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Abstract: To reduce energy consumption arising from increasing energy efficiency in
response to energy depletion around the world, energy price rises, climate change, and
accidents of electric power are cooperating simultaneously. Recognizing the
seriousness of the above-mentioned problems, feasible and effective policies for
reducing greenhouse gas have been promoted in developed countries since the 2000s.
Moreover, industry and academia are actively researching to develop energy-efficient
and eco-friendly technologies, respectively. This study proposes an optimal model for
scheduling home appliances that minimizes power costs by assuming a smart-home
environment with smart metering and advanced metering infrastructure. In addition, a
case-study was performed using actual data from South Korea, and sensitivity analysis
was performed according to changes in parameters. The experiment considered
possible real-life situations, such as an increase and decrease in power cost and a
limitation in power usage, and proved that the proposed model was excellent to
establish a power schedule for home appliances. This research result seems to serve as
a guideline in relation to the control of home appliances to reduce power and smart
homes.

Key words: Load scheduling, House appliances scheduling, Smart Home, Mixed-integer
linear programming (MILP)

1. Introduction

Nowadays, as the severity of energy resource depletion increases, various studies
on energy utilization methods are conducted. In particular, measures to efficiently
manage power usage are emerging very quickly. For instance, research related to the
construction of next-generation intelligent power networks, called smart grids, not to
mention the development of related technologies is becoming an issue. The meaning
of smart grids is defined differently depending on each country or institution.
Institute of Electrical and Electronics Engineers (IEEE) has defined smart grid as
follows. "Smart grids have come to illustrate the next generation of power systems
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represented by the increasing use of communication and information technology in
the generation, transmission and consumption of electrical energy." According to
Australian Energy Market Operator, Shabanzadeh and Moghaddam (2013) defined
smart grid as “Smart Grid creates opportunities for consumers to change their energy
consumption at short notice in response to a variety of signals that include price.”

Various discussions around the world regarding the introduction of the smart grid
system have been underway since the early 2000s. In North America, the U.S,
Canada, and Europe, all member states and Asian regions especially around Japan
and China, are focusing on fostering industries and revitalizing early markets, not
only at the level of governments, but also private companies to secure the lead in
next-generation energy technology competition. In South Korea, a smart grid
demonstration complex was established in Jeju Island in 2009, related technologies
were commercialized, and export industrialization began. In January 2010, the smart
grid national roadmap was announced, and a plan was established to build the smart
grid in three stages by 2030. To this end, a total of 27.5 trillion KRW (Korean won) of
investment in the smart grid technology will be implemented at the private and
public levels, resulting in 230 billion tons reduction in greenhouse gas, 47 trillion
KRW reduction in energy income, and 3.2 trillion KRW reduction in new power plant
construction costs.

In order for the smart grid system to operate, it is essential to introduce smart
metering technology and advanced metering infrastructure (AMI) facilities that
exchange real-time power information in both directions using a communication
network. Smart metering is the most basic facility technology for smart grids,
allowing intelligent measurement, monitoring, and controlling of overall power grids
such as user power consumption, distributed energy production, power loss, and
power interruption. In the United States, smart metering technology is introduced to
restore reliability in the power supply (due to large-scale power outages) and
increase people's awareness of energy saving. AMI is an infrastructure facility that
actively saves energy through demand response between end consumers and energy
suppliers based on smart meters of smart grids. In other words, information and
services are provided so that power companies and consumers can use energy
efficiently through integrated management of demand-side power resources and
efficient operation and distribution thereof. This information is the means for mutual
recognition based between power suppliers and receivers and includes functions of
various types of distribution power systems and power distribution intelligence
systems. It also supports advanced time-based plans such as time-of-usage, critical
peak pricing, and real-time pricing, which encourage consumers to participate in
active energy savings. If AMI infrastructure and smart metering technology are used,
various applications can be used at home; for example, in response to real-time
power charges, a schedule of home appliances can be established to save energy, and
power consumption patterns and overall energy monitoring can be performed. This
study proposes a schedule plan for home appliances in use to minimize power cost in
an environment that introduces AMI and smart metering technology. In addition, the
sensitivity analysis of major parameters, such as power charge and power usage, was
conducted through a case-study using real data in South Korea.

The sections of this study are as follows. In Section 2, existing literature on smart
metering, AMI optimization research considering the environment, and scheduling of
home appliances are fixed. Section 3 proposes an optimal model for scheduling home
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appliances. Section 4 verifies the effectiveness of the proposed model by performing
model verification and experimental analysis using real data from Korea. Finally,
Section 5 presents conclusions and future research contents.

2. Literature Review

In this section, studies using optimization methods were investigated and
summarized, focusing on keywords such as application scheduling, smart metering,
and demand response. Adika and Wang (2014) conducted clustering analysis related
to power consumption patterns and power loads for each device used. Based on the
analysis results, a linear programming was developed to save consumers' electricity
bills. Zhu et al. (2012) established a mathematical model based on the integer
programming method for the purpose of balancing electricity use by time zone. The
latter model proposed a power load balancing mechanism that minimizes the
maximum power load per hour, and it was argued that it is essential to prepare a plan
to induce voluntary participation of consumers as a way to reduce the power peak
load. Althaher et al. (2015) designed a model in consideration of the increase in
consumer satisfaction while minimizing power cost. Beaudin and Zareipour (2015)
designed a model by classifying the characteristics of the device in detail.
Heterogeneity, consumer considerations, and uncertainties were considered, and
optimization models and heuristic methods were presented to solve the problem. In
addition, this study also presented evaluation criteria for Home Energy Management
Systems. Samadi et al. (2015) solved problems related to power load scheduling and
electric power transaction under a system with a high penetration rate of renewable
energy. It is assumed that the excess power produced by the user can be sold to
enterprises or other users, and sellers participate in price competition. Besides, a
game theory approach is adopted to model interactions between producers, and
utilize approximate dynamic programming to represent different types of device
operations. Sou et al. (2011) reflected the power consumption by step considering
the characteristics of home appliances and proposed a mixed-integer linear
programming that aims to minimize power costs. A case-study was conducted by
constructing a scenario based on actual data, and the computational complexity and
scalability of the research model were discussed. The integer and mixed-integer
linear programming methods are efficient methods for deriving an optimal solution
within an appropriate time when the problem size is small. However, this process
takes a lot of time as the problem size increases. There are also studies that have
adopted complex methods to solve these problems. Morales-Espafia et al. (2022)
summarized and classified the demand response in detail, focusing on the power
system. Furthermore, an optimization model was developed in this study to perform
flexible load management.

Research using heuristic methods has been actively conducted to reduce the
problem complexity and resolution time of load scheduling. Alham et al. (2016) and
Gupta et al. (2016) developed and utilized heuristic methods for optimal power use.
Alham et al. (2016) approached the problem with the aim of minimizing energy use
cost and carbon emission. To simultaneously consider cost aspects and eco-friendly
factors, objective-functions were defined linearly, and branch and bound method and
genetic algorithm were used in consideration of the increase in problem complexity
as the problem size grew. Gupta et al. (2016) developed a mixed-integer linear
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programming model with the aim of minimizing consumer power cost. In addition,
heuristic methods such as genetic algorithms, are utilized to compensate for the
limitations of mixed-integer linear programming methods in which computational
time increases exponentially as the size of the problem grows. Bharathi et al. (2017)
divided the power peak hours into industrial, commercial, and residential areas, and
developed a model that effectively distributes available power in other areas and
minimizes power use during the power peak hours. The developed model solved the
problem through a genetic algorithm and proved the superiority of the results
compared to evolution algorithms. Chakraborty (2013) proposed an intelligent
economic operation model that considers wind and solar powers in a smart grid
environment. The model was developed based on fuzzy logic and the Quantum
inspired evolutionary algorithm was used to solve the problem. The model was
verified through case-studies considering multiple heat devices, electric vehicles,
thermal and wind power plants. Excellent results were derived to reduce production
cost and carbon emission at the same time. Ma et al. (2016) presented a
cost-effective, efficiency-based residential power load scheduling framework that
increase the economic efficiency of residential power consumption, rather than
minimize power charges that have been primarily used for purposes. In addition, the
power bidding process and real-time pricing mechanism were reflected to make the
smart grid environment more realistic, and a load scheduling algorithm based on the
Quadratic optimization program was proposed. Chakraborty et al. (2020) proposed a
power load scheduling-based management plan to reduce peak load. It was assumed
that the user could set the desired operating time for each home appliance, and a
two-dimensional strip problem-based heuristics model was developed to solve the
problem.

Load scheduling is also being actively conducted in studies related to smart-home
or smart-building. Wang et al. (2016) used an optimization method to establish a
schedule plan for home appliances that can operate in a smart-home environment.
Each home appliance reflected the presence or absence of automation, the possibility
of stopping during operation, the use of hot water, and the setting according to the
change in the ambient temperature as constraints. The integer programming method
was constructed, and the minimization of consumers' electricity bills was defined as
an objective function. In addition, as computational complexity increases and
decreases, the problem was solved by utilizing particle swarm optimization.
Ogunjuyigbe et al. (2017) developed a model that can manage the power load of the
home within the budget set by the user. The developed model aims to maximize user
convenience while reducing power consumption cost, and the problem is solved
through genetic algorithm. In addition, various implications were derived through
scenario analysis based on variables such as satisfaction and budget. Nazemi et al.
(2021) presented the intensive-based multi-objective nonlinear optimization
approach for load scheduling problems in smart-building. This study aims to
minimize the total power cost, maximize incentives allocated to each customer,
minimize customer inconvenience, and consider electronics, electric vehicles, heating
sulfur, and air conditioning systems. Foroozandeh et al. (2021) proposed a
multi-objective mixed-binary linear programming to minimize the total energy
consumption cost and peak load for residential builds. This model is considered the
electric vehicles and battery energy storage system, and the performance of the
model was compared and analyzed through scenario analysis. Nezhad et al. (2021)
proposed a scheduling problem considering solar photovoltaic power supply and
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home energy management systems. This study considered the uncertainty of
photovoltaic power generation and established it for the optimal schedule plan of
home applications based on mixed-intermediate programming to minimize the daily
bill. Korkas et al. (2022) proposed a distributed feedback-based optimization method
based on principles of approximate dynamic programming for grid-connected builds.
This model was considered to be user-convenience. Electric vehicles, energy storage
systems, and robustness evaluation were performed through various experimental
designs. Foroozandeh et al. (2022) assumed the customers have flexible contract
systems in smart-buildings. In this study, a mixed binary optimization problem was
proposed considering photovoltaic power generation, electric vehicles, and battery
energy storage systems. Scenario analysis was conducted to prove the excellence of
the proposed model, and the experimental results showed that the electricity cost
was reduced by about 47%.

3. Mathematical Model

3.1. Assumptions

This study aims to establish a schedule for home appliances to minimize total
power usage at home. The type and power consumption of home appliances were set
based on periodical data published by the Korea Electric Power Exchange (2019). The
operating level of the home appliance was composed of three stages, and the
conditions that consumers can set are divided into three as follows.

Condition #1: Operate the home appliance at a definite time.

Condition #2: The home appliance is set to a range time and operates in
consideration of the power charge. However, it is not necessary to operate
continuously.

Condition #3: The home appliance is set to a range time and operates in
consideration of the power charge. However, it must be operated
continuously.

It is assumed that electricity charges are measured under circumstances in which
seasonal and hourly rate systems are applied. This is a plan that induces users to use
power at a low cost because the high rate unit price is applied during the time of the
day when power demand is high, and the low rate unit price is applied during the day
time. Since its introduction in South Korea in 1977, the criteria for seasonal and
time-of-day classification have been changed according to changes in conditions, and
it is being applied to large-capacity users such as general industrial use nationwide.
In addition, the demand power is obtained by dividing the amount of power used
within the demand time by the usage time. In South Korea, the demand time is
applied as 15 min. Accordingly, this study also assumed that it can be set every 15
min.

3.2. Model Description

The following notation is used to formulate the proposed model. The indices,
parameters, and variables used to formulate the model are described below.

Indices
234
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i =index of appliances (i=1, ..., I)
I = index of appliance levels (I=1, ..., L)

t = index of time periods (t=1, ..., T)

Parameters
ptover = Power charge corresponding to punitive charge (Super user) in period t
|tover = Amount of electricity used applied to punitive charge (Super user) in
period t

P, = Power charge in period t
Si,ftiX = 1 if the consumer sets to the appliance i to level / in period t, zero otherwise
tdc™ = Maximum value of the operation time if the consumer sets the appliance

i to condition 2 status and level |

tdCiTin = Minimum value of the operation time if the consumer sets the appliance i
to condition 2 status and level /
var,dc
Sil

status and level /

= Operation time if the consumer sets to the appliance i to condition 2

tCiTax = Maximum value of the operation time if the consumer sets the appliance i

to condition 3 status and level [
tCirlnin = Minimum value of the operation time if the consumer sets to the appliance
i to condition 3 status and level

Si\:ar’c = 1 if the consumer sets the appliance i to condition 3 and level [, zero
otherwise

Cot;, = Continuous operation time if the consumer sets to the appliance i to

condition 3 status and level
€C;, = Power consumption operated to the appliance i to level |
Variables
C,;; = Cost of operating appliances i to level / in period ¢

cum

C,”" = Cumulative charging to the period t
Ctover = Excess cost of the ¢ period following the introduction of a punitive charge
Utover = The amount of excess electricity in period t according to the introduction

of the electric power peak
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X;; = 1if appliance i is set to condition 1 and level / in the period t, zero otherwise
yﬁf =1 if appliance i is set to condition 2 and level / in the period t, zero otherwise

yicIt =1 if appliance i is set to condition 3 and level / in the period t, zero otherwise

yﬁf“t =1 if appliance i is set continuously by condition 3 and level / in the period ¢,

zero otherwise

Z,; = lifappliance i is set to level / in the period ¢, zero otherwise

Based on the notation described, the model for the load scheduling of home
appliances is formulated as follows:

objective function

Minimize ¢y €y
subject to
L
Zzilt =1 Vit (2)
1=1
Sic <%, Vit (3)
L
D Vi <s Vil (4)
tde™™ <t <tdef™
L
> Ve sste Vil (5)
telin <t <t
t+cot; —1
cot,ys, < DLy Vi, Lt(t<T —cot, +1) ©)
t'<t
X + Yo+ yoom )
ilt y|lé yllt S Zilt Vl,l,t (7)
| L
Zze - Zi _Iover+utover Vvt )
i=1 I=1
G = €Gy By Zy, vi, |t (9)
over — ptover over \v/t (10)
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I L
cum over
¢ = Zcilt + G vt (11-1)
i=1 I=1
L
cum cum over
¢ =G, + Zcilt +G vt (11-2)
i=1 1=1
dc c cont
e Vi Y Y Zie ={0 5 (12)
G 7 ™ 20 03

Equation (1) is an objective function, and aims to minimize the total power cost
incurred in all periods. Constraint equation (2) means that all home appliances can
only set one operation per hour. Constraint equation (3) is an equation for a definitive
operation setting of a home appliance. That is, when the home appliance, the
operating level, and the operating time are set, x, is calculated accordingly.

Constraints (4) and (5) are indicating that the home appliance is set as a range time.
Constraint equation (4) is a case where discontinuity is allowed, and constraint
equation (5) is a case where continuous operation is required. Constraint equation
(6) means that when the home appliance is set to the range time, it must be operated
for a set time based on the operation start time. Constraint equation (7) means that
only one of the definitive setting, range setting (continuous and discontinuous) is
possible. Constraint equation (8) is a restriction for determining whether the power
usage corresponds to an excessive power consumption layer (super consumers).
Constraints (9) and (10) represent the costs for power consumption. Constraint
equation (9) refers to the cost of general power consumption thatis calculated by
multiplying the power consumption of the home appliance, the power charge of the
corresponding time, and whether it is operational or not. Constraint equation (10) is
a formula for calculating the amount of power used when corresponding to
superuser. Constraint equations (11-1) and (11-2) calculate the accumulated power
usage amount in period t. Constraint (12) represents the binary variables, and
constraint (13) indicates the non-negative variables.

4. Experiment Results and Discussion

4.1. Input Data

In order to conduct the experiment of the mathematical model proposed in
Sections 3-2, actual data operated by Jeju island of South Korea was used. Jeju Island
uses seasonal and hourly rate systems (Korea Electric Power Corporation (2021),
Basic Terms of Supply Enforcement Detailed Rules) to induce users to use low-rate
power by applying high rates during high power demand times of the day or low
rates during low power times. That is, power charges vary by season and time, and
detailed data are presented in Table 1. In addition, if the monthly power consumption
exceeds 1000 kWh in summer (from June 1 to August 31) and winter (from
November 1 to the end of February of the following year), it will be classified as a
super user, and the unit price of 704.5 KRW per kWh will be applied to the excess
usage. In addition, household appliances and power consumption in regular
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publications published by the Korea Electric Power Exchange (2019) were used, and
data on household appliances are presented in Table 2. The power usage according to
the level of home appliances was set based on the second stage, and it was assumed
that the first stage decreases by 20% whereas the third stage increases by 20%. IBM
ILOG CPLEX 22.1, a commercial optimization package conducted on a PC (AMD Ryzen
5600x, CPU 3.7 GHz), was used to conduct experiments on the optimization model.

Table 1. Energy charge for seasonal and hourly in Jeju Island

Basic rate Energy charge (KRW/kWh)
(KRW/kW) A time zone Spring, fall Summer, winter
4310 Light-load (22:00-08:00) 99.0 111.9
Heavy-load (08:00-16:00) 127.0 157.9
Overload (16:00-22:00) 145.6 193.7
Table 2. Data and experimental settings for appliances
Appliance Number Power Operation setting
oflevel rating Condition Operating Minimum Maximum
(kw) setting time starttime start time
(min)
TV 3 0.1515 #1 420 17:00 22:00
Refrigerator 3 0.0422 #1 1440 00:00 24:00
Washing 3 0.9043 #3 120 07:00 22:00
machine
Air conditioner 3 1.5 #2 300 12:00 20:00
Vacuum 2 1.2 #3 30 07:00 22:00
cleaner
Microwave 2 1.1615 #2 30 06:00 07:00
Water purifier 2 0.5775 #1 1440 00:00 24:00
Induction 2 1.3745 #3 30 18:00 20:00
heating
cooking heater
Toaster 2 0.9157 #3 30 05:00 07:00
Blender 2 0.7276 #3 30 05:00 07:00
Air purifier 1 0.0491 #2 120 18:00 24:00
Computer 1 0.3119 #1 360 18:00 24:00
Stereo 1 0.1015 #1 300 18:00 23:00
Dryer 1 1.5061 #2 15 06:00 07:00
Iron 1 1.3748 #3 30 17:00 22:00

4.2. Experimental Results

The results of the experiment are shown in Figure 1. The experimental results
showed that a flexible operation was set during light and heavy-load times when
power charges were low by avoiding the maximum load time, except for the
appliance set to condition 1. In addition, as shown in Figure 2, it can be seen that the
cost in the heavy-load time period has increased rapidly due to the power usage
transfer to the heavy-load time period in the overload time period.
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Time Period
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Figure 1. Experimental results by conditions
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Figure 2. Cumulative cost according to time period

4.3. Additional Experimental Design and Results

In this study, sensitivity analysis was conducted to analyze the change in the
result value according to the change in the input data value. The new light-load
power rate and overload power charge were calculated using the power charges and
weight factors in the light-load, heavy-load, and overload times presented in Table 1.
Weight factors were taken to be 0.5, 0.8, 1.0, 1.2 1.5, respectively. The experimental
results are as illustrated in Figure 3, and it is confirmed that reducing the difference
in power charge according to load increases the power usage cost during light load
time, whereas increasing the difference in power charge increases the power usage
cost during overload time.
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New light-load power charge = Heavy-load power charge - (Heavy-load power
charge - Light-load power charge) - Weight factor

New overloaded power charge = Heavy-load power charge + (Overload power
charge - Heavy-load power charge) - Weight factor

[y
(]

[y
=]

‘Weight Factor

ot
o)

Light-load Period Heavy-load Period Overload Period

Figure 3. Total costs based on power rate weight factor and time zone by rate

In the second experiment, we added constraints on the instantaneous maximum
used amount. In South Korea, when power consumption is high, such as in summer or
winter, instantaneous power consumption cannot exceed contract demand.
Therefore, the following constraint formula (14) was added in consideration of this
situation, and the experiment was conducted assuming that the power use limitations
were 2.6, 3.0, and 3.4 kw/h, respectively.

L
_ > ec,z,, <ce Vt (14)

|
i=1 1=1

Figure 4 shows the rate of change in power cost compared to the basic
experimental result value for each light-load, heavy-load, and overload time zone.
The experimental results show that, when the instantaneous power use limit is 3.4
kW, the same cost is incurred as in the basic experiment. At 3.0 kW, the power use
cost increased in heavy-load time, and in the case of limitation to 2.6 kW, the power
usage cost increased in overload time. It can be seen that as the restriction on
instantaneous power use became stronger, the schedule plan of home appliances was
moved to a section where costs gradually increased.
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Figure 4. Amount of change in total power cost for instantaneous power usage

5. Conclusion

This study proposed a mathematical model for optimal scheduling for home
appliances to minimize electricity charges assuming an environment to introduce
smart metering, which is rapidly being promoted in the power market. This study
also proved the superiority of the model using actual data in Jeju Island of South
Korea.

In addition, sensitivity analysis was conducted to find the change in decision
variables and objective function as the parameter values were changed, and as a
result, it was confirmed that the decision-making was made by changing the load
time to lower the total power charge. Furthermore, two sensitivity analyses were
conducted to find out the changes in decision variables and objective functions
according to the changes in parameters. The first sensitivity analysis compared and
analyzed the case where the difference in power prices according to the light-load
period, the heavy-load period, and the overload period increased or decreased, the
second sensitivity analysis was performed by considering the instantaneous
maximum usage so that instantaneous power consumption cannot exceed the
contract demand when the power consumption is high, such as in summer or winter.
Looking at the results of the two sensitivity analyses, it was found that the decision
was made by reducing the total power cost and varying the load time to satisfy the
additional constraints and circumstances. This study result could help establish
schedule plans for home appliances to save power and serve as a guideline for
development and operation related to smart homes.

The limitations of this study and future research directions are as follows. The
electricity rate system applied not only to each region of South Korea but also to each
country is different. In this study, input data was prepared using actual data from Jeju
Island located in South Korea, but the latter can be changed according to country,
timing, policy, and situation. Therefore, in future studies, it will be necessary to
analyze power rate systems in various countries and establish a mathematical model
for scheduling accordingly. Other limitations of this study include considering only
commonly used home appliances, not considering detailed operations such as step

241



Jin and Choi/Oper. Res. Eng. Sci. Theor. Appl. 5(3)2022 230-243

conversion, and emergency stop setting of home appliances. and assuming weight
factors to increase and decrease changes in power price depending on the light-load
period, heavy-load period, and overload period. In future research, it is necessary to
develop a detailed and expanded model reflecting the realistic situation. Moreover,
the proposed model is developed based on mixed-integer linear programming. This
programming has limitations in that the calculation time increases exponentially as
the size of the problem increases. Therefore, in future studies, it is necessary to
develop a suitable heuristic model.
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