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Abstract: Carbon reduction programs are being introduced for carbon neutrality and energy tran-
sition to clean energy sources in various sectors, such as energy, buildings, transportation, and
agriculture. In the residential electricity energy of the energy sector, the time-of-use (TOU) rate plan,
which employs dynamic rates depending on energy usage times based on the advanced metering
infrastructure (AMI), is being implemented for efficient electricity energy consumption. For broad
expansion of the TOU rate plan, customers need information about its benefits, such as potential
savings on electricity bills. In this paper, we first analyze the statistical characteristics of electricity
energy usage using the metering data collected from 10 apartment complexes through AMI and
develop a model to calculate the electricity bill savings. We next introduce examples of major home
appliances, of which usage times can be shifted, and offer projected bill savings from the developed
model. We analyze the examples from both the perspectives of households and apartment complexes.
The information from this analysis is helpful in practically investigating customers’ willingness to
shift the usage time for a successful implementation of the demand response program.

Keywords: advanced metering infrastructure (AMI); electricity usage; peak-hour usage ratio;
Gaussian distribution; electricity bill savings; home appliances; usage time shift; time-of-use
(TOU) rate

1. Introduction

The major countries around the world have set a goal of achieving carbon neutrality
by 2050 in order to respond to global climate change. Each country has presented detailed
action plans in various fields, such as energy, buildings, transportation, and agriculture,
to achieve the carbon neutrality goal. Demand for electrical energy is expected to grow
significantly because electricity-based solutions will replace the vehicles and heating sys-
tems in the process of achieving the carbon neutral goal. It is necessary to pay attention to
carbon neutrality and energy transition especially in the residential sector, which accounts
for a substantial portion of automobile and heating demand. It is known that the share of
electrical energy in the residential sector accounts for about 30–40% of the total electrical
energy consumption [1–3] and is expected to increase further in the process of achieving
the carbon neutrality goal.

On the other hand, flexibility in electrical energy demand is necessary to mitigate
the variability of renewable energy required for the carbon neutrality [4–6]. The demand
flexibility can be defined by the following three variables: the amount of load that can be
moved, the time period that can be used by moving, and the maximum time that such
movement is allowed [7]. In addition to these quantitative variables, qualitative variables
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of electricity consumers are also important. The qualitative variables include energy usage
habits of individuals who consume electricity, degree of discomfort, and sensitivity to
electricity rates [8–11]. There is a demand response (DR) program as a way to secure the
flexibility of electrical energy demand in the residential sector. DR programs for electrical
energy aim to secure a balance between demand and supply by reducing or increasing the
demand for electricity usage in a specific time period. These DR programs are designed on
a price-based or incentive-based scheme, and customer responsiveness varies according to
price signals or incentive levels. The DR program can contribute to the balancing of the
power system by inducing changes in customers’ electricity usage patterns according to
electricity rates for specific seasons, days, and time slots [12].

The time-of-use (TOU) rate system is known as a representative DR electricity rate sys-
tem. Therefore, it is important to effectively design a TOU rate system so that the response
characteristics of the customers’ electricity usage pattern can contribute to the flexible
operation of the power system [8,9]. Because the suitable electricity rates for customers can
be dependent on the lifestyles of electricity customers, types of home appliances, unit price
of electricity, etc., electric power companies should inform customers of the advantages and
disadvantages of choosing an electricity rate system by considering the customers’ power
usage information. In the case of certain TOU rate systems, customers can save electricity
bills even though they maintain their current electricity usage patterns. When electricity
bills are reduced without the customer’s efforts to change their power usage patterns, we
call these customers structural winners [13]. In order to mitigate the presence of such
structural winners, power companies should design TOU rate systems so that electricity
bill savings can be given when customers change their existing load usage patterns and
shift load usage hours to non-demand hours. Note that most of the studies on the DR effect
of dynamic rate plans, such as TOU, are based on load management methods for home
appliances in a specific household. Yu et al. [14] performed an optimization scheme in
usage of home appliances, and Zhang et al. [15] conducted a study on the integrated DR
potential and characteristics through scheduling of home appliances for multiple house-
holds connected to a specific distribution line. Chung et al. [16] comparatively analyzed
the current progressive rate plan and a dynamic rate plan of TOU. They next proposed
several prediction methods for households to provide information on selecting the rate plan
based on machine learning. When a customer switches to a new electricity rate plan, it is
desirable for the utility to provide the customer with information about potential electricity
bill savings.

In this paper, we first analyze the statistical characteristics of customers’ electricity
usage and their corresponding electricity bills under the TOU rate plan by investigating
the electrical load profiles (LPs), which are collected for one year from the smart meters
and advanced metering infrastructure (AMI) of certain residential customers [16,17]. For
a given customer group, we propose a model for monthly electricity usage and peak-hour
usage ratio of households based on a Gaussian distribution and then derive an equation that
yields an average of monthly electricity bills under the TOU rate plan. We next introduce
examples of major home appliances that can shift their demands by using the equation.
Here, the effect analysis is concerned with the amount of load shifting and whether or not
the electrical bill increases or decreases according to the load shifting.

The paper is organized in the following way. In Section 2, we analyze the statistical
characteristics of monthly usage and the peak-hour usage ratio of households distribution
characteristics for the metering data collected from a total of 11,522 households in 10 apart-
ment complexes, where each household has three to four rooms and two bathrooms. We
also derive the bill savings from a statistical characteristic formula for a given TOU rate
plan. In Section 3, we investigate the power consumptions according to the usage methods
for washing machines and clothes dryers, which are representative home appliances that
consume large amounts of electrical energy, and analyze the effect of shifting to other
demand time zones. In the last section, we conclude the paper.
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2. Analysis of Electricity Usage, Peak-Hour Usage Ratio, and TOU Rate Plan

In this section, a mathematical model for electricity bills under a TOU rate plan is
developed using the electricity usage and peak-hour usage ratio obtained from actual
households where people reside, through AMI. To develop a model for the average elec-
tricity bills for each household when applying the TOU rate plan, we find an approximate
distribution of monthly electricity usage and the peak-hour usage ratio for households, as
well as to analyze the correlation between these two values. Assuming an approximate
Gaussian distribution based on observations from Q-Q plots, skewness, and kurtosis, along
with the assumption of uncorrelatedness, we formulate a model for the average household
bills. The model is validated through a comparison between actual and model-predicted
values. Note that this study does not focus on the rigorous analysis and development of
the distribution itself for monthly electricity usage and peak-hour usage ratio through the
use of various statistical tests.

The TOU rate plan involves different electric rates based on the season and time of
electricity use. Table 1 presents the monthly TOU rates for residential use in the Republic
of Korea [16]. The rates are higher during the peak hours compared to off-peak hours, and
the rates for the summer/winter case are higher than those for the other case. Additionally,
a basic rate is applied to each household every month. To implement the TOU rate plan,
it is necessary to collect both the time of electrical energy usage and the corresponding
energy usage amount. The LP metering by AMI offers the electrical usage data along with
time information at 15-minute intervals, enabling the application of the TOU rate plan.

Table 1. Monthly TOU rate for residential use (KRW 1000 corresponds to USD 0.769 as of July 2023).

Cases Basic Rate (KRW)

Usage Rate (KRW/kWh)

Peak
(9 a.m.–9 p.m. on

Weekdays)

Off-Peak
(9 p.m.–9 a.m. on

Weekdays, All Day on
Weekends)

Spring/autumn 4310 140.7 94.1(March–May,
September–October)

Summer/winter 4310 188.8 107.0(November–February,
June–August)

The electricity usage data of 11,522 households in 10 apartment complexes are collected
hourly through AMI. The data are used to investigate the correlation between the electricity
usage and the peak-hour usage ratio. Table 2 shows a summary of the apartment complexes
and the number of households where data were collected.

Table 2. Summary of the apartment complexes.

Apartment Complex 1 2 3 4 5 6 7 8 9 10 Total

Number of households 595 1294 470 1035 1638 433 2048 1966 780 1263 11,522

2.1. Analysis of Monthly Electricity Usage of Households

In this subsection, we determine an approximate distribution of the electricity usage
of households. Using the collected electricity usage data for households, histograms are
obtained for each month. All the histograms for the months exhibit a similar shape, except
for that for August. As representative examples, the histograms for the months of February,
May, August, and November are shown in Figure 1.
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Figure 1. Histograms of monthly electricity usage. (a) February. (b) May. (c) August. (d) November.

The mean and standard deviation of monthly electricity usage for households are
shown in Figure 2. From the results, it is observed that except for August, there is little
difference in mean and standard deviation of monthly electricity usage for households.
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Figure 2. Mean and standard deviation of monthly electricity usage for household.

On the other hand, from Figure 1, it is observed that the histogram of electricity usage
bears a resemblance to a bell-shaped Gaussian distribution, centered around the mean value.
To further explore the similarity between the distribution of monthly electricity usage and
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a Gaussian distribution, a normal quantile-quantile (Q-Q) plot is obtained and presented in
Figure 3. The normal Q-Q plot allows for a more detailed examination of the resemblance
between the observed data and a theoretical Gaussian distribution by comparing their
quantiles [18]. The months of June, July, August, and September exhibit similar patterns,
with August being used as a representative example in Figure 3. Similarly, the remaining
months exhibit similar patterns, with May being used as a representative example.

In Figure 3, each value on the horizontal axis corresponds to a specific quantile of
the standard Gaussian distribution. Likewise, each value on the vertical axis corresponds
to a specific quantile of the monthly electricity usage. The blue ‘+’ markers on the graph
indicate the points where the horizontal and vertical values have the same quantile. The red
dotted line in the graph represents the values that would be expected if the data followed
a perfect Gaussian distribution. The closer the trace of the collected values marked by blue
‘+’ is to this red dotted line, the closer the distribution of monthly electricity usage is to
a Gaussian distribution.

The results for May demonstrate a close resemblance between the trace of the blue
markers and the dotted red line, particularly up to a value of 1.5 on the horizontal axis.
Beyond this point, the blue markers begin to slightly deviate and rise. This suggests that
the distribution of electricity usage has a right tail. In the case of August, which exhibits
a distinct pattern compared to May, there is a discrepancy between the trace of the blue
markers and the red dotted line below −1.5 on the horizontal axis. This indicates that the
distribution of monthly electricity usage in August is skewed to the right.
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Figure 3. Normal Q-Q plot of monthly electricity usage. (a) May. (b) August.

In order to conduct a quantitative investigation into the distribution of monthly
electricity usage, we calculate the skewness and kurtosis values for each month. Skewness
is a measure that indicates the degree of asymmetry of a distribution with respect to its
mean [18,19]. A skewness value of zero suggests a symmetric distribution. On the other
hand, kurtosis is a measure of the shape of the tail of a distribution in comparison to
a Gaussian distribution. It provides insights into whether the distribution has heavier or
lighter tails than a Gaussian distribution. In Figure 4, the results of skewness and kurtosis
for twelve months are shown.



Energies 2023, 16, 6602 6 of 23

Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.

Month

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

S
k
e
w

n
e
s
s

(a)

Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.

Month

3.8

4

4.2

4.4

4.6

4.8

5

5.2

K
u

rt
o

s
is

(b)

Figure 4. Skewness and kurtosis of monthly electricity usage. (a) Skewness. (b) Kurtosis.

From Figure 4a, it is observed that the skewness values for each month are positive and
less than 0.86. A positive skewness value means that it is right-skewed. When the skewness
is between −1 and 1, it is considered that the distribution does not deviate significantly
from symmetry [20]. From Figure 4b, the kurtosis values are found between 3.87 and 5.20.
A Gaussian distribution has a kurtosis of 3 and a distribution that has fatter tails (more
outliers) than a Gaussian distribution has high kurtosis. While it is suggested in [21] that
a kurtosis value between −1 and 5 is considered to be close to Gaussian, there is no clear
consensus for the range of kurtosis values that can be deemed to approximate a Gaussian
distribution. However, a kurtosis greater than or equal to 10 is considered indicative of
departure from a Gaussian distribution [22].

From the results of Figure 4, it is concluded that the distribution of monthly electricity
usage does not exhibit notable asymmetry or heavy tails when compared to a Gaussian
distribution. Let us denote a household electricity usage of month k (k = 1, 2, · · · , 12) as
Uk. Based on our observations, we approximate the distribution of Uk for nonnegative
values by a Gaussian distribution as

fUk (uk) ≈


1√

2πσUk
exp

(
− (uk−Uk)

2

2σ2
Uk

)
, uk ≥ 0

0, elsewhere
, (1)

where Uk and σUk represent the mean and standard deviation of monthly electricity usage,
respectively. Table 3 shows these values calculated from the collected electricity usage data.

Table 3. Mean and standard deviation of monthly electricity usage (kWh).

Month k 1 2 3 4 5 6 7 8 9 10 11 12

Uk 281.56 267.56 283.81 264.49 264.63 268.50 286.98 398.48 266.28 260.74 265.55 295.13
σUk 101.67 95.92 102.12 94.47 92.92 96.80 105.40 165.85 95.67 91.89 94.38 108.11

2.2. Analysis of Peak-Hour Usage Ratio of Households

The ratio of electricity usage during peak hours to total electricity usage varies de-
pending on the lifestyle of household members, types of appliances used, and seasons. By
analyzing usage data collected through AMI, the ratio of monthly peak hour electricity
usage to total electricity usage is determined. Using the calculated ratio of peak-hour usage
for each month, histograms are obtained for the twelve months. In Figure 5, histograms
for the months of February, May, August, and November are shown as representative
examples among the twelve months.
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Figure 5. Histogram of peak-hour usage ratio. (a) February. (b) May. (c) August. (d) November.

The horizontal axis in Figure 5 represents the percentage of peak hour electricity usage
ratio, and the vertical axis represents the number of households with that usage ratio. The
histogram shapes of the peak hour electricity usage ratio in February, May, August, and
November are similar and exhibit a symmetrical pattern centered around the mean value.
The mean values of the peak-hour usage ratio in February, May, August, and November
are 35.5%, 35.4%, 37.9%, and 35.8%, respectively. The mean and standard deviation values
for each month are shown in the top right corner of each graph. The histograms shown in
Figure 5 are similar to the histograms of the peak-hour usage ratio for the other months.
The mean and standard deviation values of the peak-hour usage ratio for the twelve months
are shown in Figure 6. From the results, it is observed that there is not much difference in
the mean and variance of the peak-hour usage ratio across different months.

By observing Figure 5, it can be noted that the histogram of peak-hour usage ratio
resembles a bell-shaped Gaussian distribution, with the mean value at its center, similar
to the histogram of electricity usage. In order to further explore the resemblance between
the distribution of peak-hour usage ratio and a Gaussian distribution, a normal Q-Q plot
is obtained and shown in Figure 7. The normal Q-Q plots for all twelve months exhibit
similar patterns, with May and August being used as representative examples in Figure 7.
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Figure 6. Mean and standard deviation of peak-hour usage values for each month.
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Figure 7. Normal Q-Q plot of peak-hour usage ratio. (a) May. (b) August.

In Figure 7, blue markers fall below the red dotted line when the standard Gaussian
quantiles are less than approximately −1.5 and rise above it when they are greater than
approximately 1.0 in May or 1.2 in August. This indicates that the distribution has tails on
both the left and right sides, with a relatively peaked shape. These characteristics imply
that the distribution has a higher kurtosis value compared to a Gaussian distribution. In
order to quantitatively examine the distribution of the peak-hour usage ratio, we calculate
the skewness and kurtosis values for each month. The results of skewness and kurtosis for
all twelve months are shown in Figure 8.

From Figure 8a, it is observed that the skewness values for the peak-hour ratio are
slightly lower than those for the monthly electricity usage, and the kurtosis values for the
peak-hour ratio are higher than those for the monthly electricity usage. However, it is still
reasonable to conclude that the distribution for peak-hour usage ratio does not deviate
greatly from a Gaussian distribution.
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Figure 8. Skewness and kurtosis of peak-hour usage ratio. (a) Skewness. (b) Kurtosis.

Let a household peak-hour usage ratio of month k (k = 1, 2, · · · , 12) be denoted as
Xk. Then, the distribution of Xk between 0 and 100 can be approximated by a Gaussian
distribution as

fXk (xk) ≈


1√

2πσXk
exp

(
− (xk−Xk)

2

2σ2
Xk

)
, 0 ≤ xk ≤ 100

0, elsewhere
, (2)

where Xk and σXk represent the mean and standard deviation of peak-hour usage ratio,
respectively. Table 4 shows these values calculated from the collected electricity usage data
through AMI.

Table 4. Mean and standard deviation of peak-hour usage ratio (%).

Month k 1 2 3 4 5 6 7 8 9 10 11 12

Xk 38.568 35.548 37.253 38.158 35.441 38.462 39.372 37.877 39.871 36.974 35.798 39.590
σXk 5.603 5.525 5.603 5.580 5.023 5.141 5.320 5.922 5.096 5.012 5.522 5.853

2.3. Correlation between Electricity Usage and Peak-Hour Usage Ratio

To analyze the relationship between the monthly electricity usage and the peak-hour
usage ratio of households, all collected data of electricity usage and peak-hour usage
ratio for each household are plotted in scatter diagram, shown in Figure 9. The scatter
diagram results for February, May, August, and November are shown as representative
examples. The horizontal axis represents the monthly electricity usage, while the vertical
axis represents the peak-hour usage ratio. From the scatter diagram results of each month,
it is observed that the points are widely scattered around a straight line, indicating a very
low correlation between the two values. The calculated correlation coefficient value based
on the actual electricity usage and the peak-hour usage ratio is shown in the upper right
corner of the figure. The correlation coefficient values are found to be small, suggesting an
almost uncorrelated relationship between the two values.

To further investigate the correlation, the correlation coefficient values obtained for
every month throughout the year are shown in Figure 10. The correlation coefficient is
highest in August, with a value of 0.23, while for the remaining months, the correlation
coefficients are very small, below 0.17. Therefore, for the sake of simplicity in the following
analysis, it is considered that there is no correlation between electricity usage and peak-
hour ratio.
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Figure 9. Scatter diagram of electricity usage and peak-hour usage ratio. (a) February. (b) May.
(c) August. (d) November.
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2.4. Analysis for Average Monthly Bill by TOU Rate Plan

In this section, we analyze the statistical characteristics of household electricity bills
from the perspective of average values when TOU rates are applied. First, we calculate
the electricity bills by applying the TOU rate plans presented in Table 1. According to
Table 1, the rates vary depending on the spring/autumn and the summer/winter cases. Let
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S = {3, 4, 5, 9, 10}. For month k, the electricity consumed during peak hours is UkXk/100,
resulting in a rate of 140.7UkXk/100. The electricity consumed during off-peak hours is
Uk(1− Xk/100), with a rate of 94.1Uk(1− Xk/100). Therefore, for the spring/fall case, the
electricity bill for month k is calculated as follows.

Yk = 4310 + 140.7Uk
Xk
100

+ 94.1Uk

(
1− Xk

100

)
= 4310 + 94.1Uk + 0.466UkXk, for k ∈ S,

(3)

where Uk and Xk are defined in (1) and (2), respectively.
The monthly electricity usage and the peak-hour usage ratio are considered uncor-

related and are assumed to follow Gaussian distributions. Thus, the monthly electricity
usage and the peak-hour usage ratio are independent random variables. This assumption
leads to the calculation of the mean of the household electricity bills as follows.

Yk ≈ 4310 + 94.1Uk + 0.466UkXk, for k ∈ S, (4)

where Uk and Xk are the mean of Uk and Xk, respectively. Similarly, we calculate the
monthly household electricity bill for the summer/winter case. Let W = {1, 2, 6, 7, 8, 11, 12}.
For month k, the rate for electricity consumed during peak hours is 188.8UkXk/100, and
the rate for electricity consumed during off-peak hours is 107Uk(1− Xk/100). Thus, the
electricity bill for month k is given by

Yk = 4310 + 188.8Uk
Xk
100

+ 107Uk

(
1− Xk

100

)
= 4310 + 107Uk + 0.818UkXk, for k ∈ W,

(5)

and the mean of the household electricity bills is obtained as follows.

Yk ≈ 4310 + 107Uk + 0.818UkXk, for k ∈ W. (6)

This statistical model is justified by comparing the actual average monthly bills of
households obtained using all the collected data through AMI. In Figure 11, the average
monthly bills for each household, calculated using the statistical model, are shown by blue
solid line with triangle symbols. The actual average values of the household electricity bills,
calculated using all the collected household electricity usage data through AMI, are shown
by dotted line with plus symbols. Upon comparing the two sets of results, it is observed
that there is almost no difference between the values obtained using the actual data and
those obtained through the statistical model. The results show that an average absolute
difference ratio with respect to the actual value is about 0.12%. Therefore, it is concluded
that the statistical models for the average electricity bills of households, as given by (4) and
(6), are valid.
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Figure 11. Validation of the statistical model for the average monthly household bills.

2.5. Analysis of Bill Savings Obtained from Shifting Electricity Usage from Peak Hours to
Off-Peak Hours

In a TOU rate plan, the electricity rates during peak hours are higher compared to
off-peak hours. Therefore, even if the monthly electricity usage remains the same, shifting
the electricity usage from peak hours to off-peak hours can result in a reduction in the
electricity bill, leading to energy cost savings.

The ratio change by shifting the usage from peak hours to off-peak hours at kth month
is denoted as αk percentage points (% points). As a result of this shift, the ratio of electricity
usage during peak hours becomes (Xk − αk)%, while the ratio of electricity usage during
off-peak hours is given by (100− Xk + αk)%. Using (3) and (5), the monthly household
electricity bill with shifting electricity usage during peak hours Ysk is obtained as follows.

Ysk =

{
4310 + 94.1Uk + 0.466Uk(Xk − αk), k ∈ S
4310 + 107Uk + 0.818Uk(Xk − αk), k ∈W

. (7)

Therefore, the bill saving (in KRW) of a household for month k obtained by decreasing
the peak-hour usage ratio by αk% points is as follows.

Bsk = Yk −Ysk =

{
0.466Ukαk, k ∈ S
0.818Ukαk, k ∈W

. (8)

The annual bill saving for a household is obtained by

Bs = 0.466 ∑
k∈S

Ukαk + 0.818 ∑
k∈W

Ukαk. (9)

Then, the average of annual bill savings for households is as follows.

Bs = 0.466 ∑
k∈S

Ukαk + 0.818 ∑
k∈W

Ukαk. (10)

When the peak-hour usage ratio is decreased equally for every month, that is, for
every k, α = αk, (10) is expressed as follows.

Bs =

{
0.466 ∑

k∈S
Uk + 0.818 ∑

k∈W
Uk

}
α. (11)

Using the values of Uk in Table 3, Bs is given by

Bs = (624.4 + 1688.1)α = 2312.5α. (12)
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Next, we analyze the average savings of the monthly electricity bills of households
resulting from shifting zk kWh of peak-hour usage for month k. Again, the total electricity
usage for the month remains unchanged. The decrease in the peak-hour usage ratio due to
the shift to off-peak hours is as follows.

αk =
zk
Uk
× 100. (13)

By combining (9) and (13), we obtain the annual bill saving for a household.

Bs = 46.6 ∑
k∈S

zk + 81.8 ∑
k∈W

zk. (14)

Note that from the result, Bs depends only on zk. In other words, once zk is given, the
value of Bs is obtained deterministically. When the peak hour electricity usage is shifted to
off-peak hours every month, that is, z = zk, for every k, (14) is simplified as follows. Again,
the unit of Bs is KRW.

Bs = (46.6× 5 + 81.8× 7)z = 805.6z. (15)

3. Simulation Analysis on Shifting Home Appliance Usage Time

In this section, we select several home appliances for which usage time can be shifted
and analyze changes in electricity bills when the usage time is shifted. First, let us consider
the following representative home appliances:

• Electric washing machines (normal and drum washing machines);
• Clothes dryers.

In the case of an electric washing machine, the unit representing the amount of
laundry is kilogram (kg) and the capacity of the washing machine is expressed as its
standard washing capacity, which is the maximum load it can handle. It is recommended
to load only half of the standard washing capacity to ensure effective drainage and optimal
performance. A family of four in Korea typically washes about 3 kg of laundry per day.
Assuming daily usage, the recommended washing machine capacity would be around 6 kg.
Table 5 provides a summary of the energy consumption per wash of large-capacity (21 kg)
and medium-capacity (14 kg) drum washing machines, both of which are highly preferred
according to data from the Korea Consumer Agency (KCA, www.kca.go.kr, accessed on 1
October 2020) [23]. The laundry used for testing consists of 3.6 kg of cotton test cloth and
3.0 kg of blanket. We can observe that washing with the Futon course consumes the most
energy, and the energy consumption increases when washing with hot water or at high
temperatures. Note that the energy consumption for a single wash in Table 5 is subject to
change depending on the washing conditions.

Table 5. Electric washing machine energy consumption per wash [23].

Energy Consumption per Wash (Wh)
Manufacturer Washing Capacity 40◦ Standard Cold Standard Futon

Samsung Large (21 kg) 262 84 488
LG Large (21 kg) 224 72 294

Samsung Medium (14 kg) 389 66 362

In order to have more objective data on energy consumption, we use officially tested
data based on the energy efficiency rating system implemented by the Korea Energy
Agency (KEA, www.energy.or.kr, accessed on 27 April 2022), Republic of Korea. The
Energy Consumption Efficiency Level Labeling System of the KEA is designed to facilitate
consumers’ easy access to energy-saving products with high efficiency. Additionally, it
enables manufacturers to make and market energy-saving products from the production
phase. The labeling system is a mandatory reporting system based on laws, such as Articles

www.kca.go.kr
www.energy.or.kr
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15 and 16, Energy Use Rationalization Act, Republic of Korea. In this system, the efficiency
grades are classified into a scale of 1 to 5 according to energy consumption efficiency or
energy consumption, with the minimum energy performance standard applied as the lower
limit of energy consumption efficiency. Both domestic manufacturer and importers are
obliged to display energy efficiency rating labels on their products, report their products,
and comply with the minimum energy efficiency standard.

3.1. Usage Time Shift on Electric Washing Machines

In the case of an electric washing machine, the energy efficiency rating index R1, which
means the amount of energy consumed per 1 kg of laundry, is defined as

R1 :=
E0

C1
(Wh/kg). (16)

In (16), C1 (kg) indicates the capacity of the washing machine and is called the standard
washing capacity. Consumers consider this standard washing capacity when purchasing a
washing machine. In addition, E0 (Wh) is the washing energy consumption when washing
is performed once. The smaller the index value of R1, the better the consumption efficiency.
Using this value, electric washing machines are rated in five grades. The rating standards
for electric air conditioners, electric washing machines, and kimchi refrigerators were
further raised on 27 April 2022 to display products with higher power efficiency.

When the monthly laundry frequency is N1 times, the corresponding monthly energy
consumption W1 is

W1 := C1N1R1 (Wh/month). (17)

If B1 (KRW/month) denotes the monthly electricity bill resulting from the usage, then
B1 can be written as

B1 := rW1 (KRW/month), (18)

for an electricity rate of r (KRW/Wh). According to the Efficiency Control Equipment
Operation Regulations, it is assumed that the monthly washing frequency is 17.5 times
(N1 = 17.5) in the case of electric washing machines. This corresponds 210 times a year.
For example, with an energy consumption per 1 kg of R1 = 20.9 Wh/kg, the annual
electricity bill for the usage of this electric washing machine can be calculated. Given
a standard washing capacity of C1 = 10 kg and the electricity rate r = 188.8 KRW/kWh
in the peak hour of summer/winter in the TOU rate plan of Table 1, the annual electricity
bill is B1 × 12 ≈ 8286 KRW/year. To choose suitable electric washing machines for the
simulations, we select the most recently certified products after 27 April 2022 based on the
energy consumption efficiency rating system of KEA. We use their energy consumption
per 1 kg for calculating the electricity bills. The selected electric washing machines are
summarized in Table 6.

Figures 12 and 13 show the energy consumption per wash and the energy consumption
per 1 kg with respect to the standard washing capacities of the electric washing machines in
Table 6, respectively. From Figure 12, we notice that the normal washing machines consume
significantly less power than the drum washing machine case. Hence, we can also expect
that the energy consumption per 1 kg of the normal washing machine is less than that of the
drum washing machine. In Figure 13, the drum washing machines (D1–D6) exhibit higher
energy consumption than the case of the normal washing machines (N1–N5), and the
energy consumption per 1 kg decreases with an increase in the standard washing capacity.
We can observe from Figure 13 that collecting some amount of laundry and washing it with
an electric washing machine having a large standard washing capacity can reduce energy
consumption.
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Table 6. Electric washing machine energy consumption [24].

Washing
Machine Type Standard Washing

Capacity C1 (kg)
Energy per

Wash E0 (Wh) Manufacturer Efficiency Class Energy per 1 kg
R1 (Wh/kg)

N1 Normal 23 104.6 Samsung 1 4.5478
N2 Normal 19 80.8 LG 2 4.2526
N3 Normal 13 78.2 LG 3 6.0154
N4 Normal 3 31.4 Winia 1 10.467
N5 Normal 19 99.3 Winia 2 5.2263

D1 Drum 24 572.7 Samsung 1 23.8625
D2 Drum 24 580.4 LG 1 24.1833
D3 Drum 15 363.9 LG 1 24.26
D4 Drum 9 343.3 LG 3 38.1444
D5 Drum 15 423.7 Winia 1 28.2467
D6 Drum 9 329.2 Winia 3 36.5778
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Figure 12. Standard washing capacity C1 of the electric washing machine and the energy consumption
per wash E0 in Table 6. The drum washing machines (D1–D6) consume more energy than the case of
the normal washing machines (N1–N5).

0 5 10 15 20 25

Standard washing capacity C
1
 (kg)

0

5

10

15

20

25

30

35

40

E
n
e
rg

y
 c

o
n
s
u
m

p
ti
o
n
 r

a
te

 R
1
 (

W
h
/k

g
)

N1N2

N3

N4

N5

D1D2D3

D4

D5

D6

Normal washing machine

Drum washing machine
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per 1 kg R1 in Table 6. R1 decreases as C1 increases. In other words, collecting laundry and washing
it with an electric washing machine with a large standard washing capacity can reduce energy
consumption.
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3.1.1. Shift of the Washing Machine Usage from the Perspective of Households

We first analyze the effect of the usage time shift from the perspective of households.
In Figure 14, the monthly energy consumption of the electric washing machines in Table 6
is depicted for the standard washing capacity W1 of (17). As the standard washing capacity
increases, the energy consumption increases proportionally, and it can be seen that the
annual energy consumption of the drum washing machine is larger than that of the normal
washing machine. Figure 15 shows the bill savings achieved by shifting the usage time
of the washing machine from peak hours to off-peak hours. The saved bill is obtained
by calculating the electricity bill B1 of (18) for both the peak and off-peak hours of the
TOU rate plan, and then taking their difference. Figure 16 compares N1 (23 kg) and D1
(24 kg) as products with the highest energy consumption. For a standard washing capacity
of C1 = 24 kg of the drum washing machine D1, with R1 = 23.8625 and N1 = 17.5, the
monthly energy consumption of (17) is W1 = 10.022 kWh/month. From the TOU rate
plan of Table 1 and (18), we can save B1 = 10.022× (140.7− 94.1) ≈ 467 KRW per month
in spring/fall and B1 = 10.022× (188.8− 107.0) ≈ 820 KRW in summer/winter. On the
other hand, for a standard washing capacity of 23 kg of the normal washing machine N1,
B1 = 85.3 KRW per month in spring/fall and B1 = 150 KRW per month in summer/winter
can be saved.
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Figure 14. Monthly energy consumption W1 of (17) with respect to the standard washing capacities C1

of the electric washing machines in Table 6. For a standard washing capacity of the electric washing
machine D1 (24 kg), the monthly energy consumption is W1 ≈ 10 kWh.
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shifted to off-peak hours based on the TOU rate plan in Table 1 and (18).
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Figure 16. Annual electricity bill saved by shifting the usage time of the washing machines N1 and
D1 based on the TOU rate plan of Table 1. For a standard washing capacity of the electric washing
machine D1 (24 kg), we can save about KRW 467 per month in spring/fall and KRW 820 per month
in summer/winter.

For the case of D1, if each household shifts the same energy consumption of
W1 = 10.022 kWh/month for 12 months, from (15), which takes into account all the
seasons, the annual savings for each household is Bs = Bs = 805.6× 10.022 ≈ 8074 KRW.
Figure 17 shows the annual savings of Bs per household for the normal washing machine
N1 and drum washing machine D1. The x-axis in Figure 17 means the annual shifting
portion η per household among 11,522 households in 10 apartment complexes, where
0 < η ≤ 1 holds and η can be expressed as a percentage (%). It is clear that the bill savings
increases in proportion to the shifting portion η. Note that in Figure 17 a result for the
clothe dryer is also shown for a comparison and will be introduced in the following section
in detail.
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Figure 17. Simulation of the electricity bill per household saved per year according to the shifting
portion η of the washing machines (N1, D1) and clothes dryer (Dryer 1) to off-peak hours. In the
case of the clothes dryer Dryer 1, assuming that it is shifted η = 100%, we can save KRW 32,500 per
household per year.

3.1.2. Shift of the Washing Machine Usage from the Perspective of Apartment Complexes

We now analyze the effect of the usage time shift to off-peak hours from the per-
spective of apartment complexes. The 10 apartment complexes in Table 2 have a total of
11,522 households, and the simulation was performed from (12) obtained by modeling
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the meter reading data from these households and the average and standard deviation of
monthly electricity consumption in Table 3. From (12), the energy ratio change α can be
rewritten as

α = Bs/2312.5 (% points). (19)

Hence, from (19), the bill savings Bs = 8074 for each household per year of the drum
washing machine D1 yields α = 3.49% points of the energy consumption shift to the
off-peak hours. This calculation assumes that all 11,522 households in the 10 apartment
complexes have made a complete shift. Note that this corresponds to the shift of W1 × 12×
11, 522 = 1, 385, 682 kWh to the off-peak hours annually in 10 apartment complexes. If the
shifting portion in an apartment complex is η, then the actual energy ratio change α′ can be
written as

α′ := αη (% points). (20)

Figure 18 shows the ratio changes of α′ for the normal washing machine N1 and the
drum washing machine D1 with respect to the shifting portion η. If the drum washing
machine D1 shifts only η = 20% in 10 apartment complexes, then the shift corresponds to
the energy consumption shift of 1, 385, 682× 0.2 = 277, 136 kWh to off-peak hours annually.
Figure 19 shows the shift of energy consumption (MWh) to off-peak hours with respect to
the shifting portion η of the normal washing machine N1 and the drum washing machine
D1 in 10 apartment complexes.
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Figure 18. Simulation of the energy ratio change α′ to off-peak hours according to the shifting portion
η of the electric washing machines (N1, D1) and clothes dryer (Dryer 1). For the clothes dryer Dryer 1,
assuming that it is shifted η = 100%, the energy ratio change becomes α′ = 14.0% points. This means
that the average annual peak-hour usage in Figure 6 drops from 37% to about 23%.
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3.2. Usage Time Shift on Clothes Dryers

In the energy efficiency rating label for the clothes dryer, the energy efficiency rating
index R2 (Wh/kg), which implies the energy consumption per 1 kg, is calculated by testing
3 times each with 2 sets of standard drying capacity and 2 half loads each with 2 test
samples. This index R2 is used to rate clothes dryers into five grades. Similar to the case of
the washing machine in (17), the clothes dryer has the standard drying capacity C2 (kg),
which indicates the capacity of the clothes dryer. If the number of times of drying per
month is N2, the monthly energy consumption W2 is

W2 := C2N2R2 (Wh/month). (21)

If the monthly electricity bill is B2 and the electricity rate is r (KRW/Wh), then B2 can
be written as

B2 := rW2 (KRW/month). (22)

According to the Efficiency Control Equipment Operation Regulations, it is assumed
that the clothes dryer is operated 13.3 times (N2 = 13.3) in a month. This corresponds to
159.6 times a year. For example, with an energy consumption per 1 kg of R2 = 175.9 Wh/kg,
the annual electricity bill for the usage of this clothes dryer per year can be calculated. Given
a standard drying capacity of C2 = 10 kg and the electricity rate of r = 188.8 KRW/kWh
in the peak hour of summer/winter in the TOU rate plan of Table 1, the annual electricity
bill is B2 × 12 ≈ 53, 003 KRW/year. To select appropriate clothes dryers considered for the
simulations, the most recently certified products are selected based on the energy consump-
tion efficiency rating system of KEA, and their R2 values of the energy consumption per
1 kg are used. The selected clothes dryers are summarized in Table 7. Figure 20 shows that
the R2 values of the clothes dryers in Table 7 improve as the standard drying capacity C2
increases.

Table 7. Energy consumption per 1 kg for clothes dryer [24].

Clothes Dryer Standard Drying
Capacity C2 (kg) Manufacturer Efficiency

Class
Energy per 1

kg R2 (Wh/kg)

Dryer 1 20 Samsung 1 151.5
Dryer 2 18 LG 2 148.1
Dryer 3 10 Samsung 3 169.5
Dryer 4 10 Winia 3 258.9
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Figure 20. Standard drying capacity C2 and the energy consumption per 1 kg R2 of the clothes dryers
in Table 7.
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3.2.1. Shift of the Clothes Dryer Usage from the Perspective of Households

We first analyze the shift effect from the perspective of households. In Figure 21, the
monthly energy consumption W2 values of the clothes dryers in Table 7 are shown with
respect to the standard drying capacity C2. Note that the energy consumption increases
proportionally as the drying capacity increases. Figure 22 shows the bill savings when shift-
ing the clothes dryer from peak hours to off-peak hours. The bill savings here are obtained
by calculating the electricity bills in (22) for the peak and off-peak hours, respectively, and
their differences.
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Figure 21. Annual energy consumption W2 with respect to the standard drying capacity C2 of the
clothes dryer in Table 7. In Dryer1 (20 kg), the monthly energy consumption is W2 ≈ 40.3 kWh.

Let us look at Dryer 1 (20 kg) in Figure 20 with the largest standard drying capacity.
Assume that the same energy consumption for 12 months in Dryer 1 is shifted 100% to
off-peak hours. From Table 7, the standard drying capacity is C2 = 20 kg and R2 = 151.5.
Hence, from (21) and an assumption of N2 = 13.3, the monthly energy consumption is
W2 = 40.299 kWh/month. From the TOU rate plan and (22), we can then save KRW
3300 per month in spring/fall from 40.299× (188.8− 107.0) = 3296. The bill saved from
(15), considering all the seasonal factors, is about Bs ≈ 32500 KRW per year. Figure 17 also
shows the annual savings per household for Dryer 1. Compared to the electric washing
machines N1 and D1, the energy consumption of the clothes dryer is greater, thus the bill
savings are also large.
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Figure 22. Monthly electricity bill savings when using a clothes dryer in the TOU rate plan are shifted
to off-peak hours. Dryer 1 (20 kg) saves about KRW 1880 per month in spring/fall and KRW 3300 per
month in summer/winter.

3.2.2. Shift of the Clothes Dryer Usage from the Perspective of Apartment Complexes

We now analyze the shift effect from the perspective of apartment complexes. Figure 18
also shows the ratio change of energy consumption in (20) for the clothes dryer with respect
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to the shifting portion η. When η = 100%, Bs = 32, 500 KRW per household is saved for
a year, and from (19), it means a statistical shift of about α′ = 14.0% electricity usage as
shown in Figure 18. As observed from Figure 6, this shift implies that the ratio of energy
consumption during average peak hours per year decreases from 37% to about 23%. As
shown in Figure 19, assuming that all 11,522 households in the 10 apartment complexes ad-
just their usage time, a change of α′ = 14.0% results in W2 × 12× 11, 522 = 5, 571, 901 kWh
of annual energy consumption being shifted to off-peak hours in 10 apartment com-
plexes. If only η = 20% of all households shift the usage time of the clothes dryer, about
32, 500× 0.2 = 6500 KRW per household can be saved annually. This is the case of subtract-
ing 2.8% from the energy consumption during peak hours and shifting it by 2.8% to off-peak
hours. In other words, as shown in Figure 19, it corresponds to a shift in energy consump-
tion of about 1114 MWh per year in 10 apartment complexes. In addition, because clothes
dryers consume more power than the electric washing machine case, shifting the usage
time of cloths dryers has a greater effect on the efficient distribution of electricity usage.

4. Conclusions

In this paper, we first analyzed the statistical characteristics of customers’ electricity
usage and their corresponding electricity bills under the TOU rate plan by investigating the
electrical load profiles. We proposed a model for monthly electricity usage and peak-hour
usage ratio of households based on the Gaussian distribution. We then derived an equation
that yields an average of monthly electricity bills under the TOU rate plan. In Table 8, we
next summarized several examples of the amount of electricity energy and electricity bill
savings according to the usage time shift for each home appliance based on the derived
equation. Compared to the electric washing machines, the energy consumption of the
clothes dryer is usually greater, resulting in larger bill savings. For further practical analysis
of electricity energy shift, it is necessary to investigate customer’s willingness to shift
the usage time. If survey items are prepared by incorporating the contents of this paper
regarding usage time, usage patterns, and shifts in peak hours for major home appliances,
more reliable statistical data on shifts in electricity usage will be obtained. In addition,
if detailed specifications of home appliances owned by each household and the usage
patterns of these appliances are known during the survey stage, it would be possible to
more accurately predict the amount of energy usage shifting to off-peak hours. This could
lead to the development of an algorithm that calculates more precisely the amount of
bill savings in each household. When analyzing the effect of shifting usage times, it is
necessary to consider legal and noise-related issues that may arise due to the change in
the usage times of home appliances. For example, there might be restrictions on running
noisy washing machines or clothes dryers during nighttime in an apartment building
environment. As various dynamic rate plans are expected to be presented in the future,
comparing peak load shifting and electricity bill savings among these dynamic rate plans
will help consumers select the rate plans that best suit their needs.

Table 8. Simulation summary of bill savings and energy ratio change per household according to the
usage time shift of home appliances to off-peak hours.

Home Appliance
Bill Savings (KRW/Year) Energy Ratio Change α′ (%)

ConditionsEnergy Shift (kWh/Year) (10 Complexes)

η = 20% η = 100% η = 20% η = 100%

Normal 295 1470 0.128 0.638 Capacity 23 kg
washing machine 4.40 22.0 4.55 Wh/kg

Drum 1610 8070 0.698 3.49 Capacity 24 kg
washing machine 24.0 120 23.9 Wh/kg

Clothes dryer 6490 32,500 2.80 14.0 Capacity 20 kg
96.8 484 151.5 Wh/kg
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