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Abstract: It is important to reduce the building load and downsize the heat source equipment capacity
during construction or renovation carried out toward the achievement of carbon neutrality by 2050
in Japan. However, this sometimes results in the oversizing of the heat source equipment capacity,
despite the fact that designers are engaged in the implementation of safety designs while attempting
to balance between cost and risk. This study investigated the simultaneous usage ratio of heating
based on occupant behavior in an apartment building with the aim of optimizing this capacity. This
ratio was defined as a peak load-based approach rather than simultaneity based on the number of
people using the system. First, the analysis was conducted for the heating load characteristics for
each dwelling unit and each household composition. The subject of this case study was an apartment
building located in Sapporo, Japan. Based on these data, a method for creating the curve of the
simultaneous usage ratio to avoid a combinatorial explosion was suggested. As a result, the ratio
created for about 200 dwelling units was 53.6% in an apartment building and generally stabilized
when the number of dwelling units exceeded 30. Finally, a case study was attempted to analyze the
influence of changes in household composition on the ratio. If the method proposed in this study
for creating the curve of simultaneous usage ratios were to be applied in not only this case study
but also in case studies of non-residential buildings such as offices, new results about the curves of
ratios that differ from those of apartment buildings could be obtained. Therefore, this case study
provides a methodology for statistically quantifying the simultaneous usage ratio as one of the factors
in determining the appropriate heat source equipment capacity in the design stage.

Keywords: simultaneous usage ratio; heating peak load; occupant behavior; household composition;
apartment building

1. Introduction

To achieve carbon neutrality by 2050 in Japan, the government [1] has set a target
of securing zero-energy house (ZEH) and zero-energy building (ZEB) levels of energy
efficiency for newly constructed houses and buildings from 2030 onwards. Furthermore,
starting in April 2025, all new homes will be required to comply with energy-saving
standards. One of the keys to energy conservation is improving the load factor (=building
load/heat source equipment capacity). Therefore, it is crucial to reduce the building load
and downsize the heat source equipment capacity during construction or renovation [2].
This leads to several benefits, including lower initial costs from downsizing, decreased
energy consumption and running costs due to improved efficiency, and reduced equipment
installation space. Designers perform safety designs while balancing cost and risk, but
sometimes, they overdesign.

In an apartment building with a central heat source system targeted in this study, it
is necessary to accurately estimate the building load to select the appropriate heat source
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equipment capacity. However, when estimating the load pattern in an apartment building,
the peak load per dwelling unit is often assumed and added up for each unit. This
assumption leads to the design of a load that may exceed the actual load since it assumes
that the peak load for all dwelling units occurs simultaneously. In other words, the issue
arises from the fact that the simultaneous usage ratio is not taken into consideration during
the design stage, which results in the oversizing of the heat source equipment capacity.
Consequently, there is concern that energy consumption may be affected by the decrease
in efficiency resulting from the partial load operation of heat source equipment [3,4].
Particularly in Japan, as there is no minimum standard that guarantees room temperature
in homes; it is common for intermittent heating to be used in part of the space for part of the
time. Since the full space is not continuously heated for the full time, as seen in Europe and
America, this is likely to lead to increased energy consumption due to decreased efficiency.

Related to this background, numerous papers have been published on load patterns
and factors that impact energy consumption in apartment buildings. Regarding research on
building design, Nair et al. [5] explored factors influencing the adoption of energy-efficiency
measures in Swedish homeowners, revealing that income, education, age, and contextual
factors influenced homeowners’ preferences for specific measures. Suh et al. [6] established
heuristic rules for energy-efficient building design in Korea based on a sensitivity analysis,
offering valuable guidelines for architects and engineers to develop sustainable apartment
housing. Ling et al. [7] analyzed the impact of apartment location on space heating
consumption in multi-apartment buildings, providing location correction factors for fair
heating cost allocation in different regions and building types in China. Through energy
modeling, Danielski et al. [§] demonstrated that heated atria in Nordic climates could reduce
the total energy demand while enhancing social interaction among residents, emphasizing
the importance of specific design parameters for energy efficiency and social sustainability.
Belazi et al. [9] implemented a multi-zone building model to optimize energy consumption
in a three-floor residential building, determining the optimal interior insulation thickness
through progressive adjustments and evaluating the influence of random variations in
family absence on energy demand.

Next, regarding research on building retrofits, Fajilla et al. [10] conducted a life-
cycle assessment to evaluate the impact of climate change and occupant behavior on
the environmental performance of heating and cooling systems in an Italian apartment,
emphasizing the need for attention to be paid to occupant behavior for future energy
strategies. Qi et al. [11] investigated the energy-saving potential of lowering heating set-
points in eight cities, discovering significant energy savings even in warm-winter cities,
with the mechanism dominated by temperature-difference saving and behavioral saving
hours. Seo et al. [12] analyzed heating energy consumption in Seoul and Busan apartment
complexes, finding that green retrofits for older buildings led to a significant reduction of
up to 32% in heating energy consumption.

Research on heat cost allocation is also advancing. Andersen et al. [13] compared
indoor environmental measurements in buildings with collective and individual heat
cost allocation, revealing differences in occupants” control strategies and highlighting
the influence of allocation plans on thermal comfort and air quality. Michnikowski [14]
analyzed energy consumption fluctuations in apartments over four years, emphasizing
significant heat transfer between adjacent apartments and proposing a method based
on average internal temperatures for correcting heating cost allocation errors in multi-
apartment buildings. Siggelsten [15] utilized hourly electricity use measurements to show
the significant impact of occupant behavior on heating energy demand in low-energy
buildings, highlighting the importance of the accurate modeling of internal heat gains for
energy-efficient designs.

Regarding occupant behavior that impacts load patterns, which is significant for this
study, using the real-estate registration database, Santin et al. [16] found that occupant
characteristics and behavior significantly affected energy use in dwellings, contributing to
4.2% of the variation, while building characteristics remained the primary determinants
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of energy use. Using a hybrid life-cycle assessment, Kyro et al. [17] assessed greenhouse
gas emissions in Finnish multi-family apartment buildings, identifying heating energy as a
major contributor and suggesting that occupant behavior had a limited impact on overall
energy consumption. Kim et al. [18] investigated the effect of residents” behaviors on
energy consumption in 20 households, finding that energy-conservation behaviors played a
more significant role than building service life in influencing energy use. Engvall et al. [19]
analyzed factors influencing energy use for space heating in Swedish multi-family build-
ings, emphasizing the importance of real-estate management, maintenance, and a gender
perspective for effective energy-efficiency measures. Using response surface methodology,
Fransson et al. [20] developed a predictive model for heating and cooling energy consump-
tion in South Korean apartment buildings, emphasizing the model’s ability to provide
rapid energy predictions based on simple design variables. Haines et al. [21] mapped
the interaction between occupants and hot-water heating systems in the UK, identifying
four distinct hot-water heating types through contextual interviews, providing insights
for the design of future thermal energy storage systems. By analyzing apartment-specific
data, Moeller et al. [22] quantified the influence of various factors, including occupant
behavior and internal heat transfers, on heating energy consumption in multi-apartment
buildings, highlighting the importance of considering both types of data at the apart-
ment level. Lee et al. [23] used smart meters to collect data on domestic hot-water use in
918 households, demonstrating the feasibility of forecasting seasonal consumption based on
outdoor temperatures and emphasizing the importance of understanding demand behavior
for efficient use. Tran et al. [24] characterized Japanese household properties and electricity
consumption in electric-only apartments, revealing significant associations between house-
hold characteristics, energy-related behavior, and electricity end-use, providing insights for
future energy-saving strategies.

Additionally, regarding prediction and modeling associated with occupant behavior,
Jang et al. [25] developed a model considering occupant behavior to reflect variations in
actual energy consumption in Seoul apartments, highlighting the methodology’s potential
to reduce uncertainties in building simulations and provide more accurate predictions.
Through statistical methods, Kim et al. [26] developed a predictive model for residential-
building energy consumption in South Korea, considering design factors and showing
that the model accurately predicted heating and cooling energy use with simple design
variables. On the other hand, with regard to diversity factors, Weissmann et al. [27]
examined the impact of building characteristics on diversity in district heating peak loads
in German residential areas, identifying factors that contribute to higher diversity and
highlighting the advantages, particularly in districts with high load densities and specific
building structures. An et al. [28] analyzed diversity in air-conditioning usage patterns in
Chinese residential buildings, developing new metrics to enhance their understanding of
air-conditioning operation characteristics and promote energy-saving behaviors among
occupants. Wang et al. [29] investigated diversity in window-open states influenced by
outdoor factors in UK apartment buildings, highlighting the significance of considering
hierarchical behavioral variations for accurate estimations of building energy and indoor
air quality impacts.

Expanding to energy-saving behaviors [30-33], a paper on interior layout [29] indi-
cated that the energy performance of buildings can be improved by 14.9%. A review paper
on educating occupants [34] concluded that energy savings of 4-30% are possible. However,
as a problem on the part of occupants in general, many studies [35-38] pointed out that
there is a large gap between knowledge and behavior regarding energy saving. If these
behaviors could be practiced, energy consumption would be reduced, which is desirable.
On the other hand, if the conventional design based on the simple accumulation of the
peak load of each dwelling unit remains unchanged, there is a possibility that the design
and actual situation will diverge further. From this point of view, to consider the planning
and operation of buildings, it is crucial to focus on the simultaneous usage ratio of the
load based on occupant behavior according to household composition, as indicated by
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the results of these studies. Additionally, judging from both indoor environmental quality
and energy consumption, the importance of occupant behavior among diversity factors,
including building characteristics, is supported by a comprehensive review paper [39] and a
recent paper [40]. Therefore, the primary objective of this study is to present a methodology
to quantitatively obtain the simultaneous usage ratio that can be useful in the design stage
through an actual case study. In examining the simultaneous usage ratio as a case study,
this study will focus on heating, as it represents a significant portion of energy consump-
tion considering the Japanese custom of intermittent heating. It aims to optimize the heat
source equipment capacity considering the simultaneous usage ratio of heating based on
occupant behavior in apartment buildings by investigating three points: (1) the analysis of
the heating load characteristics for each dwelling unit and each household composition;
(2) the suggestion and evaluation of a method for creating the curve of a simultaneous
usage ratio; (3) the analysis of the influence of changes in household composition on a
simultaneous usage ratio.

2. Materials and Methods
2.1. Definition of Simultaneous Usage Ratio

The definition of a simultaneous usage ratio is shown in Equation (1).

K, = Lr;sumLA x 100% (1)
i=1 "1

where «; is the simultaneous usage ratio, %; Lsy is the peak load for all dwelling units,
MJ/h; L; is the peak load for each dwelling unit, MJ/h; and #n is the number of
dwelling units.

In this study, the simultaneous usage ratio means the ratio of the actual peak load for
all dwelling units to the load that would occur if each dwelling unit peaked simultaneously.
In general, as the number of dwelling units increases, the peak of each dwelling unit will
be less likely to occur simultaneously, and the ratio will decrease. Therefore, it differs from
the ratio of the number of zones or spaces, which are occupied or used at the time, to the
total number of zones or spaces in the group, as defined in ISO 18523-1:2016 [41].

Figure 1 shows an example of calculating the simultaneous usage ratio using load
data for two dwelling units. If the peak load of dwelling unit A is 10 MJ/h, Bis 12 M] /h,
and that of two dwelling units that actually occur is 18 MJ/h, the simultaneous usage ratio
is 81.8% (=18/(10 + 12) x 100%). When comparing two dwelling units, the ratio may be
around 80%, as shown in the example, or it may reach 100% simultaneously. However, as
the number of dwelling units increases from 10 to 20 to 30, it becomes less common for all
dwelling units to peak simultaneously, resulting in a decline in the ratio.
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Figure 1. Example of calculating the simultaneous usage ratio.
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2.2. Overview of a Case Study Building

The subject of this case study is an apartment building located in Sapporo, Hokkaido,
in the north of Japan. The building, completed in June 2001, comprises two residential
buildings and an administration building that houses heat source equipment and power-
receiving and -transforming equipment. The structure is made of steel-reinforced concrete
and has 15 floors above ground and one floor underground. The site area is 11,355 m?,
and the total floor area is 28,814 m2. As of December 2019, there are 223 units, and 222
are occupied.

Figure 2 displays the heat and power supply system, which includes a central heat
source system for heating, hot-water supply, and snow melting. The system comprises
a cogeneration system (CGS) that utilizes one gas engine generator and two vacuum
water heaters (heater) to produce hot water at 80 °C for heating. During the planning
stage, the annual load for the heating that is the focus of this study was determined to be
4600 GJ /year. The combined heat and power (CHP) system is operated following electric
load and is automatically controlled in response to power demand.

ot
@ )
» Snow melting
Vacuum water heater
2093 kW ®
= ®» — —» Administration building
<
Vacuum water heater
2093 kW
Jml
Natural gas Heat exchanger
= for heating
U 162.2kW
i ® Hot water system Residential building A
b '
) Residential building B
Gas engine generator
Power 90 kW tank
Heat 162.2 kW > 8m
ol by
Heat exchanger 7
for hot water
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Generated power

tank [g:]
8m g

—

Makeup water ‘

Water supply @
G
\‘_9@‘ Water supply system
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Figure 2. Heat and power supply system.

2.3. Data Collection

To analyze the load characteristics of each dwelling unit and each household composi-
tion, the data from an energy management system for apartment buildings (MEMS) was
utilized, and a questionnaire survey of residents was conducted. The MEMS data record the
amount of heat used for heating in MJ/h, the amount of electricity used in kWh/h, and so
on for each dwelling unit. This research focused on the fiscal year of 2018 from April 2018
to March 2019 and used data from before the COVID-19 outbreak, when telecommuting
became widespread.

The questionnaire survey inquired about household composition and lifestyle sched-
ule. A total of 106 valid responses were obtained from 222 households. Table 1 lists the
main questionnaire items.
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Table 1. Main questionnaire items.
Household Composition Lifestyle Schedule
Number of Age Occupation A day in the life during
people winter
Answer is chosen from
working outside the
home, working at home,
full-time house-
Answer is number . wife/househusband, Answer is hourly times for
Answer in . . . . : .
of people university student, high going out, sleeping, eating,
. tens of years L ; . .
living together school student, junior bathing, and using heating

high school student,
elementary school

student, preschooler,
and unemployed

3. Results and Analysis
3.1. Classification of Household Composition

Table 2 lists the classification of household composition. Questionnaire responses re-
ceived from 106 cases were categorized into eight types of household compositions based on
the number of people, their gender, age, and occupation. Households comprising a married
couple and children who are students or preschoolers were defined as “couple—children”.
In contrast, households with a married couple and working children were defined as
“couple—adults”. Next, “working couples” were defined as two-person households where
at least one person is employed, while “retired couples” were those where both members
of the couple are retired. The categorization of household composition was based on the
employment status of the residents. Similarly, “working-single” was those households
where one person is employed, and “retired-single” was those households where one
person is retired. Furthermore, households consisting of a single parent and children were
classified as “single parent”, while households with three generations were classified as
“three generations”. As a result, the largest share of households were working couples at
28%, followed by retired couples and couples—children, both at 24%. This indicates a wide
range of household types.

Table 2. Classification of household composition.

Major Classification Minor Classification Definition
Couples and children Couple—children (1 = 25) A married couple and children who are students or preschoolers
P Couple-adults (n = 10) A married couple and working children
Working couples (n = 30) At least one person is employed
Only couples Retired couples (1 = 25) Both members of the couple are retired
Sinele Working-single (n = 5) One person is employed
& Retired-single (1 = 6) One person is retired
Oth Single parent (1 = 2) A single parent and children who are students or preschoolers
ther Three generations (1 = 3) Three generations of grandparents, parents, and children

3.2. Heating Load Characteristics
3.2.1. Each Dwelling Unit

Figure 3 shows the frequency distribution of the annual heating load for each dwelling
unit. Two hundred and fourteen dwelling units were analyzed based on the water flow
rate of MEMS data. Only 22 dwelling units reached the design value of 218 MJ/m?/year or
more, calculated by dividing the annual heating load of 4600 GJ] /year during the planning
stage by the floor area of 21,056.8 m?. The mean measured value for all dwelling units
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was 105 MJ/m?/ year, so this was designed to exceed the actual load. As is the case with
energy-performance gaps related to heating in apartment buildings [42—-44], the issue of
overdesign in this case, where actuals differ significantly from predictions and designs,
also needs to be addressed.

35
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Annual heating load (MJ/m2/year)

Figure 3. Frequency distribution of the annual heating load for each dwelling unit.

3.2.2. Each Household Composition

Figure 4 shows the heating periods for each household composition. The study
determined the start and end dates of heating usage and compared the proportion of
dwelling units that used heating for each household composition. Single parent and three
generation households began using heating in all their units in mid-October and continued
to use it until May. In comparison, working-single households tended to discontinue the
heating devices earlier and start using them later than other households.
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----- Single parent (n = 2) -----Three generations (n = 3)

Figure 4. Heating periods for each household composition.

Figure 5 shows the average heating load for each time in January 2019. Many dwelling
units for working—single households did not require heating from the morning until midday.
Working households, including working couples and working singletons, had a peak in
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heating usage about an hour later than retired households, which included retired couples
and retired singletons. Third generation households had a heavy load between midnight
and 5 a.m., and heating was used continuously throughout the day.
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Figure 5. Average heating load for each time in January 2019.

3.2.3. Simultaneous Usage Ratio

Figure 6 shows the heating peak load for all dwelling units in each month. The heating
load for each dwelling unit was aggregated by time of day, corresponding to Figure 5, and
the maximum value was taken as the peak heating load for all dwelling units. The heating
load has a significant seasonal variation, reaching 1457 MJ/h in January. Assuming the load
that would occur if each dwelling unit peaked simultaneously, it would be 2878 MJ/h for
214 dwelling units in the subject building. The simultaneous usage ratio of heating based on
Figure 6 and Equation (1) was calculated, and it was found to be 50.6% (=1457/2878 x 100%).

1600

1457
1400 | 1374

1147

[
ISEEE ]
S 9o
S o

T

Heating peak load (MJ/h)
o)
o
o

B
o
o

278

Apr May Jun

Jul

786

220

Aug Sep Oct Nov Dec Jan

836

Feb Mar

Figure 6. Heating peak load for all dwelling units in each month.

Based on the above, the heating load characteristics for each dwelling unit and each
household composition were analyzed, and the actual situation of heating peak load was
determined. In the future, it is important for the excessive design to be suppressed and
the appropriate heat source equipment capacity to be selected [45]. For this purpose, it
is necessary to accurately estimate the building load while considering the simultaneous
usage ratio to some extent. In other words, it is vital to conduct an analysis that is as
close as possible to actual occupant behavior through the use of monitoring [46] and the
application of actual data [47] in the face of uncertainty. Therefore, to analyze this expected
ratio when the number of dwelling units and household compositions are changing, the
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method of creating the curve of the ratio will be explained using existing MEMS data and
the questionnaire survey results.

3.3. Curve of Simultaneous Usage Ratio
3.3.1. Method of Creating

The curve of the simultaneous usage ratio illustrates how the ratio changes as the
number of dwelling units increases. This is calculated by combining the dwelling units
from the load data of multiple dwelling units. To calculate the curve of the ratio based on
load data of n dwelling units, the following steps are followed:

Step 1. Use Equation (1) to calculate the simultaneous usage ratio for #Ci combinations,
which mean the total number of combinations of i dwelling units sampled from n
dwelling units.

Step 2. Plot the average value of this calculated ratio for nCi combinations as the ratio for
dwelling units.

Step 3. Repeat the above calculations for i = 2 to n dwelling units.

However, when determining the curve of the simultaneous usage ratio, a combinatorial
explosion occurs as the load data increases. In this case, calculating the ratio for all
combinations becomes nearly impossible. To calculate the ratio in large-scale apartment
buildings, a method for creating the curve of the ratio that avoids a combinatorial explosion
is necessary. Therefore, to create the curve of the ratio with fewer calculations, a method
of random sampling by c (natural number) combinations instead of nCi combinations is
suggested.

Based on the above explanation, Figure 7 shows a flowchart for creating the curve of
the simultaneous usage ratio.

Prepare load data of n dwelling units

A 4

Calculate ¢ = nCi combinations

Non-combinatorial explosion Combinatorial explosion

Examine the number of
combinations for sampling
Next section 3.3.2.

Randomly sample by i from n dwelling units

Repeat c times

Calculate the simultaneous usage ratio a;
using load data of i dwelling units Step 1

Repeati=2tontimes Step 3

A 4

— Average simultaneous usage ratio a; = Za;/ C Step 2

A 4

Obtain the curve of the simultaneous usage ratio

Figure 7. Flowchart for creating the curve of the simultaneous usage ratio.
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3.3.2. Examination the Number of Combinations for Sampling

To create the curve of the simultaneous usage ratio, the heating load data for 15 days,
which included the week before and after the coldest day in 2018, were utilized. During
this period, based on the water flow rate of MEMS data, it was determined that dwelling
units without any water usage were unoccupied. Load data from 204 dwelling units were
used for calculations.

Figure 8 shows the curve of the simultaneous usage ratio for random sampling by
¢ =10, 50, 100, 200, and 500 combinations. Although the trends of each curve are somewhat
similar, there is a concern that errors in the simultaneous usage ratio may occur due to
random sampling. Table 3 lists the root mean square error (RMSE) based on the curve of
the ratio for ¢ = 500 combinations to evaluate the error. As the number of combinations
increased, RMSE approached zero and decreased significantly up to ¢ = 100 combinations.
However, no significant change in value was observed even when calculating up to ¢ = 200
combinations. Therefore, it was concluded that ¢ = 100 combinations would be sufficient to
create the curve of the ratio with fewer calculations.

100

95 |

90 |

85 |

80

75

70

65

Simultaneous usage ratio (%)

60

55

e

50

2 20 40 60 80 100 120 140 160 180 200
Number of dwelling units
—c=10 -c =50 c=100 c=200 ==c =500 combinations

Figure 8. Curve of simultaneous usage ratio.

Table 3. RMSE.

Combinations c=10 c=50 c=100 c=200 c =500

ay (2 dwelling units) % 87.428 86.281 86.694 85.738 86.024

w00 (200 dwelling units) % 53.517 53.668 53.639 53.615 53.606
RMSE (2-204 dwelling units) 0.804 0.400 0.206 0.192 -

3.4. Evaluation of the Simultaneous Usage Ratio

Figure 9 shows the curves of the simultaneous usage ratio and standard deviation
for ¢ = 100 combinations. For each point, the upper end of the vertical line represents
the mean value of ¢ = 100 combinations’ calculation results plus the standard deviation,
while the lower end represents the mean value minus the standard deviation. If only two
residential units were used as the load data of 204 dwelling units, the simultaneous usage
ratio would be as high as 87.0%. However, as the number of dwelling units increased, the
ratio decreased exponentially, and when 204 dwelling units were sampled, the ratio was
53.6%. This ratio was roughly in line with the subject building’s 50.6%.
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Figure 9. Curves of the simultaneous usage ratio and standard deviation.

From the curve of the simultaneous use ratio in Figure 8, it can be also inferred that,
for instance, when designing an apartment building with 80 dwelling units, the ratio of
55.1 £ 2.3% is a reasonable guideline, given the Japanese custom of intermittent heating.

Figure 10 shows the rate of change in the simultaneous usage ratio for ¢ = 100 combi-
nations. The rate of change from two to three dwelling units was 7.2%. The rate of change
approached 0% when the number of dwelling units exceeded 30 and then leveled off. This
suggested that as the number of dwelling units in an apartment building increases, the
simultaneous usage ratio decreases and generally stabilizes when the number of dwelling
units exceeds 30. However, as shown in Figure 8, since the significant standard deviation
was 4.3% for 30 dwelling units, it is necessary to consider the variation in the household
composition of those living there. Therefore, to analyze the influence of occupant behav-
ior according to household composition on the simultaneous usage ratio, the suggested
method of creating the curve of the ratio will be used.

o)

~

[«2]

Rate of change 7.4%
from 2 to 3 dwelling units

6]

N w
T T

=
T

Rate of change
in the Simultaneous usage ratio (%)
N
I

o
w

20 40 60 80 100 120 140 160 180 200
Number of dwelling units (after change)

Figure 10. Rate of change in the simultaneous usage ratio.

3.5. Case Study of the Simultaneous Usage Ratio

As a case study, the influence of changes in household composition on the simulta-
neous usage ratio was analyzed. Table 4 lists the cases of household composition. Case 1
illustrates the transition from couples and children to only couples as their children become
independent over time. Case 2 also illustrates the transition from working couples to retired
couples as they retire over time. Judging from the standard floor plans and sizes of current
apartment buildings, it is not often that there will be a transition from couples and children
to three generations. Furthermore, the National Institute of Population and Social Security
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Research [48] released estimates showing that the average household number will become
1.99 in 2033 compared with 2.21 in 2020. The percentage of single-person households will
also rise to 44.3% in 2050 from 38% in 2020. From these, the two case studies reflect changes
in the general household composition in Japan.

Table 4. Cases of household composition.

Case Classification Step 1 Step 2 Step 3 Step 4
Case 1 Couples and children n =30 n=20 n=10 n=0
ase Only couples n=0 n=10 n=20 n =30
Case? Working couples n=29 n=20 n=10 n==6
ase Retired couples n=1 n=10 n=20 n=24

Figure 11 shows the curves of the simultaneous usage ratio for Cases 1 and 2. As only
couples in Case 1 and retired couples in Case 2 increased, the simultaneous usage ratio
increased. On the other hand, when comparing the ratio of 30 dwelling units, the difference
in the ratio was 6.2% (=61.8% — 55.6%) in Case 1 and 15.0% (=67.4% — 52.4%) in Case 2 over
time. By preparing a database of the load characteristics of each household composition, it
is possible to incorporate a simultaneous usage ratio into a design in advance. This will lead
to the selection of the appropriate heat source equipment capacity during new construction
or renovation. Changes in household composition were divided into four steps.

100 100
Casel Case?2
95 | ] 95 | ]
Couples and children Working couples
9 | = Onlycouples 9 | => Retired couples
g S
g 8 o 85
g | g
o 80 o 80
[o2] [o2]
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(a) (b)

Figure 11. Curves of the simultaneous usage ratios: (a) Casel; (b) Case 2.

4. Discussion

The initial phase of this study on simultaneous usage ratios presented the methodology
and a case study that focused primarily on occupant behavior. This study defines the ratio
as a peak load-based approach rather than simultaneity based on the number of people
using the system. When calculating the ratio, the data period analyzed is typically shorter
for heating, which is highly seasonally dependent, than for hot-water supply. The presented
case studies (Figures 9 and 11) confirm this trend by evaluating the ratio with 15 days of
data, including one week before and after the coldest day.

However, the ratio to be adopted during the design phase requires each designer to
determine the period of data to be analyzed based on the load data characteristics. For
instance, if previous actual data are available during facility renovation, each designer
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can determine the period of data to be analyzed and consider the ratio referring to the
methodology. On the other hand, the heating peak load is dependent on diversity factors,
including building characteristics such as thermal insulation and air tightness, external
factors such as outside air temperature and solar radiation, and internal factors such as
household composition and cultural practices related to heating. Therefore, if previous
actual data are not available during building renovation or new construction, it is necessary
to perform simulations to create load data for the number of dwelling units according to
design conditions. Based on the above, it should be understood and referenced that the
case study presented in this study is one of the results that strongly reflects the Japanese
custom of intermittent heating.

From the aforementioned results and analysis, it is important to utilize actual data
in the design stage. The design that anticipates the simultaneous usage ratio will not
only enable the heat source equipment capacity to be downsized, but will also likely
lead to further energy savings in relation to [2], which claims that it is an opportunity to
review piping and pump designs. Furthermore, the ratio is closely related to energy-saving
behavior. Consequently, this study aligns with [39,40], which emphasize the importance of
internal factors in indoor environmental quality and energy consumption in terms of the
necessity for designs based on occupant behavior.

5. Conclusions

In this study, the simultaneous usage ratio based on occupant behavior, mainly for
heating in an apartment building, was investigated as a case study. The findings obtained
are as follows:

1.  An analysis of the heating load characteristics for each dwelling unit showed that
the design value was 218 MJ/m?/year. In contrast, the mean measured value for all
dwelling units was 105 MJ/m?/year, indicating that the design had exceeded the
actual load. Furthermore, upon analyzing the heating load characteristics of each
household composition, it was clarified that the heating peak load and appearance
percentage of peak varied significantly depending on the household composition.

2. A method for creating the curve of the simultaneous usage ratio was suggested, and
it was confirmed that random sampling using ¢ = 100 combinations had sufficient
precision to avoid a combinatorial explosion. It was also found that the simultaneous
usage ratio was 53.6% and generally stabilized when the number of dwelling units
exceeded 30 based on the curve of the ratio created for 204 dwelling units.

3. It was revealed that the simultaneous usage ratio tended to increase within the range
of approximately 50 to 70% over time and through the analysis of the influence of
changes in household composition on the ratio.

Finally, this case study provides a methodology for statistically quantifying the si-
multaneous usage ratio as one of the factors in determining the appropriate heat source
equipment capacity in the design stage. If the method proposed in this study for creating
the curve of the simultaneous usage ratio were to be applied to non-residential buildings
such as offices, new results about the curves of the ratios that differ from those of apartment
buildings could be obtained. In the future, by accumulating load data for each region
and building use according to the actual projects, it will be helpful and useful to optimize
the heat source equipment capacity by considering the ratio more than ever before in the
design stage. It is also important for designers to reconsider the appropriate heat source
equipment capacity, including potentially downsizing, when planning ZEH and ZEB to
achieve 2050 carbon neutrality in Japan.
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