Cfb, namely, temperate oceanic
climate, fully humid with a warm summer. Chamber 3 was constructed to accurately control the thermal environment
[38]. Its dimensions are 5 m x 6 m x 2.5 m and the walls are made of two layers of porous vinyl sheets. Air was
supplied to the chamber through the floor (equally distributed), and by penetrating the vinyl wall-sheets. This
construction ensured identical room air and mean radiant temperature, and consequently an operative temperature equal
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to air temperature. Prior to the experiment, the authors took air speed measurements in several locations inside the
room, using heat dummies in the positions to be occupied by the subjects, to simulate the conditions and the heat gains
of the actual experiment. This pre-test study of the distributed physical room conditions was conducted to ensure that
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the office-lab had the standardized acceptable room conditions without causing any draft, thermal discomfort or air
movement discomfort. The anemometers were installed on a vertical stand at 0.1 m, 0.3 m, 0.6 m, 0.9 m, 1.1m, 1.4 m,
1.7 m, and 2 m above the floor to examine the vertical stratification. The highest air speed measured was 0.09 m/s,
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which was considered unlikely to affect the thermal comfort of the participants. Figure 1 shows the results of the air
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speed measurements, while the location of the points of measurement are shown in Figure 2.

Figure 1: Air speed measurements at different heights and locations in Chamber 3

Initially, 30 DTU students were recruited and allocated randomly to groups of five. Their age varied from 22 to 27
years old, they were healthy and physically fit and they all had a normal Body Mass Index (BMI), namely between 18.5
and 25 kg/m². BMI is obtained by dividing a person’s weight (in kg) by the square of his/her height (in metres). The
participants were requested to wear light summer clothing and this resulted in an effective clo-value of 0.5 when the
insulation of an office chair was included (ASHRAE Standard 55 Table 5.2.2.2C [28]). Each subject participated in four
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different sessions, experiencing each session only once. Two sessions were executed per day, one starting at 8:30 and
one starting 13:00. To minimize possible bias caused by the order of exposure, the four sessions were spread randomly
during the three weeks of the experiment, and it was ensured that no participant would come twice on the same day or
on consecutive days. By the end of the experiment, only 25 subjects had participated in all four sessions, so only their
responses were processed. Due to absence, the number of participants in each session varied from three to five, as is

Table 1: Anthropometric data of the experiment participants

Genre

Height,

Weight,

BMI,

cm

kg

kg/m²

Age

25±1.4

1.67±0.07

61.2±6.7

21.9±2.4

Male

25±1.6

1.81±0.07

75.9±5.8

23.2±0.8

Both

25±1.5

1.74±0.1

68.5±9.7

22.5±1.8
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Female
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participants.
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common in an open-office work situation. Table 1 shows the anthropometric information for the 25 remaining

TE
D

Each session consisted of two phases: the commute phase, which simulated commuting to work on foot, and the office
phase. This climatic chamber was furnished to represent a five-person landscape office: each participant was provided
with a desk, a chair, and a laptop connected to the internet. Upon arrival, all participants were fitted with a heart rate
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sensor. In addition, four iButton skin temperature sensors (accuracy ±0.5°C) were placed on each participant, on the
forehead, the right palm, the right scapula and the right shin, so that local skin temperature and an estimate of the area-
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weighted mean skin temperature could be recorded. The level of skin temperature can cause both local and whole body
thermal discomfort. Therefore, the authors recorded the participants’ skin temperature to examine whether any
extremely low or high skin temperature values were recorded. Heart rate and skin temperature were measured
throughout each session.

The first part of the experiment was conducted in a HVAC controlled office room with a view of the garden outside. In
this room the average outdoor air temperature for Northern European summer weather conditions at the typical working
day commuting time, from 07:00 to 09:00, was maintained (18°C). For this commute session, three treadmills and two
steps were installed on which the subjects exercised for 15 minutes at an average activity level of 1.5 met. In order for
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all participants to have equivalent activity levels, the subjects switched positions so that they exercised for a total of 9
minutes on the treadmill and 6 minutes on the steps.
After the commuting session, the participants walked directly into the conditioned office room and sat down at their
assigned desk (second experimental session). Figure 2 shows a graphical representation of the conditioned office room,
the location of the five desks and the locations where the air speed measurements shown in Figure 1 were taken. The
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star in the centre of figure shows the location of the stand with the air and operative sensors controlling the conditions
in the chamber. The distance between the subjects was one meter, to ensure that any effect of convective or radiative
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heat exchange with adjacent subjects was negligible.
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Figure 2: Graphical representation of the conditioned office room, the location of the five desks, the air speed measurements and the
stand with the control air and operative temperature sensors

At the beginning and end of each session and at 30-minute intervals throughout the session, the participants were

EP

requested to complete an online questionnaire. In the meantime, participants played various simple games on the
computer (e.g. Sudoku) to replicate a normal office activity level. In the questionnaires, the participants reported
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thermal sensation, thermal comfort, the acceptability of the thermal conditions at that specific moment and the intensity
of any SBS symptoms. The SBS symptoms included in the questionnaires were headache, nose irritation (stuffy,
running), irritated throat, fatigue, dry eyes, difficulty in concentrating and sleepiness. When conducting a human subject
experiment, the questionnaire should include more questions than those necessary for the particular study, to have a
complete knowledge of the indoor environment quality (IEQ) parameters of the built offices´ environment and to ensure
that the participants will work blind of the aim the investigation to avoid bias. In the present case, the authors had
included questions about air quality, noise level, lighting intensity etc. Figure 3 shows some of the questions included in
the questionnaires.
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Figure 3: Some of the questions included in the questionnaires

During this phase of the experiment, the air temperature was increased by 1.5°C every 30 minutes, and then kept
constant during the last 30 minutes. According to ASHRAE Standard 55 [28], the room temperature increase within 30
minutes should be no more than 1.7 K, so the temperature ramp complied with the suggested limits. The relative

examined, whose duration varied.
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humidity was kept constant around 50%. Table 2 shows the temperature schedule for the four different sessions

Table 2: Temperature schedule for the 4 sessions

00:00

00:30

18.5°C

20°C

Case 1

01:00

01:30

02:00

02:30

21.5°C

23°C

24.5°C

24.5°C
27.5°C
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change

EP

Time of

20°C

21.5°C

23°C

24.5°C

26°C

Case 3

21.5°C

23°C

24.5°C

26°C

26°C

Case 4

23°C

24.5°C

26°C

27.5°C

27.5°C

Case 2

03:00

27.5°C

3. Results
3.1. Gender comparison
Random- and mixed-effects models were used to examine the significance of differences between temperatures for all
three thermal comfort questions (sensation, acceptability and comfort). Quantile-quantile plots (QQ-plots) were used to
test whether the residuals were normally distributed. The P-level for significance was set to 0.05 as in a similar study
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[7]. Table 3 shows the p-values for the responses of thermal sensation, thermal acceptability and thermal comfort
between the male and female participants. No significant gender difference was found, so in the rest of the thermal
comfort analysis their responses were pooled. When combining the two gender results (as no significant difference was
observed), the results were very close to being normally distributed. Therefore, it was decided to use mean values and

Table 3: p-values for a gender difference in responses to the thermal comfort questions

Thermal sensation

Thermal

thermal sensation

acceptability

sensation comfort

Case 1

0.78

0.74

0.87

Case 2

0.70

0.57

0.91

Case 3

0.66

0.71

0.70

Case 4

0.58

0.33
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3.2. Skin temperature
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Whole body
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standard deviation to describe them.

0.28
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As for the responses to the thermal comfort questions, it was first determined whether there was a significant difference
between the responses of male and female participants. Table 4 shows the p-values for the skin temperature
measurements. No significant differences were observed for the sensors placed on the right hand and the forehead of the
participants, namely the two sensors that were exposed directly to room air. On the other hand, for the two sensors that

EP

were covered by the participants’ clothing, significant differences were observed between the responses of the two
genders. The cells highlighted in bold were the cases in which a significant difference was found. Female participants
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had higher skin temperature on the right scapula during the whole session, while male participants had higher skin
temperature on their right shin throughout the whole session.

Table 4: p values for a gender difference in skin temperatures

Right

Right

Right

scapula

shin

Forehead
hand
Case 1

0.51

0.53

0.01

0.41

Case 2

0.52

0.47

0.02

0.15

Case 3

0.38

0.36

0.14

0.03

ACCEPTED MANUSCRIPT
Case 4

0.48

0.83

0.98

0.01

Figure 4 shows the average skin temperature of all participants on the forehead, the right palm, the right scapula and the
right shin, for each case separately. The vertical black dashed line separates the figures into the exercise phase on the
left side of the line and the office phase on the right side of the line. At the end of the exercise period, all four cases had
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almost the same skin temperature in all four locations measured, since the PV Lab maintained a constant temperature
throughout the experiment. The temperature differences measured in the four cases on the scapula and the shin were not
significant, since these two sensors were covered by the participants’ clothing. A similar trend was also observed on the
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forehead, although this sensor was exposed and in direct contact with room air. On the other hand, the temperature
differences measured on the palm sensor differed markedly between cases. At thermal neutrality, skin temperature is
around 33°C and the flow of energy to and from the skin determines a person’s sense of hot and cold. No extreme
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values were recorded, that could have caused local or whole-body thermal discomfort.

Figure 4: Average skin temperature for each case
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3.3. Whole body thermal sensation
Figure 5 shows the whole body thermal sensation and its standard deviation as a function of the room temperature. At
the starting temperature of 18.5°C, the subjects felt closest to neutral when they entered the chamber, compared to the
other three cases. The effect of exercising quickly decreased, and subjects reported feeling slightly cool in the second

EP

questionnaire of Case 1. This indicates that after half an hour, the results are largely dependent on the room
temperature, and unaffected by any preceding activity. The responses were close to neutral again only when the room
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temperature was at least 23°C. This corresponds to what was proposed by European Standard 15251 [27]. A
temperature range of 23-24.5°C was proposed as the most neutral. When the participants entered the chamber at the
room temperatures of 21.5°C and 23°C (Cases 3 and 4 respectively), they reported slightly warm thermal sensations.
Figure 5 confirms that 24.5°C was the most neutral temperature. When the temperature remained constant at 27.5°C
(the last 30 minutes of Cases 2 and 4), the subjects adapted to it even though it is above the upper limit of Category III
of the Standard 15251, namely 27°C [27]. Furthermore, although the starting temperature of Cases 2 and 4 differed by 3
K, after 26°C the participants’ responses were almost identical. The starting point of each session thus had no influence
at the end of each session. By calculating the area under each curve, it was found that the case that deviated the least
from the neutral point was Case 3. This was due to the fact that after the initial 30 minutes, the room temperature was
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23 K and therefore remained for most of the time period within the neutral range of Category II of Standard 15251,
namely 23°C – 26°C [27].
Kolarik et al. [7] reported whole body thermal sensation of approximately -0.5 when the starting room air temperature
was 22°C, the clo-value 0.5 and the metabolic rate 1.2 met. In the present study, the closest starting room air
temperature was 21.5°C (Case 3) for which the mean whole-body thermal sensation was 1.06. Although in the present
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study the room air temperature was 0.5 K lower, whole-body thermal sensation was significantly higher when entering
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the chamber. This difference is attributed to the different metabolic rate values in the two experiments.
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Figure 5: Whole-body thermal sensation as a function of the room air temperature. Whiskers show the standard deviation for each
questionnaire
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Figure 6 shows the whole-body thermal sensation in boxplots, separately for male and female participants, for the first
questionnaire. In all four cases, the responses from each gender were quite similar. In Cases 1 and 2 the median and the
±25% of the responses were around neutral, while in Cases 3 and 4 they reached a slightly warm value. In Cases 3 and
4 the box indicating the central 50% of responses is smaller, which indicates less variation between the responses of
different subjects. This figure also supports the previous conclusion that the differences between male and female
subjects were small.
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Figure 6: Whole-body thermal sensation for the first questionnaire of each case separately
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3.4. Whole-body thermal acceptability

Figure 7 shows the mean values of the whole-body thermal acceptability as a function of the room temperature. As
before, the lower the room temperature at the beginning of the session, the higher the acceptability. Case 1 was the
only case that returned a lower acceptability value at the second questionnaire compared to the first one, meaning that
once the participants’ metabolic rate dropped to a value typical of office work, a room air temperature of 20°C proved
to be too low. On the other hand, Case 2, with a starting temperature of 20°C followed by the 1.5K/0.5h ramp, had the
highest acceptability value before it exceeded 26°C, which is the upper limit of Category II of Standard 15251 [27].
Case 2 yielded the highest acceptability: from 21°C to 26°C the thermal acceptability remained almost unchanged. The
lowest acceptability was recorded in the initial questionnaire of Case 4, when the room temperature was 23°C.
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Although this is the lower limit of Category II of Standard 15251, it was considered as just acceptable. Due to the
decrease in the subjects’ metabolic rate, the increased room temperature at the second questionnaire was reported as
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more acceptable. A similar trend was also observed in Case 3, but with slightly higher values of thermal acceptability.

Figure 7: Whole-body thermal acceptability as a function of the room temperature. Whiskers show the standard deviation for each
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questionnaire

3.5. Whole body thermal comfort

Figure 8 shows whole-body thermal comfort as a function of room temperature. As before, the lower starting room

EP

temperature of the first two experimental cases yielded the highest values of thermal comfort at the beginning of each
session, although this time the differences were smaller. For all the experimental cases, whole-body thermal comfort
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was always above the “slightly uncomfortable” level. When the room temperature exceeded 26°C (Cases 2 and 4), the
room temperature was evaluated as less comfortable. In all four cases, when the room temperature remained constant at
the end of the sessions, participants felt slightly more comfortable after being exposed to the same temperature for 30
minutes. The most comfortable temperature range was 23°C – 26°C. Case 1 was the only case in which the participants
felt less comfortable at the second questionnaire than at the first questionnaire. Overall, Case 2 was considered the most
comfortable.
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Figure 8: Whole-body thermal comfort as a function of the room temperature. Whiskers show the standard deviation for each
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questionnaire

3.6. Percentage dissatisfied

Figure 9 shows the percentage of the subjects dissatisfied with the thermal environment as a function of the mean
thermal sensation, for each case separately. The predicted percentage dissatisfied (PPD) curve derived from Fanger’s
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model is also included in these figures for comparison [39]. For every questionnaire, the thermal sensation was the
average value of the thermal sensation responses of all the participants. Cases 1, 2 and 4 follow Fanger’s curve quite
closely, while Case 3 does not. Figure 10 shows all the results combined in order to plot the trendline more accurately.
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Although the conditions in this experiment were transient (temperature ramp of 1.5K/0.5h), the results in the neutral
zone follow Fanger’s model quite closely, although it was developed from data obtained in steady-state studies. Kolarik
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et al. [7] made a similar observation in their study. These are strong indications that Fanger’s model has a broader range
of application and this should be further investigated to well outside the limits of a steady-state condition.
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Figure 10: Combined results of percentage of subjects

environment, for each case separately

dissatisfied with the thermal environment
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Figure 9: Percentage of subjects dissatisfied with the thermal

3.7. Sick building syndrome (SBS) symptoms
Table 5 summarizes the results of the subjects’ responses to questions about their sick building syndrome symptoms.
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An arrow pointing downwards means that there was a significant deterioration in that symptom as room air temperature
increased, while NS means that there was no significant change, either positive or negative. In most cases a
deterioration was observed in the general symptoms (fatigue, lack of concentration, sleepiness) and less often in the
specific symptoms (headache, nose irritation, etc.). The cause of the deterioration of the general symptoms could be the
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quality of the artificial light in the climatic chamber or the fact that this chamber has no windows.

Table 5: Intensity of SBS Symptoms

Nose
Headache

NS

Case 2

NS

Case 3
Case 4

Irritation

Irritation

Fatigue

Concentration

Sleepiness

NS

NS

NS

↓

↓

NS

NS

NS

↓

NS

↓

NS
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Case 1

Eyes

EP

Irritation

Throat

↓

NS

NS

NS

↓

↓

NS

↓

NS

NS

NS

↓

↓

↓

Figure 11 shows examples of the evolution of the intensity of a specific symptom (throat irritation) and a general
symptom (difficulty in concentrating). A symptom intensity of 100 means that the subject felt no irritation, while 0
mean severe irritation. For throat irritation, a deterioration was observed in all cases, but the effect was small. For
example, in Case 1, the maximum value was 97 (recorded at the first questionnaire), while the lowest was 90 (recorded
at the last questionnaire). On the other hand, in every case the ability to concentrate showed the most significant
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deterioration. For example, in Case 1, the maximum value was 92 (first questionnaire), while the lowest value recorded
was 74 (penultimate questionnaire). Regardless of the symptom, in most cases an improvement was observed when the
temperature was kept constant during the last 30 minutes. A deterioration of the SBS symptoms observed with an
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increase in room air temperature is consistent with other findings in the literature [6]–[8].
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4. Discussion
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Figure 11: Examples of development of sick building syndrome symptoms for each case examined

The significant differences observed between the four experimental cases in Figure 5 were not reflected in similar
differences in Figure 7 or Figure 8. Whole-body thermal sensation varied from slightly cool to slightly warm, thermal
acceptability was always better than “just acceptable” while whole-body thermal comfort was always better than
“slightly uncomfortable”. The course of the curves of thermal acceptability and thermal comfort shown in Figure 7 and
Figure 8 are almost identical, although the question that was used to report thermal comfort was a continuous scale
while for thermal acceptability it was not, as shown in Figure 3.
There are certain limitations in the present study that should be taken into consideration. These limitations are related to
the experimental factors that were restricted to a specific value or range of values, to avoid possible bias. These factors
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include the clo-value of the participants and the anthropometric parameters of the subjects. The clo-value was limited
to 0.5, the subjects’ age was in a narrow range (22-27 years old) and only subjects with normal body mass index were
accepted. In other words, underweight, overweight or obese people were excluded from this study. The interior of the
climate chamber used for the experiment was designed to simulate a landscape office. The dimensions of the climate
chamber could not be changed however, so not more than 5 participants at the same time could be present.
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Nevertheless, the findings of the study would not be affected whether the authors had simulated a landscape or a
cellular office room. When selecting the temperature rate of change, the limitation of 1.7 K/0.5h had to be taken into
consideration, based on ASHRAE Standard 55 [28]. Apart from that restriction, the choice was arbitrary. The ramp of
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1.5K/0.5h used in this study is close to the maximum allowed. Increasing the ramp to 1.7K/0.5h most probably would
not cause significant differences since 0.2 K is a very small temperature difference and unlikely to be perceived.
Reducing the slope of the ramp to e.g. 1K/0.5h would result in increased thermal discomfort after the first 30 minutes,
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as Figure 5, Figure 7 and Figure 8 show, because it will take more time to reach the comfort range of 23-26°C for
sedentary activity. The authors therefore believe that no useful findings would be obtained by examining different
ramps in relation to the purpose of the present study. No extensive study of typical office temperatures in Denmark in
summer was found and using one-building cases would be too risky due to the high degree of variability (building
orientation, construction properties, occupancy level, etc.). Nevertheless, the Danish building code, which is based on
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ISO 7730 [1], recommends that office buildings should operate in the range of 20-24°C during winter and 23-26°C
during summer. Therefore, most buildings may be assumed to operate in this interval.
After having exercised for 15 minutes the participants preferred a lower room air temperature than is suggested by the
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standards, so in countries where most people commute on foot or on a bicycle, at the beginning of the occupancy period
the office room temperature should be lower than 23°C. Although 18.5°C as a starting temperature had the highest
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thermal acceptability and comfort value, it must be considered as too low, as it took longer to reach the range of 23°C –
26°C, because the maximum allowed room temperature increase in 30 minutes is 1.7 K [28]. We therefore suggest that
the starting room temperature should be 20°C – 21.5°C and that room temperature should then increase at the rate of
1.5K/0.5h to reach the comfort range of 23°C – 26°C. It should be taken into consideration though, that in landscape
offices not all occupants commute the same way (private car, public transportation, bicycle or on foot) and they do not
all arrive at the office at the same time. This means that any given room temperature control might not be ideal for all
occupants. However, it would be more appropriate in educational and public service buildings, where the arrival times
of all building occupants are identical.
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Rijal et al. investigated 11 office buildings in Japan for more than a year and developed an equation for buildings in
heating, cooling and free-run mode[40]. Figure 12 shows the comparison between the results from their equation for the
cooling mode with the current experimental data. The responses for the first questionnaire are presented separately
because the participants had higher metabolic rate at that time. It can be seen that the experimental responses of the
second questionnaire and onwards are very close to the results extracted from equation developed by Rijal et al., while
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the responses of the first questionnaire differ substantially. Therefore, when the metabolic rate of the responses from the
current experiment was similar to that of the field study, the two sets of subjects’ responses almost coincide, in spite the
difference of the season (summer during the field study compare to spring during the current experiment). This shows
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that the dominant factor that affected the subject’s thermal perception was not the season or the outdoor conditions
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during the experiment execution, but the high metabolic rate that the subjects had while filling the first questionnaire.
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Figure 12: Thermal sensation comparison between current study results with field study results

While there is a seasonal effect on the preferred room temperature level, the relative effect of an increased activity in
the morning on the decrease preferred room temperature in the morning is minor. There is some effect as the acceptable
change in room temperature for an increased activity level will depend on the clothing level. At a lower clothing
insulation, the acceptable decrease in room temperature for an increased activity level will be less than for a heavier
clothing. In the present study the authors focused on one level of clothing (0.5 clo) considered typical for summer
clothing in a temperate climate.
The temperature ranges suggested by the European standard EN 15251 [27] for office buildings assume a metabolic rate
of 1.2 met, which is typical for sedentary activity. The authors believe that similar findings would be observed for a
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person with elevated metabolic rate entering an office building, independent of the season, the geographical location or
climate conditions, due to the difference in the metabolic rate. This naturally requires further investigation.
For Figure 9 and Figure 10, the PMV – PPD values were calculated based on the program designated by Appendix B of
ASHRAE Standard 55 [28]. For the metabolic rate, the ISO Standard 8996 (ISO 2004) was applied, using the heart rate
measured during the experiment. In some cases, the wireless connection between the sensor and the receiver failed,
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resulting in unrealistic values of heart rate. Figure 13 shows an example of such a session, where the heart rate of
Participant 1 exceeded 160 heart beats at a time when the subject was sitting at a desk performing office work. This
resulted in a metabolic rate of five or six met during the walking phase and up to three met during their stay in the
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office-chamber. In those cases, the metabolic rate was set by the authors to 2 met during the walking phase and when
responding to the first questionnaire, and to 1 met during the rest of their stay in the chamber. These values of metabolic
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rate were taken from Table A.2 of the ISO Standard 8996 [41].
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5. Conclusions
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Figure 13: Example of heart rate measured during an experimental session

The present study examined whether building occupants with slightly elevated metabolic rate due to commuting on foot
may accept a room temperature below the comfort range for sedentary activity in the morning. This was studied in an
experiment with 25 young people, male and female, exposed to four different conditions. It was concluded that
•

No significant differences were observed between the subjective responses of male and female participants

•

Due to the increased metabolic rate from walking, lower room temperature than are suggested by EN Standard
15251 were reported as acceptable at the beginning of the occupancy period.

•

The impact of the physical exercise had disappeared after approximately 30 minutes

ACCEPTED MANUSCRIPT
•

Although the conditions in this experiment were transient (an increasing temperature ramp of 1.5K/0.5h), the
results in the neutral zone followed Fanger’s model quite closely, although his model was developed from data
obtained in steady-state exposures

•

In countries where most people commute on foot or by bike, the room air temperature at the beginning of the
occupancy period could be 20°C – 21.5°C, namely lower than EN Standard 15251 suggests. It should then
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increase steadily at a rate of 1.5K/0.5h to reach the comfort range of 23°C – 26°C.

These results could be used by researchers examining thermal comfort or energy use in office buildings and could be

SC

taken into consideration in international standards for the indoor environment or the operation of HVAC equipment.
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Highlights
No significant differences between the responses of male and female participants



Lower room temperature than what suggested by standards reported as acceptable



The impact of the physical exercise had disappeared after approximately 30 minutes



The results in the neutral zone followed Fanger’s model quite closely



The room temperature at the beginning of the occupancy period could be 20°C–21.5°C
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