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Abstract. The thermal environment in buildings, including bathrooms, is essen-
tial to occupants’ health and energy consumption. Many thermal comfort models
have been developed in recent decades. However, only a limited number of mod-
els are available that attempt to forecast individuals' thermal sensations while
showering, and these models rarely take into account people's thermal physiol-
ogy. This study applied a dynamic thermal sensation (DTS) model developed by
a recent study to predict people’s thermal comfort during the undressing and
showering processes under different settings. The results were compared with the
subjects’ self-reported thermal sensations collected during a previous field study,
and the differences between them indicated the necessity of improving the DTS
model during showering. Additionally, these findings showed that the water tem-
perature preferred by most people (about 39 °C) might lead to a hot thermal sen-
sation during showering. Considering the greater influence of water temperature
compared to air temperature on energy consumption, it is recommended to main-
tain relatively lower water temperatures and higher air temperatures during show-
ering. This setting could ensure a comfortable thermal sensation for undressing
and showering while promoting energy conservation.

Keywords: Showering, Thermal Energy Consumption, Energy Conservation,
Dynamic Thermal Sensation, Mean Skin Temperature.

1 Introduction

Many thermal comfort models have been developed in recent decades to identify the
relationships between the built environment and occupants’ thermal sensations and to
create a healthy and comfortable indoor environment [1]. However, most existing ther-
mal comfort models focus on people exposed to air, such as in the working and learning
spaces. Only a few evaluated thermal sensations during people’s showering, and hardly
any considered people’s thermal physiology [2]. Users’ thermal comfort is closely re-
lated to their well-being and the thermal energy used to maintain a thermal environment
[3]; the showering environment is no exception. People’s thermal sensation could di-
rectly affect their showering behaviour, such as adjusting water temperature and flow
rate, significantly impacting energy use [4]. Therefore, understanding the relationships
between the showering conditions and people’s thermal sensations could create the op-
timal showering environment that improves thermal comfort and saves energy.
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A recent study developed a Python program to predict people’s skin temperature and
dynamic thermal sensation (DTS) during undressing and showing processes [5]. By
setting the showering conditions, including water temperature, air temperature, and rel-
ative humidity, and user information, including height, weight, and gender, the DTS
predicting program could predict the user’s thermal sensation per minute [5]. The cur-
rent study aims to identify the comfort and energy-efficient showering conditions. The
DTS model determines the relative comfort conditions and, hence, the most energy-
efficient setting by utilizing the showering energy consumption model.

2 Method

Based on a previous field study on showering thermal sensation, six representative
showering settings were identified, corresponding to the different cold, neutral, and
warm conditions for female and male subjects in Hong Kong (see Table 1) [2]. These
settings, together with the subjects’ heights and weights (male: 174cm/66.8 kg; female:
156cm/54.6 kg), were applied in the current study as the inputs to calculate people’s
DTS during the undressing and showering processes.

Table 1. Showering settings corresponding to males/females’ cold/neutral/warm sensations.

Showering Males’ thermal sensation Females’ thermal sensation

settings Cold Neutral Warm Cold Neutral Warm
(-0.60) (0) (0.60) -0.7D) (0 (0.80)

Water

Temperature (°C) 38.6 38.6 38.6 39.2 39.2 39.2

Air 17.7 25.8 29.8 17.7 2538 29.8

Temperature (°C)

The calculation was assisted by Python code. First, the environmental conditions and
subjects’ information were defined based on the previous study. Second, the skin tem-
perature changes on different body segments during the two processes were calculated
separately. Last, the DTS was calculated for each second. All the computed results were
saved in a worksheet for further analysis. After the calculation, the DTSs were com-
pared with the empirical data (i.e., the subjects’ self-reported thermal sensations after
showering) collected by a previous study [2]. At last, the optimal showering environ-
ment, in terms of thermal comfort and energy saving, can be identified based on the
relationships between the DTS and the showering settings.

3 Results

Figure 1 shows the calculated DST under different conditions during the undressing
and showering. In the cold environment, subjects’ thermal sensations decreased signif-
icantly with time during the undressing period, while after exposure to hot water, they
increased to the thermal neutral level; in the neutral and warm environments, subjects’
thermal sensations were around neutral during the undressing period, while they
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increased significantly during the showering period. These findings indicated that the
air temperature in the bathroom should be kept at a neutral level, and the showering
water temperature should be kept at a relatively lower level to maintain a thermally
comfortable environment during both the undressing and showering processes. More-
over, according to the showering energy consumption model developed by Zhang et al.
[7], water temperature has a relatively larger impact on energy consumption during
showering than air temperature (see equation (1)). Therefore, the air temperature is sug-
gested to be kept at 25.8°C (same as the neutral condition) and the water temperature is
kept at 38°C (slightly lower than the users’ preferred setting) for people with average
height and weight in Hong Kong. Under this condition, the thermal sensation of both
males and females could be maintained between 0-1 in the bathroom (See the grey line
in Fig.1). Additionally, if the water flow rate and ventilation rate were kept the same,
then the suggested setting could save about 0.08 and 0.20 kWh of energy during a 10-
minute shower, compared with the neutral and warm conditions, based on equation (1).

Quotal = 0.20 X T, + 0.53 X T,, + 72.56 X m, + 44.39 x m,, — 24.04 (1)
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Note: the air temperatures in cold, neutral, and warm conditions were 17.5, 25.8, and 29.8 °C,
respectively; the water temperature was 38.6°C for males and 39.2 for females [2].

Fig. 1. Comparison between the calculated thermal sensations and the references.

4 Discussions

As shown in Fig.1, the calculated DTSs were higher than the subjects’ reported thermal
sensations (the points marked at 18 min). It should be noted that subjects’ thermal sen-
sations were asked after showering, and the subjective thermal sensations might drop
sharply without exposure to the hot water. In addition, the accuracy of the DTS model
might also affect the results. Since the DTS was calculated based on the model devel-
oped by Takada et al. [6], which was targeted at people exposed to air, it might not be
suitable for predicting subjects’ DTS during showering [5]. Therefore, this DTS model
is suggested to be improved to make it ideal for showering conditions.

Moreover, it is important to acknowledge that the findings of this study may not be
easily replicated on a larger scale due to the limited number of cases examined. The
study primarily relied on simulations and drew upon data from a previously conducted
field study, which only provided average information for male and female subjects.
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Consequently, the current study involves only two average subjects. More subjects’
information and thermal sensations should be collected in future research, and a whole
showering process monitoring (undressing, showering, and dressing) shall be con-
ducted under different conditions. This additional information would validate and en-
hance the accuracy of the DTS model and identify the optimal showering conditions
for different user profiles.

5 Conclusion

This study applied a previously developed DTS model to predict subjects’ thermal com-
fort during the undressing and showering processes in a bathroom. Three thermal set-
tings were considered for male and female subjects separately. Results indicated that
keeping the air temperature at a neutral level and slightly lowering the water tempera-
ture could help to maintain a comfortable and energy-saving showering environment.
Specifically, for people with average height and weight in Hong Kong, the air and water
temperatures during showering are suggested to be 25.8 and 38 °C. Besides, the differ-
ences were identified between the calculated thermal sensations and the previously col-
lected self-evaluations. Therefore, the DTS model was suggested to be improved to
better predict the DTS during showering. Moreover, the findings of this study could
enhance the understanding of people’s thermal response during showering, which could
help residents and public facility managers create a comfortable and energy-saving
showering environment.
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