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An unprecedented global lockdown has been implemented for controlling the spread of COVID-19 in many
countries. These actions are reducing the number of coronics, but with the prolonged COVID-19 outbreak, the
restrictions on the activities of people are having a significant impact on all industries. Accordingly, this study
aimed to statistically analyze changes in building energy consumption under the COVID-19 pandemic in South
Korea, as well as identify the relationship between COVID-19 and building energy consumption according to the
building use type. As a result, the average rate of changes in electricity and gas energy consumption decreased
—4.46% and —10.35%, respectively, compared to the previous year. The energy consumption in most facilities
has tended to decrease while energy consumption in residential facilities increased during COVID-19. The rate of
change in building energy consumption had a significantly positive correlation with COVID-19 related factors in
various facilities (e.g., neighborhood, religious, educational, and research facilities). Significant findings of this
study that social distancing by the COVID-19 outbreak, has changed energy consumption according to building
use type indicates the need for new energy systems to effectively manage the energy demand at the community
level in the Post COVID-19 era.

1. Introduction

The world is still facing a crisis with a heightened alert after the first
confirmed case of the novel coronavirus in December 2019. As a result of
the rapid spread of the virus, the World Health Organization (WHO)
named it coronavirus disease 2019 (COVID-19) and officially declared a
global pandemic [1,2]. With the prolonged COVID-19 outbreak, the
cumulative number of coronics in September 2020 surpassed 29 million
people [3,4]. In order to control the spread of COVID-19, many countries
have promulgated an unprecedented global lockdown, and government
guidelines (e.g., restrictions on contact and working from home) have
been provided [5-8]. Although these actions are reducing the number of
coronics, the restrictions on the activities of people are having a sig-
nificant impact on all industries, along with a serious economic down-
turn [9,10]. According to the International Energy Agency (IEA), the
following changes in the energy sector have been observed, as social
activities accompanying energy consumption have significantly reduced

[11-14]: (i) oil demand is sharply reduced due to economic activity and
movement control (global oil demand in the first quarter of 2020
decreased by 50% compared to 2019) [14,15]; and (ii) global energy
demand is reduced (global energy demand in 2020 decreased by 6%
compared to 2019) [14,15].

In line with these global trends, a number of studies have been
conducted focusing on environmental and energy changes based on
COVID-19. Most studies have analyzed the environmental impact,
including the air quality, during the COVID-19 outbreak [16-21]. Pre-
vious studies related to temperature and climate changes, as well as
environmental policy, were conducted [22-26]. Meanwhile, a few
studies on COVID-19 and energy changes were also conducted. Elavar-
asan et al. [13] and Akrofi et al. [27] investigated the changes in power
load caused by COVID-19, and the problems associated with it were
analyzed. Kuzemko et al. [28] analyzed the impact of the renewable
energy system on energy transitions during the COVID-19 outbreak, and
Chen et al. [29] investigated the adoption of the home energy
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management system during the COVID-19 period, taking into account and Gyeonggi that had a higher population density (refer to Table S1 of
climate change, social and psychological factors, and energy consump- supplementary data).

tion. As a result of a literature review, the guidelines on social distancing

following tt.1e COVID-19 outbl:eak have been. shovx.ln.t.o cause side effects 2.2, Action to cope with COVID-19

on economic growth, along with a decrease in activities. In contrast, the
changes in energy consumption according to building use type can have
a positive effect on the environment. However, despite this importance,
few studies have been conducted to analyze the change of energy con-
sumption pattern according to building use type. South Korea, particu-
larly, has a high population density, so the number of coronics has been
increasing. This will have a significant difference in building energy
consumption before and after COVID-19, as lockdown is implemented
for an extended period of time.

Therefore, this study aimed to analyze the changes in building en-
ergy consumption under the COVID-19 pandemic in South Korea by
using the empirical big data from 2019 to 2020. Since South Korea ap-
plies different levels of social distancing restrictions for each sector ac-
cording to regional conditions (i.e., certain cities with a large number of
coronics), this study statistically analyzed the relationship between
COVID-19 and building energy consumption according to building use

South Korea has more than 20,000 coronics by September 2020, and
many people have suffered massive damage, both socially and
economically [36]. As the infection is spreading, Korea Centers for
Disease Control and Prevention has announced a social distancing policy
depending on the number of coronics in order to cope with COVID-19
and control virus dissemination (refer to Fig. 1 and Table 1) [37].

Since January 2020, after the first confirmed case of COVID-19 from
Wuhan, China, the South Korean government proposed a guideline for
the public, such as personal hygiene management and avoiding crowded
places. Citizens were required to self-isolate, wear masks, and stay at
home according to the social distancing guidelines provided by the
South Korean government. From late February to early March 2020, the
citizens in Daegu and Gyeongbuk started the voluntary ‘self-social
distancing’ amid the cluster infections in the region, and the Daegu local
government limited the social contact and economic activities from
type. February to March, which corresponds to the guideline in Social
Distancing Level 2 [38,39]. In order to prevent the spread of the infec-
tion, Seoul exercised an early form of Social Distancing Level 1 [40].
Social Distancing Level 1 allows general activities to be carried out in
accordance with preventive measures against the pandemic. However,
some companies have started work-from-home schemes, thereby lead-
ing to the decrease in people’s economic activities.

As coronavirus gradually spread from Daegu and Gyeongbuk to the

. whole country, the South Korean government raised the crisis level from
January, the go'vernment sought tf) control the spread of .th.e virus “Alert” to “Serious” (the highest level) in mid-March 2020, and enacted
through quarantine measures. In mid-February, however, religious fa-

cilities in Daegu and Gyeongbuk with a high occupancy density pro-
duced super spreaders (around 4400 people infected through nth
transmission), thus resulting in the national transmission of coronavirus
[30]. Furthermore, cluster infections in telecommunications and medi-
cal facilities broke out in Daegu in March, and the coronics exceeded 200
within one week [31,32]. Meanwhile, major coronics broke out in
telecommunications, entertainment, social gathering, and religious fa-
cilities in Seoul and Gyeonggi by the end of May [33-35]. As such,
coronics in South Korea were centered in Daegu and Gyeongbuk due to
the cluster infections by the super spreaders (about 75% of the coronics
in South Korea), as well as in the other regions centered around Seoul

2. COVID-19 in South Korea
2.1. COVID-19 outbreak

COVID-19 has spread early in South Korea, which is adjacent to
China, and there was a surge in the number of coronics due to the super
spreaders. After the first coronics occurred in South Korea in late

the nationwide Social Distancing Level 2 [31]. In comparison to Social
Distancing Level 1, Social Distancing Level 2 brings in much stricter
measures, and companies limited the number of staff at work.
Work-from-home order became mandatory, and schools postponed the
start of the term or offered online, remote lectures. Moreover, the
operation of multi-purpose facilities (e.g., library, museum, national
park, etc.) was forcibly closed, and the operation of facilities susceptible
to cluster infection (e.g., entertainment pub, karaoke, religious facilities,
performance hall, etc.) was stopped. Since the government suggested
delaying or canceling gatherings and staying at home, people were
restricted from carrying out economic activities and they were unable to
use commercial facilities. Due to online learning and working from

Social distancing Keeping distance in life
Level 1 Level 2 Level 2 Level 1 ||
(2.29~3.21) (3.22~4.5) (4.6~4.19) (4.20~5.5)
Maximum daily Slmngl [. er e Extending Relaxed way
1000 new coronics (900)
90
S0 Group infection in feligious facilities
700 H
s | First coronics Group infection in call-center
in South Korea .
50 | _
H g Starting the new semester online
w | Declaration of special disaster area H 5 .
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300 in Daegu : . : in entertainment facilities in logistics center
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Fig. 1. Outbreak trend of COVID-19 and government action in South Korea.
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Table 1
Government action to cope with COVID-19 in South Korea.
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Classification Social Distancing Level 1

Social Distancing Level 2

Social Distancing Level 3

2020.02.29-2020.03.21
2020.04.20-2020.05.05
Less than 50 people

Period

Daily coronics (confirmed
cases)

Definition Compliance with quarantine rules

and daily activities

Compliance with quarantine rules

and daily activities

Limited number of spectators

Face-to-face gathering

Sports facilities No spectators

Public facilities

Multi-purpose facilities
(private)

Educational facilities

Public purpose facility and
public enterprise

Private-purpose facility and
private company

Partial suspension

Operational restriction on high-risk
facilities

Go to school (2/3), online learning
Minimization of working density

Suspension

Promotion of working from home

50 to 100 people
Stay-at-home order

Ban gatherings of 50 or more people indoors and 100 or
more people outdoors

Prohibition of operation of high-risk facilities, and
restrictions on personnel per 4 m? for other facilities
Go to school (1/3), online learning

Minimization of working density

Recommendation of limiting the number of workers

2020.03.22-2020.04.19 -

Over 100 people, doubling”

Prohibition of all activities other than
essential economic activities
Ban gatherings of 10 people

Suspension of the game and closing of the
stadium

Suspension

Closed after 21:00

Closing of school, online learning
Work-from-home scheme for all employees,
excluding the required personnel
Recommendation to work from home,
excluding the required personnel

Note: As the Level goes from 1 to 3, the number of coronics increases, and social distancing is reinforced.
2 Doubling is an indicator of the rate of spread. It is the case where there is more than twice the number of coronics compared to the previous day or the case of group

infection more than twice a week.

home, the time spent living at home has increased. As the number of
newly coronics decreased to 64% in Daegu, Gyeongbuk, and the rest of
the country, and social distancing measures in Daegu and Gyeongbuk
were lowered to Level 1 [38,41].

In April 2020, despite the rapid response effort made against cluster
infections, the number of new infections in the country continued to
increase, along with the global transmission of COVID-19 and the
soaring death toll. Accordingly, the South Korean government extended
its Social Distancing Level 2 to April 19, 2020 [41]. Later in May 2020,
due to the cluster infections in Seoul and Gyeonggi, the country imple-
mented both social distancing Levels 1 and 2 depending on the number
of coronics [42]. As a result, social distancing, industrial operations, and
traffic were significantly reduced than normal, and the energy con-
sumption changed [43].

3. Materials and methods
3.1. Data processing

Big data is used in the analysis of the relationship between COVID-19
and building energy consumption by building use type in this study,
which includes all building electricity-gas energy data and regional
COVID-19 data in South Korea. The collected raw data cannot be used
directly for the analysis since various data corrections (e.g., error data,
missing values, and unit differences) are required [44,45]. Accordingly,
this study aimed to improve the quality of data analysis results by ar-
ranging and processing the collected big data in a form that can be
analyzed. In this study, data processing was conducted according to the
following four steps: (i) data collection; (ii) data filtering; (iii) data
unification; and (iv) climate adjustment.

3.1.1. Data collection

The analysis period of this study was set from January 2020, when
the first COVID-19 case was reported in South Korea, to May 2020, when
the current data could be collected. In order to analyze the changes in
building energy consumption by building use type under COVID-19 in
South Korea, this study collected the following variables. First, the
monthly building energy consumption according to building use type
should be collected in order to analyze the differences due to the COVID-
19 pandemic and actions from the government such as social distancing
level [46-49]. The data on building use type and building energy con-
sumption (i.e., electricity and gas energy) were collected from the Korea

Appraisal Board (KAB) of South Korea [50]. Since the heating and
cooling energy loads in the building energy consumption differ by
regional climate, the regional climate data need to be collected in order
to compare the building energy consumption in 2020 to 2019 under
identical conditions [51,52]. Additionally, the data on building energy
consumption and building use type was collected from January to May
for six years from 2015 to 2020. It was used in data processing for the
filtering of this study. As a result, a total of 6,553,449 building data was
collected. Meanwhile, the climate data (i.e., monthly air temperature)
was collected from the Korea Meteorological Administration (KMA) [53].

Secondly, the study should collect time-variant COVID-19 related
variables (i.e., number of coronics, cumulative number of coronics, cu-
mulative number of death cases, incidence rate death cases, and
morbidity rate). As the social distancing level changes by the number of
coronics and infections [54], the restriction in the use of multi-purpose
facilities may affect building energy consumption (refer to Table 2). For
the COVID-19 related data, the study collected weekly regional data
published by the Korea Disease Control and Prevention Agency (KDCA)
[36].

3.1.2. Data filtering

In order to improve the database quality and ensure the reliability of
the analysis results, data filtering was performed as follows. First, the
data on the buildings that have been newly constructed and expanded on
the site, and where the building use type has been changed for six years
(analysis period from 2015 to 2020) were excluded. Second, among a
total of 28 building use types defined following South Korea laws, the
data on the buildings with the 10 building use types that can be directly
affected by social distancing actions under COVID-19 were used (refer to
Table S2 of supplementary data). Third, among the three main energies
(electricity, gas energy, and district heating) consumed by buildings in
South Korea, the data on the buildings that consume electricity and gas
energy were used. The distribution rate of district heating in South Korea
was only 10% in 2015 [55], and district heating was mainly used only in
residential buildings, resulting in biased analysis results, so data on
buildings using district heating were excluded. Fourth, the data on the
buildings with zero energy were excluded in order to analyze the energy
consumption of a normally operating building. Fifth, the data on the
buildings with missing and without matching electricity or gas energy
consumption data were excluded from the database. Finally, 0.5% of
each of the upper and lower outliers (i.e., 1% of the total) were removed
from the collected database, since very small or large values that are out
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Table 2
Variables for analysis the change in building energy consumption under COVID-
19.

Classification Description Sources
Building Building use type Multi-family [50]
characteristics residences
Single-family
residences
Medical facilities
Offices
Neighborhood
facilities-A
Neighborhood
facilities-B
Sales
Hotels
Religious facilities
Education and research
facilities
Building energy Electricity OkWh [50]
consumption Gas energy oMJ
Climate data Monthly air 0°Cc [53]
temperature
COVID-19 related No. of coronics N [54]
data Cumulative No. of N
coronics
Cumulative No. of N
death cases
Incidence rate of 0%
death cases
Morbidity rate 0%

of the range of the observed data may negatively affect the analysis
results [56]. As a result, this study established a database consisting of 1,
175,744 buildings through data filtering steps (refer to Table S3 of
supplementary data).

3.1.3. Data unification

When comparing the building energy consumption data composed of
different energy types (i.e., electricity and gas energy), absolute metrics
(i.e., raw data on the electricity and gas energy data) should be con-
verted into comparable value (i.e., primary energy consumption). In
order to convert primary energy consumption (i.e., tonne of oil equiv-
alent [toe]), national conversion factors for electricity (2.75) and gas
energy (1.1) were used in this study in order to convert energy unit [57].
After converting the energy consumption into the primary energy con-
sumption in toe units, it was converted in kWh unit data to better un-
derstand the building energy consumption database. Since 1 toe is 107
kcal and 1 kWh has 860 kcal of heat, by multiplying the primary energy
consumption by about 11,628, the data in toe units can be converted
into kWh.

3.1.4. Climate adjustment

Building energy consumption, including heating and cooling energy
loads, changes considerably by regional climatic and geological char-
acteristics, and the pattern of changes differs by building use type. In
particular, the majority of previous papers suggested that weather fac-
tors, such as outdoor temperature, have a significant effect on heating
and cooling energy consumption [58,59]. That is, yearly outdoor air
temperature changes and, accordingly, heating and cooling loads
change. It is therefore unreasonable to evaluate and compare heating
and cooling loads by year based on the raw data of building energy
consumption (comparison of energy consumption in 2019 and 2020). In
order to solve this problem, climate adjustment was used to normalize
building energy consumption for outdoor air temperature on a period-
ical time step (weekly, monthly, or annually).

Climate adjustment makes it possible to compare energy consump-
tions in different periods depending on an identical basis [60]. Ac-
cording to the previous study, climate adjustment was performed using
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various energy saving evaluation software including inverse modeling
toolkit resarch project (IMT RP-1050) provided the ASHRAE [61,62].
IMT RP-1050 can calculate the correction factor through Variable-Based
Degree Day Method (VBDDM) and Change-Point model (CP) based on
independent variables such as the values of HDDs and CDDs. However,
the Excel-based calculator was used in this study based on its method-
ology instead of using IMT RP-1050. Because this toolkit needs to
convert the input and output data units to SI units for use in this study
due to the using US customary units of IMT RP-1050. Moreover, since
this study, which used more than 10 million big-data, it is difficult to
convert the data units. This study used Microsoft Excel and SPSS based-
Four Parameter Model (4P) consisting of monthly HDDs CDDs instead of
IMT RP-1050 for easy calculation and least time-consuming.

Therefore, this study performed climate adjustment based on the
excel-based calculator for conducting multi-variate regression between
building energy consumption and the data on the heating and cooling
degree day (HDD and CDD), which are representative indicators of the
local climate. Climate adjustment of this study was carried out in a two-
step process: (i) Calculation of HDDs and CDDs from climate data; (ii)
Derivation of correction factors through multi-variate regression.

First, through the open-sourced data provided by the KMA, monthly
HDDs and CDDs were collected for each building use type in 18
administrative districts from five years (2015-2019). Currently, the data
on the energy consumption by building use types is only provided for
five years in South Korea. In addition, the balance point temperature
was set to 18.3 °C (65 °F) based on the international standard recom-
mended by the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) [63,64]. Similarly, KMA and the Soci-
ety of Air-conditioning and Refrigerating Engineers of Korea (SAREK) use
18.3 °C as the balance point temperature [65]. Secondly, the climate
adjustment was performed by using data consisting of electricity and gas
energy. The monthly energy consumption by building use type was
collected from the National Building Energy Greenhouse Gas Informa-
tion System established by the KAB [50]. Eq. (1) shows the multi-variate
regression between the independent variables (i.e., monthly HDD and
CDD), and the dependent variable (the monthly energy consumption).
Moreover, bo; is the non-seasonal energy consumption that does not
affect the heating and cooling energy, while by; and by; are the sensi-
tivity level for HDD and CDD building energy consumption. Eq. (2)
shows the process of determining the correction factor (CORR%) using
the regression coefficient (b;; and by;) acquired from the above
multi-variate regression. Finally, using Eq. (3), the correction factor can
be deducted from the raw data of the monthly building energy con-
sumption, which was determined above, in order to calculate the
normalized building energy consumption after the climate adjustment.

Yix = boy; + byy-HDDjx + by-CDDy )}
CORRy = by - (HDDy, — NHDDy) + b (CDDyy, — NCDDy;) @)
Yijy = Y — CORR €]

Where, Y stands for the electricity or gas consumption for district i,
building use type j at month k; by; stands for non-seasonal energy con-
sumptions; by; stands for a regression coefficient of HDDy; HDDjj
stands for heating degree days for district i, building use type j at month
k; by; stands for a regression coefficient of CDD;j; CDDy stands for
cooling degree days for district i, building use type j at month k; CORRj
stands for correction factor for district i, building use type j at month k;
NHDDj; stands for the 10-year average of HDD; for the kth month;
NCDDj stands for the 10 year average of CDDj for the kth month; and
Yk, stands for temperature adjusted electricity or gas energy
consumption.
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3.2. Statistical analysis

Using the big data on national energy consumption, this study
analyzed the changes in building energy consumption under COVID-19
in South Korea. In order to deal with big data, the data processing and
statistical analysis were conducted by using R software (version: 4.0.2).

Correlation analysis is one of the techniques that statistically verify
the relationship between variables with continuous attributes [66,67].
In order to analyze the effect of COVID-19 on building energy con-
sumption, correlation analysis between the building energy consump-
tion variables and COVID-19 variables was conducted based on the
empirical database. In this study, the variables are normally distributed.
Therefore, Pearson correlation analysis can be used among the para-
metric statistical methods.

In this study, Pearson correlation analysis was conducted in the
following three process: (i) Definition of target variables; (ii) Log
transformation for getting closer to a normal distribution; and (iii)
Determination of correlation coefficients. First, target variables to be
analyzed for correlation between the two sides were defined (refer to
Table 2 in Step 2.1). The target variables related to COVID-19 are
defined as “new coronics (n)”, “cumulative number of coronics (n)”, and
“incidence rate (n)”, while the target variables related to building en-
ergy consumption according to the building use type was defined as “the
rate of change”. In this regard, the rate of change (ROC) (%) in building
energy consumption by building use type in 2020 compared to 2019 can
be calculated by using Eq. (4). As a result, correlation analysis of this
study was performed for a total of 60 times (1EA x 3EA x 10EA x 2 EA)
for 10 building use types and two energy sources (electricity and gas
energy).

Second, in order to prevent the anomalies due to the difference in
data values (e.g., there is a huge difference in the number of coronics due
to the super spreaders) from degrading the accuracy of the results in the
correlation analysis, all variables were converted by log information so
that the distribution of all variables is in bell-shaped distribution [68].

Third, Correlation coefficients (r) as the resulting values can range
from —1 to +1. If r > 0, there is a positive correlation between variables.
If r < 0, there is a negative correlation between variables [69,70]. In
general, the higher the absolute value of correlational coefficient (r), the
stronger the correlation between two variables. For example, the cor-
relation coefficient between “rate of change (%) in electricity by
building use types in 2020 compared to 2019” and “New coronics (n)” of
apartment houses is 0.343, and p is 0.002, which is statistically signif-
icant. This indicates that two variables have a statistically significant
positive correlation.

2020 2019
Y™™ — Y

2019
Yljk

ROC(%) = % 100 “4)

Where, ROC(%) stands for the rate of change in energy consumption in

2020 compared to 2019; Yy3*°*° stands for the total energy consumption

for district i, building use type j at month k, 2020; and Yy%***? stands for

the total energy consumption for district i, building use type j at month k,
2019.

This study compared the monthly building energy consumption ac-
cording to building use type in the same month in the current year
(2020) versus the previous year (2019). In order to conduct an in-depth
analysis of the building energy consumption, the energy sources were
divided into electricity and gas energy, and Daegu and Gyeongbuk,
which occupied 75% of the total coronics, were separated from the other
regions.
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4. Results and discussions

4.1. Correlation between energy consumption by building use type and
COVID-19

As variables were normally distributed, Pearson correlation analysis
was performed in order to identified the significant correlation between
COVID-19 and the rate of change in building energy consumption.
Table 3 shows the correlation coefficient (r) and significant value (p)
between COVID-19 related factors (new coronics[n], the cumulative
number of coronics [n], and incidence rate [%]) and each rate of change
(%) in electricity and gas energy consumption in 2020 compared to
2019 according to 10 building use types.

As shown in Table 3, the rate of change in electricity had a signifi-
cantly positive correlation with both new coronics and cumulative
number of coronics in the following six building use types: (i) multi-
family residences (r: 0.343, 0.519), (ii) neighborhood facilities-A (r:
0.344, 0.501), (iii) neighborhood facilities-B (r: 0.340, 0.488), (iv) ho-
tels (r: 0.359, 0.591), (v) religious facilities (r: 0.415, 648), and (vi)
educational and research facilities (r: 0.362, 0.625). Similarly, the rate
of change in gas energy consumption had a significantly positive cor-
relation with both new coronics and the cumulative number of coronics
in the following four building use types: (i) neighborhood facilities-A (r:
0.280, 0.452), (ii) neighborhood facilities-B (r: 0.354, 0.566), (iii) hotel
(r: 0.212, 0.447), and (iv) religious facilities (r: 0.343, 0.590).

The results of the study have shown that the nationwide COVID-19
lockdown, which was implemented as the coronics increased,
restricted people’s activities, thus affecting the energy consumption
based on various building use types. In particular, as the people spend
more time indoors, the electricity energy consumption of multi-family
residencies responded to the number of coronics sensitively. Further-
more, it has been shown that as the government and local authorities
restricted people’s economic, social, and religious activities, as well as
prevented them from accessing related facilities, the electiricy and gas
energy consumption in neighborhood facilities-A and -B, which included
community and utility facilities, religious facilties (e.g., catholic
churches and temples), and hotels, among others, had a close relation to
the increase of confirmed cases. At the same time, due to the adminis-
trative ordinances that reduced the number of students in school
through online learning, it was determined that there was a significant
correlation between the number of coronics and the electricity and gas
energy consumption in educational and research facilities.

4.2. Changes in energy consumption by building use type after COVID-19

4.2.1. Energy consumption by building use type according to social
distancing level

Fig. 2 shows the average change rate in monthly building electricity
and gas energy consumption according to building use type in the cur-
rent year (2020) versus the previous year (2019). Detailed results of
changes in monthly electricity and gas energy consumption by building
use type (before and after the COVID-19 outbreak) are provided below.

In the case of residential facilities (i.e., multi-family and single-
family residences), the monthly electricity consumption between
March and May, at which time social distancing had been implemented,
increased to year. Moreover, the monthly gas energy consumption
showed a yearly difference within 3%, except in April when Social
Distancing Level 2 was implemented to control the expansion of COVID-
19.

In the case of commercial facilities (i.e., neighborhood facilities-A,
neighborhood facilities-B, and sales), the monthly electricity and gas
energy consumption in January, which is the early period of the COVID-
19 outbreak, showed a yearly difference within 1%, but decreased be-
tween February and May. In April, when Social Distancing Level 2 was
implemented, businesses and people’s economic activities have been
restricted, thereby resulting in the largest reduction in the monthly
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Table 3
Results of the Pearson correlation coefficient (r).

Renewable and Sustainable Energy Reviews 148 (2021) 111294

The rate of change (%) Building use type

New coronics(n) Cumulative number of coronics (n)  Incidence rate (%)

r P R P r P
Electricity by building use types in 2020 compared to 2019 Single-family residences 0.165 0.144 0.176 0.119 0.114 0.312
Multi-family residences 0.343**  0.002 0.519**  0.001 0.265* 0.017
Medical facilities 0.083 0.478  0.077 0.514 0.040 0.731
Offices 0.033 0.773 0.195 0.083 0.055 0.063

Neighborhood facilities-A
Neighborhood facilities-B

Sales
Hotels
Religious facilities

Education and research facilities
Single-family residence

Gas energy by building use types in 2020 compared to 2019
Multi-family residence
Medical facilities
Office

Neighborhood facilities-A
Neighborhood facilities-B

Sales
Hotel
Religious facilities

Education and research facilities ~ 0.152 0.108

0.344**  0.002
0.340**  0.002

0.501**  0.001
0.488**  0.001

0.276* 0.013
0.301**  0.007

0.014 0.222  0.322**  0.007 0.185 0.126
0.359**  0.001 0.591**  0.001 0.216 0.054
0.415**  0.001 0.648**  0.001 0.233* 0.037
0.362**  0.001 0.625**  0.001 0.178 0.114
—0.042 0.656  0.141 0.135 -0.129 0.172
0.004 0.971 0.127 0.262 —0.061 0.592
—0.105 0.369  0.043 0.713 —0.145 0.216
—0.065 0.568  0.212 0.058 —0.198 0.079
0.280* 0.012  0.452**  0.001 0.168 0.136
0.354**  0.001 0.566**  0.001 0.205 0.068
0.222 0.056  0.302**  0.008 0.136 0.244
0.212* 0.023  0.447**  0.001 0.137 0.144
0.343**  0.002  0.590**  0.001 0.145 0.201

0.380**  0.001 0.110 0.245

Note: r stands for correlation coefficient; p stands for statistical significance of correlation coefficient; bold values indicate that the coefficient is significant at the 0.05
level; * stands for significance difference (p < 0.05); and ** stands for significance difference (p < 0.01).

electricity and gas energy consumption to year. As with the alleviation
of Social Distancing Level 1 in May, the amount of reduction to year
decreased.

In the case of offices, the monthly electricity consumption, excluding
March, showed a yearly difference within 5%, and the monthly gas
energy consumption decreased in all months. As opposed to the monthly
gas energy consumption, the monthly electricity consumption was
similar to that of the previous year despite the implementation of the
work-from-home scheme due to the electricity equipment (i.e., com-
puter, communication equipment, refrigerator, copier, etc.) that con-
sumes energy regardless of occupancy [71]. However, the electricity
consumption of the offices to year increased by 1.5% in March 2020, at
which time Social Distancing Level 1 was first implemented, as the
working hours were monitored in public offices that manage the na-
tional emergency system for preventive measures against the pandemic.
Similar to the other facilities, except residential facilities, the number of
work-from-home employees increased in April when Social Distancing
Level 2 was implemented, so that the hot water and heating demand
decreased, thereby resulting in the largest amount of reduction in the
gas energy consumption.

In the case of educational and research facilities, the monthly elec-
tricity and gas energy consumption to year increased considerably. Due
to the nationwide postponement of the start of the term and online
learning after the start of term, the monthly electricity and gas energy
consumption in educational facilities showed the smallest decrease
among all building use types. The energy consumption in research fa-
cilities also continued to decrease in March and April as the imple-
mentation of Social Distancing Level 2 led to the increase of work-from-
home cases, and started to return to normal in May as social distancing
returned to Level 1.

As a result, the monthly energy consumption in January, which is the
onset of the COVID-19 outbreak, was similar to that of the previous year.
Since then, as the social distancing measures were strengthened, the
building energy consumption increased. This indicates that the increase
in the number of coronics due to the COVID-19 pandemic moves the
social distancing level up and reduces the building energy consumption.

4.2.2. Energy consumption by building use type according to regional
infection of COVID-19

Daegu and Gyeongbuk occupied about 75% of the total coronics
between January and May 2020, and the increase rate was 28.2 times

higher than that of the other regions. In order to determine the effect of
the COVID-19 pandemic on building energy consumption, this study
separated Daegu and Gyeongbuk regions, where the prevalence rate and
the transmission rate were higher than the other regions, from the other
regions in the analysis.

Fig. 3 shows the average rates of change in electricity and gas energy
consumption of 10 building use types in Daegu, Gyeongbuk, and other
regions according to the regional infection of COVID-19. In addition, to
determine the building energy consumption by region, the maps of
Figs. 4 and 5 show the average rate of change of 16 administrative di-
visions. In Figs. 4 and 5, blue-shaded regions indicate increased energy
consumption in 2020 compared to 2019. Red-shaded regions, on the
other hand, indicate decreased energy consumption. As an exception,
the area was treated as a white blank due to lack of data on the energy
consumption of sales and medical facilities in Sejong Special Self-
Governing City. Detailed explanations are below.

In the case of multi-family residences, the national electricity con-
sumption to year increased. Daegu and Gyeongbuk showed an increase
by about 3.62% and 2.72%, respectively, while other regions increased
by 2.44%. Therefore, it shows that electronic appliance usage in daily
life increased as people limited their outdoor activities and stayed in-
doors. On the other hand, the gas energy consumption in Daegu and
Gyeongbuk increased by 1.34% and 3.72%, respectively, while that of
the other regions decreased by 3%. In recent years, despite the tendency
of the gas energy consumption of multi-family residences to decrease,
thanks to the strengthening insulation standards [72], the gas energy
consumption of Daegu and Gyeongbuk increased, which means that
stricter social distancing has been implemented compared to the other
regions.

In the case of single-family residences, electricity consumption in
Daegu and Gyeongbuk, and in other regions increased by 0.16% and
0.19%, respectively, which are about the same as in the previous year.
On the other hand, the gas energy consumption in Daegu and Gyeong-
buk increased by 0.29% and 1.94%, respectively, whereas that of the
other regions decreased by 3.66%. Single-family residences are houses
equipped with facilities for one household to live and they are used
temporarily by students or workers. The prolonged COVID-19 outbreak
has led to the closure of schools and educational facilities, as well as
businesses in residential areas, and there is a considerable increase in
empty single-family residences [73]. Therefore, despite being residen-
tial facilities, the empty residential facilities due to COVID-19 may have
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(A) Average rate of changes in electricity consumption according to building use type
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Fig. 2. Changes in monthly electricity consumption by building use type.

affected the reduction of energy consumption in single-family residences
compared to multi-family residences.

In the case of medical facilities, electricity consumption in Daegu and
Gyeongbuk, and in other regions decreased by 2.7% and 2.1%, respec-
tively. Furthermore, gas energy consumption in Daegu and Gyeongbuk,
and in other regions decreased by 3.41% and 4.45%, respectively.
Despite the increasing number of coronics due to the COVID-19
outbreak, the energy consumption of medical facilities also decreased.
There are a total of 29 hospital in South Korea that own negative pres-
sure isolation rooms, and there are only 535 beds (as of November
2019). Accordingly, the unexpected increase in the transmission has led
to the lack of negative pressure isolation rooms, and many coronics were
placed under home isolation and treatment rather than hospitalization
[74]. Therefore, the increase in coronics may have affected the energy

consumption of medical facilities, but the energy consumption may have
been decreased as people’s economic and social activities have become
restricted. The ratio of those who visited hospitals decreased and,
accordingly, the energy consumption also decreased.

In the case of offices, electricity consumption in Daegu, Gyeongbuk,
and other regions decreased by 0.99%, 5.01%, and 1.2%, respectively.
Gas energy consumption in Daegu and Gyeongbuk slightly increased by
0.09%; however, gas energy consumption in the other regions decreased
by 8.37%. This is because the operation of public facilities, public pur-
pose facilities, and public enterprises has been partially or fully sus-
pended due to social distancing. As work-from-home scheme for private-
purpose facilities and private companies was recommended, the ratio of
workers who commuted decreased (refer to Table 1 and Fig. 1).

In the case of neighborhood facilities-A, electricity consumption in
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Fig. 3. Average rate of change in energy consumption by building use type according to regional infection of COVID-19.

Daegu, Gyeongbuk, and other regions decreased by 8.61%, 5.10%, and
2.06%, respectively. Moreover, gas energy consumption in Daegu,
Gyeongbuk, and other regions decreased by 14.25%, 7.04%, and 8.38%,
respectively. Similarly, in the case of neighborhood facilities-B, elec-
tricity consumption in Daegu, Gyeongbuk, and other regions decreased
by 7.27%, 7.22%, and 2.93%, respectively. Finally, gas energy con-
sumption in Daegu, Gyeongbuk, and other regions decreased by 10.84%,
9.11%, and 7.91%, respectively. Neighborhood facilities are useful fa-
cilities that help the residents as they are close to residential areas. These
include retail shops, grocery stores, restaurants, pubs, cafés, and com-
munity centers, among others. The reason for the energy reduction of
these facilities is due to the restriction of the business of high-risk fa-
cilities (i.e., shopping centers, restaurants, theaters, etc.) and people’s
movement due to social distancing.

In the case of sales, electricity consumption in Daegu, Gyeongbuk,
and other regions decreased by 9.41%, 6.95%, and 0.92%, respectively.
Moreover, gas energy consumption in Daegu, Gyeongbuk, and other
regions decreased by 10.14%, 13.57%, and 9.42%, respectively. In the
case of hotels, electricity consumption in Daegu, Gyeongbuk, and other

regions decreased by 11.99%, 10.08%, and 6.43%, respectively. Finally,
gas energy consumption in Daegu, Gyeongbuk, and other regions
decreased by 16.13%, 15.19%, and 10.78%, respectively. With the in-
crease in coronics in sales facilities and hotels, short-term closure or
shortening of business hours, and social distancing have been
implemented.

In the case of religious facilities, electricity consumption in Daegu,
Gyeongbuk, and other regions decreased by 14.15%, 15.93%, and
10.29%, respectively. Moreover, gas energy consumption in Daegu,
Gyeongbuk, and other regions decreased by 15.39%, 19.05%, and
10.78%, respectively. The energy consumption of religious facilities
with a high population density decreased as the number of super
spreaders were detected in these facilities and the nationwide no-entry
ordinance has been enacted.

In the case of educational and research facilities, electricity con-
sumption in Daegu, Gyeongbuk, and other regions decreased by 20.02%,
23.10%, and 14.01%, respectively. Moreover, gas energy consumption
in Daegu, Gyeongbuk, and other regions decreased by 38.61%, 42.24%,
and 35.22%, respectively. The energy consumption in educational and
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research facilities showed the biggest reduction among all building use
types. This is because the South Korean government delayed the term
start of schools and conducted online learning to suppress the trans-
mission of coronavirus (refer to Table 1 and Fig. 1).

Compared to the other regions, the change in building energy con-
sumption in Daegu and Gyeongbuk was considerably higher. Compared
to the other regions, Daegu and Gyeongbuk experienced cluster in-
fections earlier in February and March than the other regions, so contact
and economic activities have been restricted based on the guideline
corresponding to social distancing level 2 (refer to Table 1, and Fig. 1).

5. Direction for future energy systems in post COVID-19 era

Based on the results of this study, the sudden COVID-19 crisis
threatened the health of the people and caused an economic downturn.
However, it has a positive effect on the environment according to this
study that the hours of indoor activities of the citizens in residential
buildings due to COVID-19 increased in the building energy consump-
tion of the residential facilities. Due to the social distancing during the
COVID-19 outbreak in South Korea, the building energy consumption
pattern changed, and the rate of change was different for each building
use type. For example, it showed that in 2020, the building electricity
consumption of educational and research facilities in Gyeongbuk,
among all building use types excluding residential facilities, decreased
by up to 23.1% compared to 2019. Meanwhile, the building electricity
consumption of residential facilities in Gwangju increased by up to 3.9%
compared to 2019. These differences in building energy consumption
depending on the regional infection situation and building use type can
gradually maximize energy demand when COVID-19 is prolonged.
Accordingly, this study suggested the future direction for energy policy
and system at the community level in the post-COVID-19 era, as follows.

First, since South Korea uses progressive tariffs for electricity con-
sumption in residential buildings, the electricity bills can exponentially
soar [75], about three times higher than before as the electricity con-
sumption of residential buildings increases. Therefore, electricity bills
should be reduced by offering electricity bill subsidies or adjusting the
progressive tariff zone at the residential buildings at the community
level. In this regard, the trends of coronics vary by region and, therefore,
a suitable amount of subsidy should be offered according to region.

Second, a distributed renewable generation system is essential in
unexpected situations where energy usage changes rapidly due to a
global pandemic caused by a virus (like a COVID-19) that can happen
again at any time [76]. To prevent financial damage to the government
and electricity utilities due to subsidies for progressive tariffs [77,78], as
an alternative for increasing building energy consumption, installing
distributed renewable generation systems should be considered in all
buildings at the community level [79]. Accordingly, buildings installed
solar PV with a battery energy storage system (BESS) may increase the
profit via net-metering or peer-to-peer (P2P) electricity trading. For
example, among non-residential buildings (e.g., medical facilities, of-
fices, education facilities, etc.), buildings installed PV system with BESS
will consume less energy than before COVID-19, which may use the solar
system’s generation and store more electricity remaining in the battery.
Between the buildings at the community level, energy prosumers of
non-residential buildings can have profited by selling remaining elec-
tricity stored in BESS to residential buildings with increased electricity
consumption. Also, in the case of an increase in building electricity
consumption resulting from a pandemic, electricity bills can be reduced
by self-consumption [80].

Third, when the building energy suddenly consumes a lot or less by a
prolonged outbreak of COVID-19, a home energy management system
(HEMS) or a building energy management system (BEMS) can help for
improving the efficient use of building energy consumption. According
to Jin et al. [81], Luo et al. [82], and Ahmed et al. [83], the introduction
of HEMS can help in saving building energy consumption. In addition,
Chen et al. [29] showed that approximately 80% of the population is
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willing to use HEMS during the COVID-19 pandemic. As a result, the
HEMS and BEMS can help save the building energy consumption of an
individual and optimize the community-level energy consumption if
they are to be implemented in multiple buildings so as to help control
future building energy consumption.

6. Conclusion

Based on big data, this study analyzed the relationship between
coronics and building energy consumption, as well as identified the
changes in building energy consumption according to building use type
under COVID-19 in South Korea. As a result, the average rate of changes
in electricity and gas energy consumption decreased by —4.46% and
—10.35%, respectively, compared to the previous year. The rate of
change for building energy was different for each building use type and
region where the coronavirus was rampant.

Although this study is a temporary and regional example based on
national data, it supported the need to consider building use types to
more effectively manage the building energy consumption in unpre-
dictable disaster situations and then suggested future energy systems. To
the best of my knowledge, there are no studies that have analyzed the
relationship between COVID-19 and building energy consumption. This
study has proven for the first time that the energy consumption in most
facilities has tended to decrease while energy consumption in residential
facilities increased during COVID-19. Moreover, the results of this study
can help manage the energy demand at the community level in Post
COVID-19. Despite novelty of this study, the climate adjustment analysis
of this study has the limitation that the collection period of building
energy consumption data that can collect in Korea is only five years
(2015-2019). In the future, in order to derive accurate results by
minimizing the bias of output data in multi-variate regression, this study
should be used the building energy consumption for more than five years
in climate adjustment.

Social distancing provided an opportunity to find patterns of build-
ing energy consumption with limited activities. Like the suggested
future energy policies and systems of Post COVID-19 era in this study (i.
e., subsidizing the electricity bill, adjusting the progressive tariff zone of
the residential buildings, installing the distributed renewable energy
systems with BESS, and managing the energy consumption through
HEMS and BEMS), the establishment of new energy strategies for
managing the building energy at the community level would be required
considering energy demand patterns depending on the building use type
and social influencing variables by the virus. Further research will be
conducted to better understand the changes in energy consumption
under COVID-19, considering all building use types and region differ-
ences by using the monthly empirical data for one year.

Author contribution statement

Hyuna Kang, Methodology, Investigation, Conceptualization, Data
curation, Visualization, and Writing - Original Draft. Jongbaek An,
Investigation, Data curation, Visualization, and Writing - Original Draft.
Hakpyeong Kim, Methodology, Data curation, Visualization, and
Writing - Original Draft. Changyoon Ji, Conceptualization, Methodol-
ogy, Data curation, and Writing - Review & Editing. Taechoon Hong,
Methodology, Writing - Review & Editing, Visualization, Project
administration, Funding acquisition, and Supervision. Seunghye Lee,
Project administration, and Supervision.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



H. Kang et al.
Acknowledgments

This work was supported by the National Research Foundation of
Korea (NRF) grand funded by the Korea government (MSIT; Ministry of
Science and ICT) (NRF-2018R1A2A1A119020868).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.rser.2021.111294.

References

[1] reportReport of the WHO-China joint mission on coronavirus disease 2019 (COVID-
19), [n.d)].

[2] WHO Director-General’s remarks at the media briefing on 2019-nCoV on 11
February 2020, [n.d.)].

[3] Coronavirus Disease (reportCOVID-19) Situation Reports, (n.d.).

[4] COVID-19 Map - Johns Hopkins coronavirus resource center, (n.d.).

[5] Norouzi N, Zarazua de Rubens G, Choubanpishehzafar S, Enevoldsen P. When

pandemics impact economies and climate change: exploring the impacts of COVID-

19 on oil and electricity demand in China. Energy Res. Soc. Sci. 2020;68:101654.

https://doi.org/10.1016/j.erss.2020.101654.

Global energy demand to plunge this year as a result of the biggest shock since the

Second World War - News - [EA, [n.d.)].

[7] Global stock market news and world indices coverage, (n.d.).

[8] Kabir M, Afzal MS, Khan A, Ahmed H. COVID-19 pandemic and economic cost;
impact on forcibly displaced people. Trav Med Infect Dis 2020. https://doi.org/
10.1016/j.tmaid.2020.101661.

[9] Muhammad S, Long X, Salman M. COVID-19 pandemic and environmental
pollution: a blessing in disguise? Sci Total Environ 2020;728:138820. https://doi.
org/10.1016/j.scitotenv.2020.138820.

[10] Menut L, Bessagnet B, Siour G, Mailler S, Pennel R, Cholakian A. Impact of
lockdown measures to combat Covid-19 on air quality over western Europe. Sci
Total Environ 2020;741:140426. https://doi.org/10.1016/j.
scitotenv.2020.140426.

[11] Commercial down v residential up: COVID-19’s electricity impact | Energy
Networks Australia, [n.d.)].

[12] COVID-19 has lead to a 16-year-low in energy usage in the US | World Economic
Forum, [n.d.)].

[13] Madurai Elavarasan R, Shafiullah GM, Kannadasan R, Mudgal V, Arif MT, Jamal T,
Senthilkumar S, SriRajaBalaguru VS, Reddy KS, Subramaniam U. COVID-19:
impact analysis and recommendations for power sector operation. Appl Energy
2020:115739. https://doi.org/10.1016/j.apenergy.2020.115739.

[14] Covid-19 impact on electricity — analysis - IEA, [n.d.)].

[15] Electricity — Global energy review 2020 — analysis - IEA, [n.d.)].

[16] Wang Q, Su M. A preliminary assessment of the impact of COVID-19 on
environment — a case study of China. Sci Total Environ 2020;728:138915. https://
doi.org/10.1016/j.scitotenv.2020.138915.

[17] Lal P, Kumar A, Kumar S, Kumari S, Saikia P, Dayanandan A, Adhikari D, Khan ML.
The dark cloud with a silver lining: assessing the impact of the SARS COVID-19
pandemic on the global environment. Sci Total Environ 2020;732:139297. https://
doi.org/10.1016/j.scitotenv.2020.139297.

[18] Zambrano-Monserrate MA, Ruano MA, Sanchez-Alcalde L. Indirect effects of
COVID-19 on the environment. Sci Total Environ 2020;728. https://doi.org/
10.1016/j.scitotenv.2020.138813.

[19] Saadat S, Rawtani D, Hussain CM. Environmental perspective of COVID-19. Sci
Total Environ 2020;728:138870. https://doi.org/10.1016/j.
scitotenv.2020.138870.

[20] Sharma S, Zhang M, Anshika, Gao J, Zhang H, Kota SH. Effect of restricted
emissions during COVID-19 on air quality in India. Sci Total Environ 2020;728:
138878. https://doi.org/10.1016/j.scitotenv.2020.138878.

[21] Kroll JH, Heald CL, Cappa CD, Farmer DK, Fry JL, Murphy JG, Steiner AL. The
complex chemical effects of COVID-19 shutdowns on air quality. Nat Chem 2020;
12:777-9. https://doi.org/10.1038/s41557-020-0535-z.

[22] Wu Y, Jing W, Liu J, Ma Q, Yuan J, Wang Y, Du M, Liu M. Effects of temperature
and humidity on the daily new cases and new deaths of COVID-19 in 166 countries.
Sci Total Environ 2020;729:1-7. https://doi.org/10.1016/j.
scitotenv.2020.139051.

[23] Bannister-Tyrrell M, Meyer A, Faverjon C, Cameron A. Preliminary evidence that
higher temperatures are associated with lower incidence of COVID-19, for cases
reported globally up to 29th February 2020, MedRxiv. https://doi.org/10.1101/
2020.03.18.20036731; 2020.

[24] Shahzad F, Shahzad U, Fareed Z, Igbal N, Hashmi SH, Ahmad F. Asymmetric nexus
between temperature and COVID-19 in the top ten affected provinces of China: a
current application of quantile-on-quantile approach. Sci Total Environ 2020;736.
https://doi.org/10.1016/j.scitotenv.2020.139115. 139115.

[25] Tosepu R, Gunawan J, Effendy DS, Ahmad LOAI, Lestari H, Bahar H, Asfian P.
Correlation between weather and covid-19 pandemic in jakarta, Indonesia. Sci
Total Environ 2020;725. https://doi.org/10.1016/j.scitotenv.2020.138436.

[6

o}

11

[26]

[27]

[28]

[29]

[30]
[31]
[32]
[33]
[34]
[35]

[36]
[37]

[38]
[39]
[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]
[55]
[56]

[57]

[58]

[59]

[60]

[61]

Renewable and Sustainable Energy Reviews 148 (2021) 111294

Paital B. Nurture to nature via COVID-19, a self-regenerating environmental
strategy of environment in global context. Sci Total Environ 2020;729. https://doi.
org/10.1016/j.scitotenv.2020.139088. 139088.

Akrofi MMC, Antwi SH. COVID-19 energy sector responses in Africa: a review of
preliminary government interventions. Energy Res. Soc. Sci. 2020;68. https://doi.
org/10.1016/j.erss.2020.101681.

Kuzemko C, Bradshaw M, Bridge G, Goldthau A, Jewell J, Overland I, Scholten D,
Van de Graaf T, Westphal K. Covid-19 and the politics of sustainable energy
transitions. Energy Res. Soc. Sci. 2020;68. https://doi.org/10.1016/j.
erss.2020.101685. 101685.

fei Chen C, Zarazua de Rubens G, Xu X, Li J. Coronavirus comes home? Energy use,
home energy management, and the social-psychological factors of COVID-19.
Energy Res. Soc. Sci. 2020;68. https://doi.org/10.1016/j.erss.2020.101688.
Daily press briefing of emergency of COVID-19, February 20, Cent. Disaster Saf.
Countermeas. Hqrs. (2020).

Daily press briefing of emergency of COVID-19, March 23, Cent. Disaster Saf.
Countermeas. Hqrs. (2020).

Daily press briefing of emergency of COVID-19, March 16, Cent. Disaster Saf.
Countermeas. Hqrs. (2020).

Go H. A number of confirmed cases have also occurred at the call center in Daegu.
About 13 locations reported 57 cases of infection. YonhapnewsTV; 2020.

So J. 7th infection. 255 confirmed cases from Itaewon dance club. YonhapnewsTV;
2020.

At least 109 confirmed cases of Corona 19 related to Coupang’s warehouses in
Bucheon are expected., Hankyoreh Newsp. (2020).

Coronavirus disease-19(COVID-19), Republic of Korea, [n.d.)].

Daily press briefing of emergency of COVID-19, June 28, Cent. Disaster Saf.
Countermeas. Hqrs. (2020).

Coronavirus Disease-19 (COVID-19). Daegu repub. Korea. 2020.

Coronavirus Disease-19 (COVID-19). Gyeongbuk repub. Korea. 2020.

Endure for two weeks. Campaign to prevent the spread of COVID-19. Mediahub
Seoul Metrop. Gov; 2020.

2 weeks extension of social distancing, April 6, Cent. Disaster Saf. Countermeas.
Hqrs.. 2020.

Daily press briefing of emergency of COVID-19, April 20, Cent. Disaster Saf.
Countermeas. Hqrs. 2020.

Ju MJ, Oh J, Choi YH. Changes in air pollution levels after COVID-19 outbreak in
Korea. Sci Total Environ 2021;750. https://doi.org/10.1016/j.
scitotenv.2020.141521. 141521.

Bonner S, Kureshi I, Brennan J, Theodoropoulos G. Chapter 14 - exploring the
evolution of big data technologies. Softw Archit Big Data Cloud 2017:253-83.
https://doi.org/10.1016/B978-0-12-805467-3.00014-4.

Mehdipour F, Noori H, Javadi B. Chapter two - energy-efficient big data analytics
in datacenters. Adv Comput 2016;100:59-101. https://doi.org/10.1016/bs.
adcom.2015.10.002.

Amasyali K, El-Gohary NM. A review of data-driven building energy consumption
prediction studies. Renew Sustain Energy Rev 2018;81:1192-205. https://doi.org/
10.1016/j.rser.2017.04.095.

Jeong J, Hong T, Ji C, Kim J, Lee M, Jeong K. Development of an integrated energy
benchmark for a multi-family housing complex using district heating. Appl Energy
2016;179:1048-61. https://doi.org/10.1016/j.apenergy.2016.07.086.

Dirks JA, Gorrissen WJ, Hathaway JH, Skorski DC, Scott MJ, Pulsipher TC,
Huang M, Liu Y, Rice JS. Impacts of climate change on energy consumption and
peak demand in buildings: a detailed regional approach. Energy 2015;79:20-32.
https://doi.org/10.1016/j.energy.2014.08.081.

Frank SM, Sen PK. Estimation of electricity consumption in commercial buildings.
In: NAPS 2011 - 43rd North Am. Power Symp. IEEE; 2011. p. 1-7.

Korea Appraisal Board Green Architecture Center, (n.d.).

Han X, Pei J, Liu J, Xu L. Multi-objective building energy consumption prediction
and optimization for eco-community planning. Energy Build 2013;66:22-32.
https://doi.org/10.1016/j.enbuild.2013.07.016.

Dong B, Cao C, Lee SE. Applying support vector machines to predict building
energy consumption in tropical region. Energy Build 2005;37:545-53. https://doi.
org/10.1016/j.enbuild.2004.09.009.

Opening source of meteorological data, Korea Meteorol. Adm.. 2020.

[KDCA, (n.d)].

District heating business, Seoul Energy Corporation, [n.d.)].

Zhu J, Ge Z, Song Z, Gao F. Review and big data perspectives on robust data mining
approaches for industrial process modeling with outliers and missing data. Annu
Rev Contr 2018;46:107-33. https://doi.org/10.1016/j.arcontrol.2018.09.003.
Hong T, Kim D, Koo C, Kim J. Framework for establishing the optimal
implementation strategy of a fuel-cell-based combined heat and power system:
FOCUSED on multi-family housing complex. Appl Energy 2014;127:11-24.
https://doi.org/10.1016/j.apenergy.2014.04.018.

Auffhammer M, Mansur ET. Measuring climatic impacts on energy consumption: a
review of the empirical literature. Energy Econ 2014;46:522-30. https://doi.org/
10.1016/j.eneco0.2014.04.017.

Wang N, Makhmalbaf A, Srivastava V, Hathaway JE. Simulation-based coefficients
for adjusting climate impact on energy consumption of commercial buildings.
Build Simul 2017;10(3):309-22. https://doi.org/10.1007/s12273-016-0332-1.
Elkhafif MAT. An iterative approach for weather-correcting energy consumption
data. Energy Econ 1996;18(3):221-30. https://doi.org/10.1016,/0140-9883(96)
00010-2.

Shin M, Baltazar J-C, Haberl JS, Frazier E, Lynn B. Evaluation of the energy
performance of a net zero energy building in a hot and humid climate. Energy
Build 2019;204:109531. https://doi.org/10.1016/j.enbuild.2019.109531.


https://doi.org/10.1016/j.rser.2021.111294
https://doi.org/10.1016/j.rser.2021.111294
https://doi.org/10.1016/j.erss.2020.101654
https://doi.org/10.1016/j.tmaid.2020.101661
https://doi.org/10.1016/j.tmaid.2020.101661
https://doi.org/10.1016/j.scitotenv.2020.138820
https://doi.org/10.1016/j.scitotenv.2020.138820
https://doi.org/10.1016/j.scitotenv.2020.140426
https://doi.org/10.1016/j.scitotenv.2020.140426
https://doi.org/10.1016/j.apenergy.2020.115739
https://doi.org/10.1016/j.scitotenv.2020.138915
https://doi.org/10.1016/j.scitotenv.2020.138915
https://doi.org/10.1016/j.scitotenv.2020.139297
https://doi.org/10.1016/j.scitotenv.2020.139297
https://doi.org/10.1016/j.scitotenv.2020.138813
https://doi.org/10.1016/j.scitotenv.2020.138813
https://doi.org/10.1016/j.scitotenv.2020.138870
https://doi.org/10.1016/j.scitotenv.2020.138870
https://doi.org/10.1016/j.scitotenv.2020.138878
https://doi.org/10.1038/s41557-020-0535-z
https://doi.org/10.1016/j.scitotenv.2020.139051
https://doi.org/10.1016/j.scitotenv.2020.139051
https://doi.org/10.1101/2020.03.18.20036731
https://doi.org/10.1101/2020.03.18.20036731
https://doi.org/10.1016/j.scitotenv.2020.139115
https://doi.org/10.1016/j.scitotenv.2020.138436
https://doi.org/10.1016/j.scitotenv.2020.139088
https://doi.org/10.1016/j.scitotenv.2020.139088
https://doi.org/10.1016/j.erss.2020.101681
https://doi.org/10.1016/j.erss.2020.101681
https://doi.org/10.1016/j.erss.2020.101685
https://doi.org/10.1016/j.erss.2020.101685
https://doi.org/10.1016/j.erss.2020.101688
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref33
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref33
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref34
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref34
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref38
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref39
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref40
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref40
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref41
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref41
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref42
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref42
https://doi.org/10.1016/j.scitotenv.2020.141521
https://doi.org/10.1016/j.scitotenv.2020.141521
https://doi.org/10.1016/B978-0-12-805467-3.00014-4
https://doi.org/10.1016/bs.adcom.2015.10.002
https://doi.org/10.1016/bs.adcom.2015.10.002
https://doi.org/10.1016/j.rser.2017.04.095
https://doi.org/10.1016/j.rser.2017.04.095
https://doi.org/10.1016/j.apenergy.2016.07.086
https://doi.org/10.1016/j.energy.2014.08.081
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref49
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref49
https://doi.org/10.1016/j.enbuild.2013.07.016
https://doi.org/10.1016/j.enbuild.2004.09.009
https://doi.org/10.1016/j.enbuild.2004.09.009
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref53
https://doi.org/10.1016/j.arcontrol.2018.09.003
https://doi.org/10.1016/j.apenergy.2014.04.018
https://doi.org/10.1016/j.eneco.2014.04.017
https://doi.org/10.1016/j.eneco.2014.04.017
https://doi.org/10.1007/s12273-016-0332-1
https://doi.org/10.1016/0140-9883(96)00010-2
https://doi.org/10.1016/0140-9883(96)00010-2
https://doi.org/10.1016/j.enbuild.2019.109531

H. Kang et al.

[62]
[63]
[64]

[65]
[66]

[67]

[68]

[69]
[70]

[71]

[72]

[731]

Paulus MT, Claridge DE, Culp C. Algorithm for automating the selection of a
temperature dependent change point model. Energy Build 2015;87:95-104.
https://doi.org/10.1016/j.enbuild.2014.11.033.

Thevenard D. Methods for estimating heating and cooling degree-days to any base
temperature. ASHRAE Trans 2011;117(1):884-92.

2017 ASHRAE handbook: Fundamentals, Atlanta, GA, 2017.

Vol.2: air conditioning, SAREK, 2011.

Kang H, Hong T, Lee M. A new approach for developing a hybrid sun-tracking
method of the intelligent photovoltaic blinds considering the weather condition
using data mining technique. Energy Build 2020;209. https://doi.org/10.1016/j.
enbuild.2019.109708.

Cohen J, Cohen P, West S, Aiken L. Applied multiple regression/correlation
analysis for the behavioral sciences. New York: Psychology Press; 2014.

Wang QJ, Shrestha DL, Robertson DE, Pokhrel P. A log-sinh transformation for data
normalization and variance stabilization. Water Resour Res 2012;48(5). https://
doi.org/10.1029/2011WR010973.

Ezekiel M. Methods of correlation analysis. Wiley; 1930.

Mu Y, Liu X, Wang L. A Pearson’s correlation coefficient based decision tree and its
parallel implementation. Inf Sci (Ny) 2018;435:40-58. https://doi.org/10.1016/j.
ins.2017.12.059.

Welikala S, Dinesh C, Ekanayake MPB, Godaliyadda RI, Ekanayake J. Incorporating
appliance usage patterns for non-intrusive load monitoring and load forecasting.
IEEE Trans Smart Grid 2019;10(1):448-61. https://doi.org/10.1109/
TSG.2017.2743760.

Kwag BC, Han S, Kim GT, Kim B, Kim JY. Analysis of the effects of strengthening
building energy policy on multifamily residential buildings in South Korea. Sustain
Times 2020;12(9). https://doi.org/10.3390/5U12093566.

Kim H. “Looking forward to the second semester....”. Due to the reinfection of
COVID-19, the number of tenant in single-house town around college has
decreased., Korea Econ. Daily 2020.

12

[74]

[75]
[76]
[77]

[78]

[79]

[80]

[81]

[82]

[83]

Renewable and Sustainable Energy Reviews 148 (2021) 111294

If COVID-19 is comfired. you’ll have to stay home. worst scenarios such as home
isolation will soon become a reality. Newsl1.; 2020.

Korea Electric Power Corporation, (n.d.).

Osterholm MT. Preparing for the next pandemic. N Engl J Med 2005;352:1839-42.
Nemet GF, Jakob M, Steckel JC, Edenhofer O. Addressing policy credibility
problems for low-carbon investment. Global Environ Change 2017;42:47-57.
https://doi.org/10.1016/j.gloenvcha.2016.12.004.

Punda L, Capuder T, Pandzi¢ H, Delimar M. Integration of renewable energy
sources in southeast Europe: a review of incentive mechanisms and feasibility of
investments. Renew Sustain Energy Rev 2017;71:77-88. https://doi.org/10.1016/
j.rser.2017.01.008.

Howard B, Parshall L, Thompson J, Hammer S, Dickinson J, Modi V. Spatial
distribution of urban building energy consumption by end use. Energy Build 2012;
45:141-51. https://doi.org/10.1016/j.enbuild.2011.10.061.

An J, Lee M, Yeom S, Hong T. Determining the Peer-to-Peer electricity trading price
and strategy for energy prosumers and consumers within a microgrid. Appl Energy
2020;261:114335. https://doi.org/10.1016/j.apenergy.2019.114335.

Jin X, Baker K, Christensen D, Isley S. Foresee: a user-centric home energy
management system for energy efficiency and demand response. Appl Energy
2017;205:1583-95. https://doi.org/10.1016/j.apenergy.2017.08.166.

Luo F, Ranzi G, Wan C, Xu Z, Dong ZY. A multistage home energy management
system with residential photovoltaic penetration. IEEE Trans Ind Inform 2019;15
(1):116-26. https://doi.org/10.1109/T11.2018.2871159.

Ahmed MS, Mohamed A, Khatib T, Shareef H, Homod RZ, Ali JA. Real time optimal
schedule controller for home energy management system using new binary
backtracking search algorithm. Energy Build 2017;138:215-27. https://doi.org/
10.1016/j.enbuild.2016.12.052.


https://doi.org/10.1016/j.enbuild.2014.11.033
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref63
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref63
https://doi.org/10.1016/j.enbuild.2019.109708
https://doi.org/10.1016/j.enbuild.2019.109708
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref67
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref67
https://doi.org/10.1029/2011WR010973
https://doi.org/10.1029/2011WR010973
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref69
https://doi.org/10.1016/j.ins.2017.12.059
https://doi.org/10.1016/j.ins.2017.12.059
https://doi.org/10.1109/TSG.2017.2743760
https://doi.org/10.1109/TSG.2017.2743760
https://doi.org/10.3390/SU12093566
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref73
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref73
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref73
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref74
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref74
http://refhub.elsevier.com/S1364-0321(21)00581-5/sref76
https://doi.org/10.1016/j.gloenvcha.2016.12.004
https://doi.org/10.1016/j.rser.2017.01.008
https://doi.org/10.1016/j.rser.2017.01.008
https://doi.org/10.1016/j.enbuild.2011.10.061
https://doi.org/10.1016/j.apenergy.2019.114335
https://doi.org/10.1016/j.apenergy.2017.08.166
https://doi.org/10.1109/TII.2018.2871159
https://doi.org/10.1016/j.enbuild.2016.12.052
https://doi.org/10.1016/j.enbuild.2016.12.052

	Changes in energy consumption according to building use type under COVID-19 pandemic in South Korea
	1 Introduction
	2 COVID-19 in South Korea
	2.1 COVID-19 outbreak
	2.2 Action to cope with COVID-19

	3 Materials and methods
	3.1 Data processing
	3.1.1 Data collection
	3.1.2 Data filtering
	3.1.3 Data unification
	3.1.4 Climate adjustment

	3.2 Statistical analysis

	4 Results and discussions
	4.1 Correlation between energy consumption by building use type and COVID-19
	4.2 Changes in energy consumption by building use type after COVID-19
	4.2.1 Energy consumption by building use type according to social distancing level
	4.2.2 Energy consumption by building use type according to regional infection of COVID-19


	5 Direction for future energy systems in post COVID-19 era
	6 Conclusion
	Author contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


