kT buildings

Article

Establishing the Relationship between Occupants”’ Thermal
Behavior and Energy Consumption during Showering

Dadi Zhang

check for
updates

Citation: Zhang, D.; Mui, K.-W.;
Wong, L.-T. Establishing the
Relationship between Occupants’
Thermal Behavior and Energy
Consumption during Showering.
Buildings 2023, 13, 1300. https://
doi.org/10.3390/buildings13051300

Academic Editors: Elisa Belloni and

Gabriele Maria Lozito

Received: 31 March 2023
Revised: 12 May 2023
Accepted: 13 May 2023
Published: 16 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Kwok-Wai Mui and Ling-Tim Wong *

Department of Building Environment and Energy Engineering, The Hong Kong Polytechnic University,
Hong Kong, China
* Correspondence: beltw@polyu.edu.hk

Abstract: Despite an increased awareness about energy conservation in the past decade, the energy
consumed for water heating has increased by 7% from 2008 (17%) to 2018 (24%) in Hong Kong. A
literature review on existing energy-saving technologies during showering showed that occupants’
behavior significantly impacted energy consumption. However, the exact relationship between them
was not yet fully understood. Therefore, this study developed a mathematical energy consumption
model to investigate the relationship between occupants’ behavior and energy consumption during
showering. This relationship identified an effective energy-saving strategy in the shower without
scarifying occupants’ thermal comfort. The main variables that influence energy consumption and
thermal comfort in bathrooms namely air temperature, water temperature, ventilation rate, and water
flow rate, were considered. It was found that among them, water flow rate and ventilation rate are
the most and least influential variables, respectively, in energy saving. Therefore, the ventilation
rate was suggested to be at least 0.03 kg-s~!, and the water flow rate was meant to be lower than
0.15 kg-s~! (based on related requirements). These findings could help residential occupants and
facility managers determine the optimal showering settings for thermal comfort, energy consumption,

and environmental effects.

Keywords: energy consumption; thermal comfort; showering; human behavior; water temperature;

air temperature; ventilation rate; water flow rate

1. Introduction

Since the international environmental treaty was established to combat climate change,
almost all fields, including agriculture, industry, transportation, and building, have been
looking for effective ways to save energy and reduce emissions [1,2]. Water utilities are no
exception since water and energy always work together. Studies showed that the proportion
of energy used for domestic water heating among the total energy consumption was
18% in the United States [3], 15% in Poland [4], 13—-18% in Australia [5], and 20% in Hong
Kong [6]. Moreover, these proportions have continuously increased in recent years because
of decreased energy consumption in other fields, such as space heating and lighting [7].

According to the investigation of energy consumed in the United States, approximately
4.8 x 10' KJ of energy was consumed for water-related purposes. Most of them were lost
at the point of transmission, distribution, and end-use [8]. Furthermore, Spang et al. [9]
estimated that 1830 GWh of electricity could be saved by water conservation in California
in one year. One of the daily actions that are responsible for both energy and water
consumption is showering. In Hong Kong, hot water showers consume around 40% and
19% of the total domestic water and energy consumption, respectively [10]. According to a
field survey conducted in 1300 households in Hong Kong [11], the shower frequency was
around 1.4 times (SD = 0.6) per day, which is more than three times as many as in other
cities in England (0.4 times) [12]. Moreover, as indicated in an energy consumption survey
conducted by Wan and Yik [13] in Hong Kong, the annual electricity consumption for water
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heaters accounted for almost half of the total electricity consumption per household and
was more tensive in winter. This demonstrates considerable energy-saving potential during
shower time in Hong Kong, especially in winter.

Although significant energy saving could be achieved through the optimal operation
of the hot water system during showering, it might decrease occupants’” comfort [14].
Energy-saving and maintaining comfort appear to conflict with each other. As stated by
Pomianowski et al. [7], people tend to increase the number and duration of showers to
obtain comfort, and the water must be delivered at the required temperature. Thus, efforts
still need to be made to reach the balance between energy efficiency and comfort indicators
during showering.

Therefore, this study was conducted to identify an effective energy-saving strategy in
hot water showers without scarifying occupants’ thermal comfort by varying the showering
air and water temperature. To achieve this goal, a literature review was conducted to
understand the current situation and knowledge gaps on technologies developed for
energy saving in the shower and identify the most promising strategy for further research.
Then, on top of that, this study conducts a series of theoretical calculations and develops
an energy consumption model to examine the contributions of each influencing factor and
further proposes practical suggestions for energy conservation in the shower.

2. Literature Review

In the past decades, we have witnessed the development of energy-saving technolo-
gies and equipment for hot water showering systems. To better understand the current
situation regarding energy consumption for showering, a literature study was conducted by
searching the articles on the Web of Science using three keywords “hot water showering”,
“building”, and “energy”. Sixty-one articles were identified, and a bibliometric analysis
was conducted using VOSviewer [15]. Figure 1 illustrates the high-frequency items that
occurred in the abstracts of these articles. As can be seen, alternative energy sources, espe-
cially solar energy (the green parts in Figure 1) and waste heat recovery (the red parts in
Figure 1), are the two main topics for showering-related studies. By carefully checking these
references, the specific commonly used energy-saving technologies can be classified into
four categories: heat recovery systems, solar collectors, heat pump water heaters combined
with water supply efficiency improvements, and water-efficient showerheads.

recQuery &
energy(gfficiency consepvation
wastaswater d*n v medel
‘ carbon @emissions
effigigncy systems '
P - , &
drairvater perf&nce SOlar‘gnergy
demand
consi tion
heat r@oves S*p comfort
managemeni® energy-capsumption

profiles

Figure 1. High-frequency items occurred in the studies on energy consumption in the shower.

2.1. Heat Recovery Systems

Considering the huge amount of energy in shower wastewater, utilizing the energy
recovered from the wastewater to heat shower water is significant in energy saving [16]. A
previous study revealed that only 5% or less of the energy used for shower-water heating
was spent on actual showering events. Over 85% of the energy used for shower-water
heating was wasted on the drain [5]. Consequently, many heat recovery techniques were
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proposed and tested [6,17]. For example, Wong et al. [6] investigated the performance of a
compact single-pass counter-flow heat exchanger for apartments that could save 4-15% of
heat from shower wastewater annually. McNabola and Shields [18] presented a horizontal
heat exchanger with a certain number of loops and claimed that this new structure could
increase energy efficiency by up to 50%. Tomlinson [19] designed a vertical, counterflow
heat exchanger named gravity-film heat exchanger and concluded that a 50% saving of
energy used to heat shower water is achievable with this system.

2.2. Solar Collectors

To avoid the climate disruption caused by fossil fuels, renewable energy sources,
such as solar energy, are encouraged to be used by governments worldwide. However,
the energy-saving potential of solar collectors largely depends on the climate condition
and cities” building density. Previous studies indicated that solar collectors could save
60-74% of energy in cities with high sunlight hours and low-density buildings, such as
those near the Mediterranean region [20,21]. By contrast, although the solar condition is
not bad in Hong Kong, most territories are hilly, and the limited developed lands are full of
high-rise buildings, making installing solar collector panels difficult [22]. One proposed
solution to this problem is the building-integrated photovoltaic/water-heating system that
can be installed on vertical walls. According to a simulation study, the annual thermal
efficiency of this system could be 38% under the conditions in Hong Kong [23].

2.3. Combination of Heat Pump Water Heater and Instantaneous Shower

Heat pump water heater (HPWH) is another standard water heating method with
high energy efficient heat treatment. However, since HPWHs are usually centrally located
in a building, a certain amount of water and associated energy are inevitably lost during
the conveyance to the end users due to leakage or evaporation [24]. Moreover, some cold
water in the pipe is wasted before the hot water is transmitted to the end users. Therefore,
to avoid conveyance loss, tankless (also known as “instantaneous”) water heating was
recommended [25]. Yet this technology might increase the energy input during the peak
time since it heats water on demand. To tackle this problem, Henze et al. [26] developed a
modal predictive control (MPC) for tankless water heating. To further improve the energy
efficiency of this system, Wanjiru et al. [24,27] suggested involving renewable energy in
this system as well. They stated that by combining HPWH, instantaneous shower, optimal
control, and renewable energy, 23.4% energy and 19 L water could be saved daily [27].

2.4. Water-Efficient Showerheads

Policies have promoted low-flow appliances (water-efficient showerheads) in the past
decades. A water-efficient showerhead could reduce the water flow rate from 25 L-min~!
to 7 L-min~!. Its water-saving potential is straightforward and can be directly perceived
through the senses. According to a simulation study that compared five energy-saving
technologies, low-flow appliances performed best, with around 30% energy conservation
for domestic water use [28]. Yet, no significant changes in residents” water usage were
identified [29]. The low satisfaction rate of these water-efficient showerheads might cause
this. Wong et al. [30] surveyed satisfaction with water-efficient showerheads and found
that most customers were unsatisfied with the showerhead’s pressure and water flow rate.

Furthermore, studies found that the water-saving amount is closely related to users’
satisfaction with water-efficient devices. If the devices reduce users’ satisfaction, they might
resort to other ways, such as longer showers, to compensate [31,32]. Therefore, the design
of low-flow devices should focus on users” comfort and satisfaction and understanding
their showering behavior might be crucial to adopting energy-saving devices.

2.5. Knowledge Gaps

To date, the impact of occupants’ showering behavior on energy consumed by the
showering water systems has not been fully understood, unlike the importance of oc-
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cupants’ behavior on energy consumption of buildings on the Heating, Ventilation, and
Airconditioning (HVAC) or lighting systems [33,34]. Wong et al. [10] evaluated the influ-
ence of users’ behaviors on CO, reduction through simulations and compared it with other
energy-related CO, reduction measures. Results indicated that users’ behavior played
a vital role in energy saving during showering, and its effect on CO, reduction (22%)
is more significant than heat recovery from shower wastewater (14%) as well as being
compatible with water-efficient showerheads (26%) [10]. Park & Chung [35] also identified
the significance of occupants” behavior in domestic hot water and energy use in buildings
with a mandatory zero-energy policy. However, the underlying causes of CO, reduction
and the specific relationships between occupants’ behavior and energy consumption in
bathrooms remains to be studied.

Zeiler et al. [33] found that comfort levels usually drove human behavior and most
actions were taken to deal with uncomfortable conditions. For example, people turn on
fans or air conditioning when they feel warm [36] and turn on lights when they are in the
dark [37]. Additionally, many studies showed that these comfort-seeking behaviors are
closely related to energy consumption [36,37]. To date, studies on the relationships between
occupants’ comfort, behaviors, and energy consumption mainly focused on thermal com-
fort [38,39] since the HVAC system accounts for one of the most significant proportions
of energy consumption in modern buildings [40]. Furthermore, most of them were about
the environment in offices [37,39], living rooms, and bedrooms [41]. However, occupants’
behavior, comfort, and energy consumption in bathrooms were rarely studied. Thus, much
uncertainty still exists about the relationships between occupants’ showering behavior,
thermal comfort, indoor thermal environment, and energy consumption. Understanding
these relationships might be the key to further saving energy in the shower.

3. Mathematical Model

The radiator and the water heater mainly cause energy consumption during showering
to maintain a comfortable showering environment. This study proposes a simple model for
describing the energy consumption during showering by calculating the energy consumed
by the radiator and water heater separately and considering occupants’ thermal comfort.

3.1. Initial Conditions and Assumptions

Previous surveys on showering behaviors in different seasons indicated that people
prefer to shower longer and increase the water temperature in winter [42]. Radiators or
other types of heaters were usually used in the bathroom in winter to keep a comfortable
thermal showering environment. Thus, more energy was consumed in the shower in winter,
and more energy-saving potential was also expected. Therefore, this study regards winter
as the research target and 17 °C, the average outdoor temperature from December 2022 to
February 2023 [43], was selected as the typical outdoor ambient temperature in winter in
Hong Kong. Additionally, other initial conditions were assumed as follows:

1.  The ventilation rate in the bathroom was assumed to be 0.01-0.03 kg-s~!. The min-
imum level (0.01 kg~s’1) was decided based on equation (1) to keep the CO; con-
centration in the bathroom below 1000 ppm [44]. The maximum level (0.03 kg-s’l)
was decided based on the ASHRAE requirement for bathroom ventilation, which
considers contamination elimination:

100 xnxGp xp, 100 x 0.46 x 1.29

Ma = (G — Cout) 6 x (1000—400) ~ 01 @

where Gy, is the average CO, generation rate per person (I-min~!) for a standing male
adult aged from 16-40, G, = 0.46 1. min~1! [45]; p, is the density of the air (kg-m_3);
for air at constant pressure, p, = 1.29 kg:m~3; C; is the steady-state indoor CO,
concentration (ppm); Cout is the outdoor CO, concentration (ppm).
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2. Therange of water flow rate for showering was assumed to be 0.08-0.27 kg-s . These
values were decided based on the recommendation of the Institute of Plumbing [46]
and WELS (water efficiency labeling scheme) [47].

3.  The water temperature was assumed to be 32—40 °C, and the air temperature was
assumed to be 2040 °C. These were according to the comfortable temperature range
of showering water identified by Wong et al. [42]. Using these values, the occu-
pant’s thermal sensation vote (TSV) during showering can be calculated based on the
following equation [42]:

TSV = ca(Ta — Tao) + cw(Tw — Tw,o) @)

where T, is the air temperature in the bathroom (°C); T, is water temperature (°C);
Ta,0 is the air temperature (°C) when the occupants feel thermal neutral (TSV = 0)
during showering, determined by a previous study as 25.8 °C. Ty, is the water
temperature (°C) when the occupants feel thermal neutral during showering, which
is determined by a previous study as 38.8 °C; c; is the change in TSV caused by a
unit change in air temperature. It is 0.17 when Ty > Ty, 0.008 when Ty < Ta0; cw
is the change in TSV caused by a unit change in water temperature. It is 0.73 when
Tw > Tw,, 0.033 when Ty, < Ty 0.
Additionally, the following assumptions were made in this study to establish the model:

1.  The occupant was in a thermal balanced state; no energy was emitted or absorbed by
the human body.

2. Only two energy sources i.e., hot water and a radiator, were assumed to be in the
bathroom. The energy emission by the lighting system is insignificant.

3. The energy efficiencies of the water heater and radiator were assumed to be 100%.

3.2. Energy Released in the Bathroom

The total energy release rate in the bathroom ( Q kW) can be calculated using Equation (3)
developed by Foote et al. [48], who identified the correlations between the rise in air
temperature and the heat release rate in a forced-ventilated compartment (like a bathroom):

o2 ) () o

Teo maCpToo m,Cp

where AT is when the air temperature rises above the ambient temperature (K); Te is
the ambient air temperature (K) before the heat is released, which is 290 K in the current
study; m, is the compartment mass ventilation rate (kg-s™!); ¢ is the specific heat of
gas (kJ-kg~1-K~1), which is 1.005 kJ-kg~!-K~! for air at constant pressure; A is the total
area of the bathroom surface (m?), for a normal size (1.5 (w) x 2.1(1) x 2.5 (h)) bathroom,
At = (15 x21+15x25+21x25) x2 = 243 m?; hy is the effective heat transfer
coefficient (kW-m~1-K~1), since t < tp (thermal penetration time), hy is calculated based on

the following equation [48]:
1/2
= (“5°) @

t

where k is the thermal conductivity of the compartment surface (kW-m~!-K~!), which
is 1.6 x 1073 kW m~ 1K~ for ceramic tiles [49,50]; p is the density of the compartment
surface (kg-m~3), which is 2400 kg-m~2 for ceramic tiles [49]; c is the specific heat of the
compartment surface material (k]-kg’l K1), whichis 1 k]~kg’1 K~ for ceramic [50]; t is
the shower time (s), which is assumed to be 600 s in the current study. So, hy is 0.08 kW/m-K

1/2 3 1/2
(hy = (g) _ <1.6><10 60>(<)2400><1) — 0.08).
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Qiotal = Or + Qup = my x 1.005 x 290 x (

Based on Equations (3) and (4), the total energy release rate in the bathroom can be
calculated as follows:

Ta+273 — Teo ) 1.389 (hkAT ) 05

Q=Qu +Qr =macpTe ( 0.63Teo

m;cC
T, —17 \'*?/0.08 x 24.3\%°
0.63 x 290 m, x 1.005

®)
=m, X 1.005 x 290 x (

3.3. Energy Consumption during Showering

Two sources contribute to the total energy released in the bathroom during showering:
hot water (Q,,) and a radiator (Q,). The energy release rate of the hot water and radiator
can be calculated based on Equations (6) and (8), respectively. Correspondingly, the total
energy consumed while showering also consists of the energy consumed by the water
heater (Q,,;,) and the radiator (Q,). For the water part, since the water in the drain still
contains lots of energy, the energy consumed by the water heater is much larger than the
energy released by hot water in the bathroom. The energy efficiency was assumed to be
100% for the radiator and all the energy it consumed was released to the ambient air in
the bathroom:

Qun = my X cyw X ATy 6)

where m,, is the water flow rate for showering (kg-s1); ¢y is the specific heat capacity of
water (kJ-kg~!-K~1), which is 4.18 k] kg ~!-K~!; AT,y is the temperature difference between
the shower head and the drain (°C), which can be calculated based on the following
equation established by Wong [6]:

ATy, = 3.6 x 10710 x T,,0673 5 T,70-530 7)

Then, the energy release rate of the radiator, which is also the energy consumed by the
radiator, can be calculated as follows:

| T, — 17 \"* /008 x 243\%°
Qr_ Q—Qw—maX1.005X290X <0.63X290> (maxl.005
30

—myy X 4.18 x 3.6 x 10710 x T, 0673 x T, 05

®)

The energy consumed by the water heater to heat the water from the supply tem-
perature, which can be deduced based on the ambient temperature [6], to the comfort
temperature can be calculated as:

Qup = My X Gy X <TW ~ 104 x Tm0-29) — myy % 4.18 X (Tw ~ 104 x 170-29) )

The total energy consumption rate during showering can be calculated using Equation (10).
As shown, the determining factors of the energy consumption rate during showering are
air temperature, water temperature, water flow rate, and ventilation rate:

Ta — 17 )1-39 (0.08 X 24.3)05

0.63 x 290 m, x 1.005 (10)

—my X 4.18 x 3.6 x 10710 x T, 0673 » T, 70330 4 m,, x 4.18 x (T, — 10.4 x 179%)

The data collected during showers by a previous study [42] was applied to verify the
above equations. According to the control cases in the study conducted by Wong et al. [42]
in a bathroom of the same size as this study, the average ambient temperature was 17.4 °C,
the average air temperature in the bathrooms was 25.7 °C, the water temperature was
38.8 °C, and the water flow rate was fixed as 6 L/min (i.e., 0.1 kg/s). Moreover, an exhaust
fan with a ventilation rate of 0.1 m3/s (i.e., 0.13 kg/s) and a heater with a power of 1 kW
was used to maintain health and comfort conditions. In these cases, the energy release
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rate of the hot water was about 1.078 kW, according to Equation (9). Thus, the total energy
release rate released during the shower was about 2.078 kW. Then, based on Equation (3),
ATyg should be 8.9 °C, which was quite close to the real situation (25.7-17.4 = 8.3). Therefore,
the calculation procedure was considered to be valid.

3.4. Data Analysis

Figure 2 illustrates the present study’s data preparation, organization, and analysis
process. The data preparation and organization were accomplished in the following
steps: (i) assigned ten values between 0.01-0.03 to the ventilation rate; (ii) for each given
ventilation rate, ten values between 0.08-0.27 were assigned to the water flow rate; (iii) for
each offered water flow rate, ten values between 32-40 were given to the water temperature;
(iv) for each given water temperature, ten values between 20—40 were assigned to the air
temperature; (v) based on these assigned values, the energy consumed by the radiator was
calculated using Equation (8); (vi) the cases, based on the radiator energy, were screened;
For typical bathroom radiators, the size range is from 0.3 m? to 1.1 m? [51]. The output
range is from 835 W-m~2 (single steel) to 2354 W-m~2 (double convector) [52], so the
radiator energy output rate is about 0.3-2.6 kW. Accordingly, the cases with Q, outside
of this range were filtered out from the database. (vii) the total energy consumption and
occupant’s TSV for each possible physical showering condition were calculated using
Equations (2) and (10), respectively.

Aassign ten values to the ventilation rate

]

For each ventilation rate, assign ten values to the water flow rate

¥

For each water flow rate, assign ten values to the water temperature

¥

For each water temperature, assign ten values to the air temperature

Data
preparation

— [ [~ [
] ] ]

¥

Using equation (8) calculate the energy
consumed by the radiator
¥
Screen the cases based on the radiator
energy
)
Data calculation Using equation (10) calculate the total
and energy consumption
organization ¥

Using equation (2) calculate the TSV

12
v
Identify the individual impacts of the influential factors on the total
energy consumption during showering
¥

Data analysis Establish a regression model to demonstrate the combined impact
of the influential factors on the total energy consumption

2

Examine the correlation between occupant’s TSV and the total
energy consumption during showering

Figure 2. The flowchart of the creation of the databases.

The database was then imported into IBM SPSS Statistics 27.0 (SPSS Inc. Chicago,
IL, USA) for the data analysis. Different regression models between the total energy con-
sumption and water temperature/air temperature/ventilation rate/water flow rate were
established to investigate the personal impact of these variables on energy consumption
during showering. For each variable, different types of regression models, such as linear,
multinomial, and exponential were established, and the one with the highest R? (the co-
efficient of determination) was selected. After that, a multivariate regression model was
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established between the energy consumption and ventilation rate, water flow rate, air
temperature, and water temperature to examine the combined impact of these variables on
the total energy consumption. Furthermore, each independent variable’s Variance Inflation
Factor (VIF) was checked to avoid the multi-collinearity issue. Additionally, a standardized
regression model was also established to find out the most influential variable in terms
of energy consumption during showering. At last, the Pearson correlation analysis was
conducted to evaluate the relationship between the total energy consumption and the
occupant’s TSV.

4. Results and Discussions

To better understand the impacts of air temperature, water temperature, water flow
rate, and ventilation rate on the energy consumption and an occupant’s thermal sensation
during showering, the Pearson correlation and different regression models were established
among these influencing variables and the total energy consumption/TSV. Table 1 lists
all the Pearson correlation coefficients. This data shows that all the variables were closely
related to the total energy consumption and an occupant’s thermal sensation. For the
regression models, the quadratic polynomial models were the best-fitted ones (with the
highest R?) among all the possible regression models. The R? of all the quadratic polynomial
models was >0.99, which means that the models could explain the relationships between
these variables and the total energy consumption very well. Moreover, a multivariate
regression model was established to explain better these variables’ integrated impact on the
total energy consumption during showering. The details of these models were introduced
in the following subsections. It is worth noting that the data analysis only focused on the
minimum energy consumption since the current study aims at energy conservation.

Table 1. Pearson correlation coefficients between the influencing variables and energy consump-
tion/TSV during showering.

Air Temperature Water Temperature Ventilation Rate Water Flow Rate
Total energy consumption 0.558 (<0.001) 0.389 (<0.001) 0.162 (<0.001) 0.833 (<0.001)
TSV 0.764 (<0.001) 0.867 (<0.001) —0.054 (<0.001) 0.055 (<0.001)

Note: the values in the parentheses are p-values.

4.1. Impact of Air Temperature and Water Temperature on Energy Consumption

A previous study found that air and water temperatures are the main variables
influencing the occupants’ thermal comfort during showering [42] consistent with the
results shown in Table 1. The Pearson coefficients for air temperature (r = 0.76) and
water temperature (r = 0.87) were >0.5, demonstrating their strong and positive effects on
occupants’ TSV.

Figure 3 shows the average values of energy consumption and TSVs under the same
air temperatures and the trends in energy consumption and TSV with the changes in air
temperature during showering. It demonstrates that when the air temperature was between
24-40 °C, it positively correlated with the total energy consumption and an occupant’s
thermal sensation. According to Table 1, both correlations were strong (r > 0.5). It should be
noted that although the air temperature setting was 20-40 °C, no cases with air temperature
lower than 24 °C existed since the radiator and hot water continuously heated the bathroom
air during showering. As shown in Figure 3, the thermal neutral air temperature (TSV = 0)
during showering was 32.8 °C and the thermal neutral zone (—0.5 < TSV < 0.5) was
30.8-34.9 °C (the shadow area in Figure 3). The corresponding energy consumption range
was 7.9-9.8 kW to maintain a comfortable air temperature.
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Figure 3. Impact of air temperature on the total energy consumption and occupant’s thermal sensation.
Note: ventilation rate was 0.01-0.03 kg-s~!; water flow rate was 0.08-0.27 kg-s~!; water temperature
was 32-40 °C.

As mentioned above, the water temperature significantly and positively impacted oc-
cupants’ TSV. Figure 4 shows the trends in energy consumption and TSV with the changes
in air temperature during showering. During showering, the thermal neutral water tem-
perature was 34.6 °C and the comfort zone was 33.5 to 35.7 °C. Correspondingly, the total
energy consumption was 8.6-9.9 kW. Regarding the impact on the total energy consump-
tion, as shown in Table 1, water temperature only had a moderate effect (r = 0.39), which
was less significant than the air temperature. Similarly, the relatively flat trendline of energy
consumption in Figure 4 demonstrates the water temperature’s less significant impact.

14 - O Qo <>TSV;> r
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320 329 338 347 356 364 373 382 391 400
Water temperature (°C)

Figure 4. Impact of water temperature on the total energy consumption and occupant’s thermal
sensation. Note: ventilation rate was 0.01-0.03 1<g~s*1 ; water flow rate was 0.08-0.27 kg-s*1 ; air
temperature was 20—40°C.

4.2. Impact of Ventilation Rate and Water Flow Rate on Energy Consumption

Unlike the impacts of air and water temperatures, the effects of ventilation and water
flow rate on occupants’ TSV were relatively weak, with the Pearson correlation coefficients
much less than 0.3 (see Table 1). Furthermore, as shown in Figures 5 and 6, no matter which
values the ventilation rates or water flow rates were, the average TSV of these cases was
always slightly warm (from 0 to 1) and hardly any changes were identified. Therefore, the
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current study considers ventilation and water flow rates in the practical ranges insignificant

to an occupants’ thermal sensations.
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Figure 5. Impact of ventilation rate on the total energy consumption and occupants’ thermal sensation.
Note: water flow rate was 0.08-0.27 kg's_1 ; water temperature was 32-40 °C; air temperature

was 20-40°C.
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Figure 6. Impact of water flow rate on the total energy consumption and occupants’ thermal sensation.
Note: ventilation rate was 0.01-0.03 kg-s~!; water temperature was 32-40 °C; air temperature

was 2040 °C.

In terms of the impact of the ventilation rate on the total energy consumption, it was
also weak (r = 0.162). As shown in Figure 5, even though the ventilation rate increased twice
(from 0.01 to 0.03 kg-s 1), the energy consumption only increased within 2 kW (from 8.4 to
10.1 kW). In contrast, the impact of the water flow rate on the total energy consumption
was quite strong, and the Pearson correlation coefficient between them was the highest
(r = 0.833) among the coefficients between other influencing variables and the total energy

consumption (see Table 1).
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4.3. Integrated Impact of Air Temperature, Water Temperature, Water Flow Rate, and Ventilation
Rate on Energy Consumption

Considering the interaction between the air temperature, water temperature, water
flow rate, and ventilation rate, a multiple regression model was established between these
variables and the total energy consumption to understand their integrated impact better.
Detailed information about this model is shown in Table 2. All the variables significantly
impacted the energy consumption and no multicollinearity was identified between them
(VIF < 4). In addition, the R? of this model is 0.987, which means this regression model can
explain 99% of the variability observed in the total energy consumption:

Qiotal = 0.19 X T 4 0.51 x Ty + 62.08 X mg + 43.37 x myy, — 23.85 (R2 = 0.987) (11)

Table 2. Multivariate regression model of energy consumption.

Standardized 95.0% Confidence

. . . a b

Variables f3 Coefficient Coefficients Beta Interval for B p Value VIF
Air temperature (°C) 0.193 0.237 0.188-0.197 <0.001 1.441
Water temperature (°C) 0.512 0.388 0.505-0.519 <0.001 1.279
Ventilation rate (kg-s~1) 62.081 0.122 59.569-64.593 <0.001 1.147
Water flow rate (kg-s™!) 43.372 0.807 43.103-43.641 <0.001 1.183

Note: 2. p value less than 0.05 means the observed impact is statistically significant; ®. variance inflation factor
(VIF) represents how well other independent variables explain the variable.

Since units and ranges differ a lot between the air temperature, water temperature,
water flow rate, and ventilation rate, the 3 coefficients identified in the multivariate regres-
sion model cannot be used to compare the influence of these variables. To find out the most
important/influential variable in energy consumption during showering, the focus was
given to the standardized coefficients of these variables obtained by establishing another
regression model on the standardized form of the variables. As shown in Table 2, among
the four variables, the water flow rate has the highest standardized coefficient, followed by
water temperature and air temperature, and the ventilation rate has the lowest standardized
coefficient. This indicates that water temperature had the most significant impact on the
total energy consumption. It was about twice as important as the air temperature, three
times as important as the air temperature, and six times as important as the ventilation rate
in predicting total energy consumption during showering.

4.4. Relationship between the Total Energy Consumption and Occupant’s Thermal Sensation
during Showering

According to the Pearson correlation coefficient between the total energy consumption
and an occupant’s TSV, they had a statistically significant relationship (p < 0.001). Figure 7
illustrates the correlation between the total energy consumption and the occupant’s ther-
mal sensation during showering. As can be seen, the total energy consumption in-
creased with the increase in occupant’s TSV. For the cases where the occupant felt neither
hot (TSV > 0.5) nor cold (TSV < —0.5), the average total energy consumption rate was
5.13-5.32 kW, corresponding to an energy consumption of 0.86-0.89 kWh for a ten-minute
thermally acceptable shower. Additionally, Figure 7 also shows the relationships between
the TSV and the water/air temperature. It can be seen that the ranges of the water tempera-
ture and air temperature were 33.5-35.7 °C and 30.8-34.9 °C, respectively, for the thermal
neutral zone, which was the same as the results reported in the above sections.
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Figure 7. Relationship between the total energy consumption and occupant’s thermal sensation
during showering.

5. Discussions
5.1. Implications and Suggestions for Residentials and Facility Managers

According to the models listed in Table 2, although the absolute coefficient of the
ventilation rate was the highest, the impact of the ventilation rate on the total energy
consumption was the least since the value of the ventilation rate itself was very low
(i-e., 0.01-0.03 kg-s~!). As can be seen from Figure 5, even though the ventilation rate
tripled from 0.01 to 0.03 kg-s !, the total energy consumption was not changed too much.
Therefore, considering the importance of ventilation on condensation [53] and health
risks [54], which were highlighted in the past two years because of the spread of COVID-19,
the ventilation rate in the bathroom is suggested to be as high as possible, and not less than
0.03 kg-s~! to remove particles efficiently [55]. Moreover, as shown in the standardized
regression model, the water flow rate was the most crucial factor in determining the total
energy consumption during showering. Hence the water flow rate is suggested to be
0.15 kg-s~!, corresponding to the minimum level of WELS grade 1. According to Figure 6,
reducing the water flow rate from 0.26 kg-s~! (corresponds to the maximum level of WELS
grade 3) to 0.15 kg-s~! (corresponds to the minimum level of WELS grade 1) could save
around 35% of energy during showering. Furthermore, considering the significant impacts
of water and air temperature on an occupant’s thermal sensation and their relatively small
impacts of them on the total energy consumption, they are suggested to be kept within the
thermal neutral zone, namely, 33.5-35.7 °C and 30.8-34.9 °C for water temperature and air
temperature, respectively.

However, according to Kurz et al. [56], encouraging people to reduce the shower water
rate might not be easy because showering, as a daily habit, has its actual functions and
is related to occupants’ satisfaction and comfort [56]. Additionally, Abrahamse et al. [57]
and Gardner and Stern [58] found that although media education and campaigns could
raise people’s attention on energy consumption, they could not effectively change people’s
behavior. Compared with changing occupants’ habits, taking one-off action (such as
choosing low-flow rate shower appliances) might be easy to realize [59]. Under this
circumstance, the low-flow rate water supply system designed by Zhou et al. [60], the
low-flow rate multi-jet spray atomizer designed by Panao and Delgado [61], or any other
similar water-saving appliances could be a wise choice. Therefore, the residential facility
managers are encouraged to install the low-flow showerhead in the bathrooms and assess
the plumbing structures regularly to ensure they are well sealed.
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5.2. Limitations and Future Studies

Although the combinations of wide ranges of air and water temperatures and water
and ventilation flow rates were considered in this study, there is still uncertainty about the
results because of the assumptions about the input data.

First, the total energy consumption would be underestimated by neglecting energy
emission/absorption of the occupant and lighting. The primary energy consumers, both the
hot water and radiator were substantially considered in the current study and could give a
reasonable estimate of the total energy consumption. However, the energy consumption of
these parts is negligibly small for a ten-minute hot water shower.

Second, the settings of variable ranges might only cover some of the conditions.
However, these conditions were sufficient to demonstrate the impacts of an occupant’s
behavior on energy consumption during showering and significant correlations between
the influential variables and the total energy consumption have been established. Lastly,
more accurate data is needed to validate the model developed by this study, which could
undermine its credibility. Thus, field studies should be carried out in the future to validate
and improve the accuracy of this model.

6. Conclusions

This study develops an energy consumption model for an optimal showering en-
vironment by considering the occupant’s thermal comfort and energy consumption in
bathrooms. Four variables (including air temperature, water temperature, ventilation
rate, and water flow rate) that influence thermal quality and energy consumption were
considered. Their impacts on energy consumption were analyzed, both individually and
integrally. The results indicated that all these variables were significantly related to the
energy consumption. The water flow rate was the most critical variable in predicting the
total energy consumption during showering and reducing the 0.11 (i.e., from 0.26 to 0.15)
kg-s~! water flow rate could save 35% energy. Therefore, reducing the shower flow rate
should be the first task and low-flow rate shower appliances were suggested to be adopted.

Additionally, the ventilation rate was found to have a negligible impact on energy
consumption in the bathroom. Considering its importance on air quality and the occupant’s
health, a high ventilation rate was suggested. The minimum value should be 0.03 kg-s~!,
the same value ASHRAE requires to eliminate bathroom pollutants. Regarding water and
air temperatures, their impacts on the total energy consumption were relatively small, while
their effects on an occupant’s TSV were significant. Therefore, water and air temperatures
were suggested to be kept within 33.5-35.7 °C and 30.8-34.9 °C, respectively, to maintain a
thermally neutral (—0.5 < TSV < 0.5) showering environment.

The energy consumption model developed by this study could help residents and
facility managers to establish an optimal showering environment for an occupants’ com-
fort, health, and energy consumption. In particular, these findings could help residents
decide which variables should be given more attention and which values should be set for
these variables, allowing facility managers to select the most energy-efficient device for
showering. Further work is still needed to validate and improve the accuracy of the energy
consumption models.
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