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Abstract: In this paper, a digital twin-based assessment framework is proposed to determine which
energy-saving technologies and strategies will work best in existing buildings. The proposed frame-
work is based on a digital twin that integrates the existing building’s hardware system, the building’s
operational schedule database, and a probabilistic model of occupant behavior. A digital model was
constructed based on field measurements and database integration for a case study involving nine
university buildings and 55 classrooms. As a result, in the classrooms involved in the case study, the
lighting was turned on in the absence of occupants for an average of 10.7 h a day. The results indicate
that it is very important to turn off the lights after the last hour of use in university classrooms in
South Korea and that it is possible to reduce power consumption by more than 60% by employing
an off strategy involving a passive infrared sensor or manager. Additionally, LED lighting in most
classrooms is over-designed, which indicates that 46% of the energy consumed can be saved by
adjusting the luminance level to an appropriate range.

Keywords: digital twin; lighting system; energy savings; university classroom

1. Introduction

The building sector consumes about 20–40% of global energy [1–3], and CO2 emis-
sions from building operations account for approximately 10% of global greenhouse gas
emissions [3]. Lighting accounts for about 18–60% of the total energy used in building
operations [4–9]. In particular, lighting accounts for about 23–42% of total energy used in
educational buildings [10–12].

As lighting energy has an important meaning in educational buildings, various strate-
gies for reducing lighting energy have been employed. Retrofitting light sources, one of
the representative strategies for reducing energy used for lighting in buildings, has been
reported to have an energy saving potential of 11–62% [12–22]. Another notable strategy
involves reducing illuminance levels to appropriate ranges. This strategy has energy sav-
ing potential because the lighting systems of many buildings are over-designed [23]. Yet
another representative strategy for saving energy in lighting focuses on the use of a control
system. It has been reported that energy savings of 20–93% can be derived from introducing
an occupancy control system and PIR (passive infrared) lighting [13]. When occupancy
follows a regular schedule, time scheduling-based controls [19] can save energy by turning
the lights on/off at preset times. A daylight-linked control system [24] dims or turns lights
on/off based on the amount of illuminance coming in through a room’s windows. These
control systems can be implemented not only through hardware composed of sensors and
actuators but also through planned manual management.

Strategies for saving lighting energy in buildings should be deployed based on quan-
titative analyses. Several studies [25,26] present the optimization and design method
involving competing criteria such as energy efficiency with occupant comfort. However, a
strategy’s effect varies with building characteristics (e.g., usage schedule and occupancy
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characteristics). Therefore, a comprehensive analysis of the various factors should be per-
formed to quantify its effect. For example, when considering a university classroom, the
design plan of the building, the information of the installed system, the lecture schedule,
the occupancy probabilities, and the occupants’ levels of awareness concerning the lighting
system operation should be considered. It should also be taken into account, especially
in public spaces such as university buildings, that the lecture schedule, the occupancy
probabilities, and the occupants’ levels of awareness may vary over time.

A digital twin is a virtual representation of the counterpart of a real-world building
environment. The integration of the sensor system and the database, which is currently
under rapid development, is accelerating the implementation of a digital twin. The decision
support system integrating digital twins is expected to assist the designer and operator in
defining the optimal design/control strategy [27,28].

In this study, we demonstrated a digital twin-based assessment framework for as-
sessing energy saving strategies for the lighting in university buildings. In this proposed
framework, the design plan of the building, the stochastic lighting operating schedule
based on occupant behavior, and the building usage schedule are integrated into a digital
twin model. Based on this model, the effect of each energy-saving strategy is quantified
and analyzed. The evaluation process includes an analysis of existing saving strategies as
well as a quantification of the effect of each measure to be implemented.

The structure of this paper is as follows. In Section 2, various studies on saving lighting
energy are reviewed. Section 3 provides the details of the framework proposed in this
paper. In Section 4, a case study based on field surveys and data from university buildings
in South Korea is presented to illustrate how the proposed framework could be applied.
Energy saving scenarios are configured based on representative measures of the strategies
reviewed in Section 2, and the energy saving potential of each scenario is evaluated using
the proposed framework. Finally, in Section 5, conclusions are discussed.

2. Energy Saving Strategies for Building Lighting

Various studies have been conducted to reduce energy consumption for lighting in
buildings. The developed methods can be largely divided into retrofitting and control systems.

2.1. Retrofitting

The retrofitting method refers to the process of replacing the lighting equipment itself
and can be categorized as: (1) replacing the type of luminaire, or (2) reducing the lighting
output to provide an appropriate level of illuminance.

The replacement method is the most common retrofitting strategy and has great
energy saving potential [13]. Various studies on the energy savings achieved through
the replacement of lighting fixtures have been conducted. Mahlia et al. [14] analyzed the
energy savings due to a lighting retrofit in the residential sector in Malaysia. The energy
savings were analyzed assuming that 25%, 50%, and 75% of the inefficient lights were
replaced, and it was concluded that a significant amount of energy could be saved. In
another paper, Mahila et al. [12] analyzed the energy saving potential of a lighting retrofit
in campus buildings at the University of Malaya. Approximately 90% of the lighting at
the site was fluorescent, and when these fixtures were replaced with more efficient lamps,
energy consumption declined approximately 40%. Clarke-Sather et al. [15] analyzed the
effect of a lighting retrofit in China’s rural Gansu Province. It was concluded that about a
27% energy saving could be achieved by replacing incandescent light bulbs with compact
fluorescent light bulbs in the target area. Bonomolo et al. [16] applied lighting retrofitting
to an educational building in Italy and analyzed various types of lighting retrofit cases
according to the amount of solar radiation. Berardi et al. [17] analyzed various energy
retrofitting strategies at a school located in the Barcelona metropolitan area and concluded
that replacing fluorescent lamps with LEDs would reduce the energy demand by 11%.
Josijević et al. [18] suggested a methodology for evaluating the energy saving potential in
retrofitting the lighting for nine high schools located in Kragujevac, Serbia. It produced
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an energy saving of 53–62%. In [19], the potentials of various energy efficiency measures,
including lighting, were quantified for school buildings in hot climates. The analysis
indicated that lighting replacement measures could reduce the buildings’ fossil energy
consumption in the operations and maintenance phase by 9.54–12.05%. In addition, the
energy saving achieved by replacing non-LED lights with effective LED lights has been
analyzed in the United States [20], Turkey [21], and South Africa [22].

In addition to changing the type of lighting, an appropriate reduction in illuminance
level can be an effective way to save energy. EN 12464-1 [29] recommends an illuminance
of 500 lux for a classroom used for evening classes and adult education. Therefore, it
is possible to reduce energy consumption by reducing any illuminance level exceeding
the recommended level. Baker [23] analyzed trends in retrofitting projects in Texas, USA
based on four years of energy efficiency incentive programs. According to the results, the
number of lights decreased in most cases, partly because most existing lighting systems are
over-designed.

2.2. Control Systems

The control system method reduces energy consumption by turning lights on/off
appropriately and dimming them. These systems can be divided into occupancy control
systems, time scheduling-based control systems, and daylight-linked control systems.

The occupancy control systems detect occupants with sensors and adjust the lighting
accordingly. According to a review of previous studies conducted in [13], occupancy control
systems have expected energy savings of about 20–93%. Thus, this method is often used
in buildings. Richman et al. [30] analyzed the energy savings achieved while adjusting
various parameters related to the operation of an occupancy sensor. According to the
characteristics of the target space, the energy saving rate was 3–50% in regularly occupied
spaces and 46–86% in irregularly occupied spaces. In a study conducted in Calgary, Canada,
Cabrera et al. [31] showed how energy waste patterns could be quantified and understood.
The authors concluded that the lights were turned on in the absence of occupants for an
average of 10.6 h per day and that if such waste could be avoided, energy savings of about
70% could be reached. Xu et al. [32] studied the energy performances of various lighting
control systems in an office-type test bed. Among these systems, manually switched-on
and automatically switched-off lighting control strategies showed energy savings of more
than 30%, achieving the greatest energy savings. Mansur et al. [33] analyzed the effect of
an occupancy lighting control system in the restrooms of university buildings. Fifty-eight
motion sensors were installed in 30 restrooms, resulting in energy savings of about 77.5%
per day, on average.

Time scheduling-based control systems reduce waste by turning off lights at preset
times in regularly scheduled spaces and are cost-effective systems. Itani et al. [34] analyzed
the energy savings achieved by one of these systems in an eight-storey building in Beirut,
Lebanon. By controlling the lighting schedule, energy savings of approximately 11.8% were
achieved. The system also reduced cooling loads at the same time, reducing the building’s
energy consumption by about 2.6%. Yang et al. [35] proposed a new time scheduling-
based lighting control methodology based on a lighting control schedule derived from the
recorded daily routines of the occupants. Gorgulu et al. [21] studied the energy saving
potential for the outdoor lighting at the Istiklal Campus of Burdur Mehmet Akif Ersoy
University, Burdur, Turkey. Four different scenarios, including time scheduling, dimming,
and lighting replacement, were analyzed. Time scheduling saved the most energy for
the least investment. The time schedule was set to turn off the lights 30 min after classes
concluded, producing about 50% energy savings. Abas et al. [36] conducted a study
on controlling air conditioners and lighting systems using programmable controllers.
Lighting and air conditioning were turned off when no occupants were present or at the
predetermined times. A classroom case study showed energy savings on the order of 35%.

Daylight-linked control systems are designed to conserve energy by monitoring the
level of solar radiation with a light sensor. These systems can be classified according to the
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type of illuminance measurement (closed-loop, open-loop) as well as the method used to
control the lighting (on/off, dimming). A closed-loop system measures the illuminance,
including light from the luminaires and solar radiation, and controls the lighting accord-
ingly, whereas an open-loop system measures only solar radiation and controls the lighting
based on the level of radiation [24]. The on/off method involves turning lights on/off in
accordance with the measured illuminance value. The dimming control method manages
the brightness of the lighting, keeping it between a minimum and maximum illuminance
level. In [32,37], a daylight-on/off control system with a target illuminance of 250–300 lux
was tested and produced energy savings of 25%. Shishegar et al. [24] investigated the effect
of a daylight-linked control system on office buildings located in hot climates. Through
simulations, different scenarios consisting of on/off control and dimming were evaluated.
It was determined that energy consumption can be reduced by up to 85%, and total en-
ergy consumption can be reduced by approximately 30%. Moreover, according to various
studies utilizing simulations and field surveys, daylight-linked control systems result in
energy savings of about 11.2–69.6%, although deviations can occur, depending on the target
illuminance [38–50]. According to previous research, the daylight-linked control systems
have shown large variations in energy saving performance depending on system type and
the environment. As a consequence, the deployment of these systems has been limited.

3. Methodology

This paper proposes a digital twin-based assessment framework for evaluating the
lighting energy savings of various strategies for a university classroom, as shown in Figure 1.
The framework consists of a digital twin model construction process that can mimic lighting
system operations in an actual building. It defines an energy-saving strategy for a building
and a decision-making process for using it. The framework’s energy saving assessment
process is described in detail in the section below.
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Figure 1. Flowchart of the proposed evaluation framework.

3.1. Digital Twin Building Process

The digital twin model for evaluating energy-saving strategies is built by integrating
the physical environment of the building and a database defining the occupants, operation
scenario, and field measurement data. The database on the physical environment contains
system information, such as the number of lights, types and specifications of lights, power
consumption, and control system as well as architectural information, such as outlines of
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buildings, room compositions, size and shape of each room, and layout information for
windows and walls. The building operation scenario includes information on the operating
schedule of the building and the utilization rates of the classrooms. The database defining
the occupants is a probabilistic model that reflects the operation schedule of the lighting
system controlled by the occupants that are not considered in the operation design plan. A
field measurement value is acquired to simulate the actual environment and to verify the
virtual model; generally, the illuminance level (lux) is used.

3.2. Operating Schedule Generation

Figure 2 shows an example of the creation of an operating schedule for a lighting
system that considers the planned lecture schedule for each day, weekend, and hour within
the evaluation period.
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Figure 2. Probabilities for the occupancy and lighting operation.

The operating schedules of the lighting systems in individual lecture rooms are gener-
ated based on the lecture schedule. At this point, the operation times may vary, depending
on the control system installed in the building or energy-saving mentalities of the occupants.
According to a previous study [31], in the case of educational buildings, lights are on in
the absence of occupants for 10.6 h a day. In such an environment, the extra hours of use
vary depending on the application of PIR lighting and the energy-saving mentalities of the
occupants. For example, after the last lecture planned in the classroom is over, the lighting
system status (on/off) will depend on the occupants’ behavior when leaving the room.

The proposed framework is designed to stochastically define and evaluate the vari-
ations in an operating schedule according to the existing control system and the level of
occupant consciousness. To this end, it is necessary to define the probabilities listed below
via CCTV monitoring or sample surveys of the target site.

• the probabilities of lighting system usage: p1 is the probability that the lighting system
stays on during the break from the end of the allocated lecture to the start of the next
lecture, p2 is the probability that the lighting system will stay on after the last lecture
in the classroom, and p6 is the probability of lighting system usage during lectures.

• occupancy probabilities: p3 is the probability that the lights will stay on from the end
of the last lecture to the start of the next day’s first class, p4 is the probability that the
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lights will stay on during breaks between classes, and p5 is the probability that the
lights will stay on during class.

3.3. Energy Saving Calculation

Table 1 shows the representative strategies that can be used for lighting energy savings.
The energy-saving mechanisms that make up the strategy include increased efficiency of
light sources, adjustments of illuminance levels, and reductions in surplus consumption (in
the absence of occupants). When configuring the strategy, it is necessary to consider the
application’s target and effect.

Table 1. Representative energy saving strategies.

Strategy Application Target Effects

Ref.
Mechanism Strategy Light

System
CONTROL

SYSTEM
Operation

Time
Energy Con-

sumption

Improvement in
efficiency Light source replacement O - - O [12–22]

Adjustment of
illuminance levels

Adjustment of the output of
the luminaire O - - - [23,29]

Adjustment of the output of
the luminaire O - - - [23,29]

Daylight-linked control system O O - O [24,32,37]

Reduction of surplus
consumption in the
absence of occupant

Occupancy control system
(PIR lights) - O O - [13]

Time scheduling by system - O O - [34,35]
Time scheduling by manager - - O -

For example, if the strategy aims to replace light sources to improve energy efficiency,
the lighting system is the target of the application, and a reduction in energy consumption is
the effect of the application. The digital twin model, which integrates a database of physical
building information, measured environments, operating scenarios, and probabilities of
occupants’ behavior, calculates the amount of energy savings by performing simulations
reflecting improved light source specifications and operating schedules. Multiple strategies
may be combined and applied to the same building.

The formulas with which the digital twin model calculates the energy savings of each
strategy are shown in Equations (1) and (2). Here, ∆t represents the time step that is set
based on the unit used in the lecture timetable. Note that it can be set to several minutes for
high-resolution analyses. The lighting operation time and light source energy consumption
are reflected in Pt,i and LPt,i, respectively.

n = d × 24 × 60
∆t

(1)

Ei =
∆t
60

n

∑
t=1

(Pt,i × LPt,i) (2)

where n denotes the number of time steps, d is the number of days used for analysis,
∆t [min] is the size of the time step, i is the classroom index, Ei [Wh] represents the
electricity consumption of classroom i during d, t is the index of each time step, Pt,i denotes
the lighting operation probability of classroom i for time step t, and LPt,i [W] represents the
power consumption of the lighting in classroom i for time step t.
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4. Case Study
4.1. Description

A case study involving the classrooms for the entire engineering college at a university
in Daegu, South Korea was conducted to test the framework proposed in Section 3. The
analysis was conducted for one year. Universities have different lecture timetables each
semester. Since schedule changes affect the lighting operation times of the classrooms,
the analysis was also conducted by semester. The analysis was carried out for nine build-
ings of the target university. Table 2 shows the overview of the target site. Although the
total number of analyzed classrooms is 55, there are differences in the number of class-
rooms where classes are conducted by semester. In the first semester, 54 classrooms (total
area 4780.6 m2) were utilized, whereas in the second semester, 53 classrooms (total area
4770.08 m2) were analyzed.

Table 2. Overview of target site.

Bld.
Code

No. of
Classrooms

Avg. Area
(m2/Classroom)

Bld. Usage (%) Power Consumption
(W/m2)

Illuminance on
Desk (lux)1st Semester 2nd Semester

401 8 106.3 53 53 7.5 1021
402 2 121.7 47 30 8.1 710
404 6 76.9 41 40 6.4 1085.6
406 6 81.7 44 43 6.3 776.5
408 6 103.7 44 45 7.3 937.3
409 8 68 36 37 13.3 1045.4
410 11 91.8 42 39 8.4 840.4
411 1 84 60 53 7.6 1183
419 7 83.6 44 38 9 1148

55 90.9 45.7 42 8.2 971.9

4.1.1. Probability Estimation for Operation Scheduling

In order to apply the proposed framework, it is necessary to understand the human
behavior associated with the use of lighting systems. For this purpose, the probability of
classroom occupancy and the operation of lighting were used. Probabilities were derived
by observing classroom 302 in engineering building 8, where CCTV was installed, and
classes were conducted normally. The analysis was made based on classroom videos from
3–20 May 2018. Although the videos spanned 18 days, the final analysis used just 11 days’
worth of video, as it excluded weekends and holidays when classes were not held. For
these videos, lectures, occupancy, and lights on/off were checked every 30 min, and the
following probabilities necessary for calculating energy consumption were derived.

• The probability of lights being on between classes (p1 = 0.5259): This probability
measures the percentage of time the lights were on during breaks between classes.

• The probability of lights being on between the end of the last class and the beginning
of the first class on the following day (p2 = 0.6364): In the target classrooms, an energy
management plan was being applied, in which the manager turned off unnecessary
lights around 6:00 P.M., the time when the last classes were over. Therefore, when
determining p2, it was assumed that a manager did not exist. Thus, if the last person
left the classroom without turning off the light after the last class, it was assumed that
the light remained on until the first class of the next day.

• The probability of occupancy between the end of the last class and the beginning of
the first class on the following day (p3 = 0.071): This was derived as the percentage of
occupancy time in the room between the end of the last class and the beginning of the
first class on the following day.
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• The probability of occupancy between classes (p4 = 0.4889): The probability measured
the chance of occupancy during the break between the end of a class and the start of
the following class.

• Probability of occupancy during the class (p5 = 1): It is not possible to conduct a class
without occupancy. Thus, p5 was assumed to be 1.

• The probability of lights being on during class (p6 = 1): As a result of the field study, it
was confirmed that most classes habitually turn the lights on, regardless of the amount
of external sunlight. Therefore, p6 was assumed to be 1.

4.1.2. Field Measurement of Illuminance Environment

In order to assess the degree of overdesign of the lighting in the target classrooms, an
assessment of illuminance was necessary. The illuminance measurements were performed
at night (19:00–23:00) to minimize the effects of solar radiation. The illuminance was
measured at the height of the desks. A Testo 480 was used to measure the illuminance. This
lux sensor meets the accuracy requirements in DIN EN 13032-1 and for class C, according to
DIN 5032-7. Considering that the illuminance level may vary by location within a classroom,
the illuminance was measured at three points for each classroom, and the median value was
used as the illuminance value of the corresponding classroom. In university classrooms,
the zone shapes and lighting arrangements often overlap. As a consequence, unnecessary
procedures were omitted by applying the results for one classroom to similar classrooms.

Figure 3 shows the illuminance status for classrooms. All classrooms were overde-
signed compared to the 500 lux recommendation in EN 12464-1 [23]. The average value
of illuminance was about 967.5 lux, the maximum value was 1519 lux, the median value
was 972 lux, and the minimum value was 523 lux. This problem occurred because the
luminaire output had not been considered when fluorescent lamps were replaced with
LEDs in the past.
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4.1.3. Lighting Control System

In order to evaluate classroom energy consumption, it is necessary to investigate the
lighting power consumption and the arrangement of lighting control groups. Figure 4
shows the power consumption distribution by classroom. The lowest power consumption
was 240 W, the median value was 680 W, the average value was about 734.4 W, and the
maximum value was 1492 W.
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The number of groups in which lighting was segmentally controlled and the forms
of segmentation were investigated. The lights were arranged to be divided into control
groups of at least 2, an average of about 3.9, and at most 8.

As a result of the investigation, it was possible to divide the lighting control groups
into four types, as shown in Figure 5. Type A covered cases where the lighting control line
was mainly parallel to the blackboard. Cases in which a small amount of indirect lighting
not significantly affecting the classroom power consumption was placed in a direction
perpendicular to the blackboard were also classified as Type A. In Type B, the lighting
control groups were configured perpendicular to the blackboard. Type C covered cases
where a mixed vertical and horizontal control group was used and the control line on the
window side was individually controllable. Type D covered cases in which the vertical
and horizontal control groups were mixed, but the control group on the window side was
not individually controllable. In total, 55 classrooms were analyzed, of which 22 were of
type A, 11 of type B, 10 of type C, and 12 of type D. In 21 classrooms (types B and C),
individual control of the lighting group on the window side was possible; in the remaining
34 classrooms (types A and D), this type of control was not possible.
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The proposed framework derives the energy consumption based on the lecture
timetable. In this case study, the lecture timetables were obtained from the university’s
computer system. In particular, timetables for the first and second semesters of 2018 for
55 classrooms were collected, and weekends and graduate classes held after 6 pm were
excluded from the analysis.

The 54 classrooms analyzed in the first semester had an average usage rate of about
45%, a minimum of 13%, and a maximum of 76%. The usage rate indicates the ratio of the
time used for classes out of the available time for lecture (from 9:00 A.M. to 6:00 P.M. or
45 h per week). The 53 classrooms in the second semester had an average usage rate of
about 43%, a minimum of 7%, and a maximum of 89%, indicating large variations in the
usage rate by classroom.

4.1.4. Scenario Definition

Scenarios for evaluating energy savings were established. The scenarios used in the
study are based on a hypothetical scenario for replacement and maintenance of the lighting
system in case study buildings. The scenarios are an empirical combination of real-world
system deployment decisions. A total of nine scenarios were configured, including baseline,
two scenarios related to on/off control, two scenarios related to quantitative adjustment,
and four mixed scenarios. On/off control means switching all lights on or off. Quantitative
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adjustment corresponds to quantitatively controlling illuminance, which is accomplished
by reducing the illuminance of the luminaire or turning some group of lights on or off.

Each scenario was defined as follows.

• Baseline: In this case, no energy-saving measures are applied.
• Scenario 1. [On/off] manual control by a manager: At 18:00 when the last class ends,

the building manager walks around each classroom and turns off the lights. Labor
costs are involved, but additional equipment is not necessary. Energy is then not
wasted after the last class when no classes are in session.

• Scenario 2. [On/off] PIR control: In this scenario, the lighting system is turned on
when occupants are detected by the PIR sensor and turned off when occupants are
not detected. PIR sensor installation is required, but it reduces energy waste during
non-occupied time intervals.

• Scenario 3. [Quantitative adjustment] reducing illuminance: In the case of a classroom
with over-designed lighting, lighting is replaced to adjust the illuminance level to the
recommended level of 500 lux.

• Scenario 4. [Quantitative adjustment] control partial lighting groups: During the
daytime when sunlight is sufficient, artificial lighting may be unnecessary near the
windows. This method eliminates unnecessary energy consumption by turning off the
lighting groups by the windows.

• Scenario 1 × 3. [On/off] manual control by a manager + [quantitative adjustment]
reducing illuminance: Scenarios 1 and 3 are applied simultaneously. Illuminance is set
to the recommended level, and unnecessary lighting is turned off by the manager at
6 P.M.

• Scenario 1 × 4. [On/off] manual control by a manager + [quantitative adjustment]
control partial lighting groups: Both scenarios 1 and 4 are applied simultaneously. The
lighting control groups by windows are turned off when there is sufficient sunlight,
and all unnecessary lights are turned off by the manager at 6 P.M.

• Scenario 2 × 3. [On/off] PIR control + [quantitative adjustment] reducing illuminance:
Scenarios 2 and 3 are applied simultaneously. The illuminance level is adjusted to
the recommended value, and the lights are turned on only when the PIR sensor
detects occupants.

• Scenario 2 × 4. [On/off] PIR control + [quantitative adjustment] control partial lighting
groups: Scenarios 2 and 4 are applied simultaneously. Through the PIR sensor, the
lighting is turned on only when occupants are present, and unnecessary lighting by
windows is turned off when there is sufficient sunlight.

The energy consumption in each scenario was derived through the following calcula-
tion process. All calculations were performed in time steps of 30 min (the time step used in
the lecture timetable).

In the baseline scenario, the probability of the lighting operation is determined based
on whether each time step contains a lecture or not. If a lecture is in progress at the
corresponding time step, the lights are on with probability p6. If the corresponding time
step contains a break between classes, the lights are on with probability p1. For time steps
between the end of the last class and the beginning of the first class on the following day,
the lights are on with probability p2. When the lighting operation probability for all time
steps has been determined according to the above rules, the energy consumption for each
time step is derived from the power consumption information gathered from the field study
and the lighting operation probability. If, for example, the lighting operation probability is
50% at a time step and the power consumption is 1000 W, 250 Wh of power is consumed
during the 30-min time interval. Lastly, the cumulative energy consumption is derived by
adding up the energy consumptions of the time steps.

In scenario 1, it is assumed that the manager turns off unnecessary lights at 6 P.M.,
the time when almost all classes have ended. The calculation flow is the same as for the
baseline. However, scenario 1 is divided into the following three cases, depending on
when the last class ends. When the last class ends before 6 pm, the lights will be on with
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probability p2 (about 63.64%) from the end of the last class to 6 P.M. After 6 P.M., the lights
will have been turned off by the manager. When the last class ends at 6 P.M., the lights
will be turned off between 6 pm and the start of the first class on the following day. If the
last class ends after 6 P.M., the manager cannot control the lights because classes are in
progress. In this case, the lighting operation time before the first class on the following day
is set based on p2, as in the baseline.

In scenario 2, the occupancy probability is used to determine whether the lighting
system is on. Therefore, it is important to derive the appropriate occupancy probability
for each situation. According to the probabilities derived earlier, the lights are always on
during class (p5 = 1). In other cases, the occupancy probability is determined based on
the probability (p4, p3) appropriate for the situation. In analyzing this scenario, detailed
factors that do not significantly affect energy consumption, such as the reaction speed of
the PIR sensor, are not considered. That is, it is assumed that the occupancy probability
and the lighting operation probability are the same. The process used after the occupancy
and lighting operation probabilities are derived for each time step is the same as that used
for the baseline scenario.

The lighting control method in scenario 3 is the same as that of the baseline. However,
in order to calibrate the illuminance to the recommended level, the power consumption of
the lighting is reduced. The target classrooms of this case study use LEDs. Therefore, the
analysis was conducted assuming that the illuminance level and lighting power consump-
tion are in direct proportion. For example, if the power consumption of a classroom with
a 1000 lux illuminance level at the working surface is 800 W, it is assumed that in order
to reduce the illuminance to the recommended level of 500 lux, the power consumption
must also be reduced by half to 400 W. If the lighting operation probability for each time
step is determined using the same procedure used in the baseline scenario, then the energy
consumption is calculated using the adjusted power consumption.

In scenario 4, it must first be determined whether the lighting control groups by the
windows can be individually controlled. In this case study, a field study was conducted for
this purpose, and it was determined that individual control was possible in 21 classrooms
(types B, C) out of a total of 55 classrooms. For the other 34 classrooms, it was assumed
that the lighting was operated in the same manner as in the baseline scenario. In the case
of a classroom with partial control, it was determined empirically that the sunlight was
sufficient from 9:00 to 13:00, so during that time period, turning the lights off at the window
side would not disrupt the lecture. In the absence of partial group control, the energy
consumption is derived in the same manner as in the baseline scenario, whereas in time
steps where partial group control is applied, energy consumption is derived based on
power consumption when the lighting groups by the windows are turned off.

Where on/off control and quantitative adjustment are mixed, the methods applied
in the individual scenarios are applied simultaneously. For example, when scenarios 1
and 3 are applied together, the final energy consumption is derived using the lighting
operation time reflecting manual control by the manager (scenario 1), and the reduced
power consumption is derived from scenario 3.

4.2. Results

In this case study, the energy consumption patterns of nine scenarios were analyzed.
Since the lecture timetable of the university was repeated weekly, the analysis results for
each scenario were also derived and compared on a weekly basis.

Table 3 shows the total energy consumptions of the target classrooms by semester.
In the case study, the lecture timetable varied by semester and so did the energy con-
sumption. According to the analysis results, the on/off control method (scenarios 1 and 2)
provided better energy savings (by at least 15%) than the quantitative adjustment method
(scenarios 3 and 4).
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Table 3. Electric power consumption by scenario.

Scenario

First Semester (n = 54) Second Semester (n = 53)

Power
Consumption
(kWh/Week)

Energy Use
Intensity

(kWh/m2·Week)

Energy Saving
Rate (%)

Power
Consumption
(kWh/Week)

Energy Use
Intensity

(kWh/m2·Week)

Energy Saving
Rate (%)

Baseline 3295.684 0.689 0.000 3273.937 0.686 0.000
Scenario 1 1256.707 0.263 61.868 1229.128 0.258 62.457
Scenario 2 1214.505 0.254 63.149 1173.580 0.246 64.154
Scenario 3 1772.259 0.371 46.225 1755.077 0.368 46.392
Scenario 4 3237.885 0.677 1.754 3219.132 0.675 1.674

Scenario 1 × 3 673.506 0.141 79.564 659.019 0.138 79.871
Scenario 1 × 4 1218.200 0.255 63.037 1196.035 0.251 63.468
Scenario 2 × 3 644.753 0.135 80.436 625.303 0.131 80.901
Scenario 2 × 4 1178.306 0.246 64.247 1141.698 0.239 65.128

Among the on/off control methods, the method applying the PIR sensor showed better
energy saving potential than manual control by the manager. However, the difference
in the saving rate was about 1–2%, which is not significant. Therefore, the selection of a
PIR sensor or manual control on the part of the manager should be made according to the
target building. For example, if a university has a building manager, the additional energy
savings obtained by installing PIR sensors would be insufficient to justify the cost of the
sensors. When a manager is present, it is most cost effective to turn the lights off once a day
after the last class is over.

Among the quantitative adjustment methods, scenario 3, which reduces the illumi-
nance level, showed about 44% more energy savings than scenario 4. In this case study,
the lighting tended to be over-designed, as evidenced by the field study. As a result, the
energy savings were large due to the reduction in illuminance. On the other hand, scenario
4 produced energy savings of 1–2%. In this case study, partial control of the lighting groups
by the windows was possible in only 21 classrooms (about 38% of the 55 classrooms). With
the window-side lights turned off in 21 classrooms, the average power consumption was
reduced by 27.8%. However, since the time period during which the window-side lights
could be turned off (9:00 to 13:00) included the lunch period (12:00 to 13:00), energy savings
were possible for only 3 h, so the effect was not significant. Hence, for scenario 4, the
energy savings will vary greatly depending on the type of lighting arrangement, the lecture
timetable, and the amount of solar radiation coming through the windows.

Figure 6 shows the box plots of the energy saving rates for the scenarios. There were
no significant differences by semester in the energy saving distributions by classroom, and
the scenarios produced similar energy saving distributions.

In scenario 3, the energy saving rate varies greatly depending on the degree to which
the existing lighting is overdesigned for each classroom. As an example, when the illu-
minance level (1519 lux) of the lecture room with the most overdesigned lighting was
reduced to 500 lux, energy consumption decreased by about 67% compared to the base-
line. However, in the classroom where the measured illuminance level was the lowest at
523 lux, energy savings were only about 4.4%, even once illuminance was adjusted to the
recommended level.

In scenario 4, a maximum of about 7–8% and a minimum of 0% in energy were saved
depending on the classroom, and the scenario had the lowest energy savings and deviation
among the analyzed scenarios.

A managerial strategy can be derived from the results of the analysis. Turning off lights
after the last class has a major impact on energy consumption in educational buildings.
Therefore, it is very important to install the PIR system or have the manager turn the
lights off. However, in a building with a high usage rate because of many lectures, only
little wasted factor exists with the idle time between lectures, so the difference in savings
between the PIR system and manual lights off by the student or manager is only 2%. Many
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universities, including the case study target, have energy saving activity programs linked
with student scholarship which includes occupant awareness of lights-out. The manager
can use the budget to improve the awareness of the occupants instead of the additional
energy saving of 2% that can be obtained by introducing the new PIR sensor.
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5. Conclusions

The importance of energy management is currently being emphasized, and the energy
saving potential in lighting is very high in educational buildings. Because various tech-
nologies and strategies can be used to save energy, providing a tool that can quantify and
assess the lighting energy saving potential of these various strategies can be helpful.

In this paper, a digital twin-based assessment framework for lighting energy-saving
strategies in educational buildings was proposed. In addition, a digital twin model was
created for 55 classrooms across nine buildings in an engineering college at a university
in South Korea, and the energy saving potentials of four energy saving strategies were
analyzed and reported.

In the target classrooms, the lights were turned on when there were no occupants for
an average of 10.7 h per day. Accordingly, turning lighting systems off through PIR sensors
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or a manager after the end of the last class produced energy savings of more than 60%.
There was a difference of only 1.3% in the energy saving rate produced by a PIR system
accompanied by system replacement and manual control by the manager at a preset time.
Thus, it seems that energy can be saved with minimal investment and without replacing
the existing lighting system by introducing time scheduling-based lighting control.

In addition, the LED lighting in most classrooms was found to be overdesigned,
indicating that energy savings of 46% can be achieved when the illuminance is adjusted
to an appropriate level. On the other hand, in the case of a partial on/off strategy for
window-side lighting groups, energy savings of only 7–8% were achieved. Thus, the
existing lighting system should be replaced because of the lack of proper lighting control
group design.

In the case study, energy consumptions of the combined scenario were calculated and
compared considering the required utility level and system application. However, various
indicators such as cost for system introduction and subjective satisfaction of occupants
were not considered. This aspect will be addressed in an advanced future study.

The decision support system integrating digital twins can further help designer and
operator in defining the optimal design/control strategy. Digital twin based decision
making is expected to be applied to design a system and control industrial environments
such as residential lighting and factory facilities. To this end, utility requirements for various
building environments and databases for system configurations need to be developed in
future study.
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