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Abstract Daylighting is an important factor in improv-
ing visual comfort and energy efficiency. Lighting con-
trol using daylighting can reduce energy consumption in
buildings. This thesis proposes an automatic demand
response system for lighting based on wireless sensor
networks (WSN) in order to reduce the peak electricity
demand according to the stage of electricity rate with
real-time pricing (RTP), time of use pricing (TOUP),
and critical peak pricing (CPP). The proposed system
automatically controls the slat angle of the venetian
blind with a cut-off angle according to the altitude of
the sun, automatically executing light dimming accord-
ing to measured current luminance to remove an un-
pleasant glare caused by daylighting. The target illumi-
nance of area at this time is set at a minimum illumi-
nance required for the work execution in the office
during the time zone where the electricity load is high
to save the lighting energy cost, while a maximum
illuminance is set during the time zone where the elec-
tricity load is low according to the real-time electricity
pricing stages obtained through the advanced metering
infrastructure (AMI) in order to improve the work effi-
ciency of the occupants. In this study, two testbeds
having the same environments, as well as a control
system targeting a fixed illuminance per price system,
were established. The illuminance energy consumption
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and cost were then measured and the effect of the
proposed illuminance system was evaluated.
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Introduction

A smart grid, which is a technology that maximizes
energy efficiency by fusing information and communi-
cation technology (ICT) in the existing grid, provides
various demand response (DR) programs which main-
tain the stability of the grid with an intelligent grid that
can exchange the data with a bidirectional mode be-
tween the power provider and customers at real time
(Javaild et al. 2013; Khajavi et al. 2011; Kim and Kim
2012). This demand response is a mechanism that in-
duces customers to respond to the real-time electricity
price sent through the grid and to change the electricity
consumption pattern by themselves. This mechanism
displays a demand response either by load shedding
during maximum power load or by shifting the load to
the minimum load time zone (Lujano-Rojas et al. 2012;
Piette et al. 2013). However, with current demand re-
sponse programs, it is difficult to expect an effective
response without persistent human intervention by cus-
tomers since customers have to control energy con-
sumption by directly monitoring the electricity price
which keeps on changing at real time. Consequently,
interest about an automated demand response, a mech-
anism that controls power consumption by
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automatically responding to the power supply status,
peak load rate, power production, and supply price, is
abruptly increased. ADR, in particular, dynamically
schedules a power price according to the time-varying
electricity rates for various power consuming devices
such as heating, ventilation, and air conditioning
(HVAC), thereby operating with a normal mode during
the time zone when electricity rate is low, while
converting itself to a low power mode during such time
when electricity price is high (Piette et al. 2013; Asano
et al. 2011; Li et al. 2012; Lee and Bahn 2013; Taheri
et al. 2013; Shahgoshtasbi and Jamshidi 2014; Dong
etal. 2012).

In Korea, around 24% of the total energy consump-
tion is used in the building section. Among this, around
30% of the office buildings and around 40% of the
commercial buildings use energy for lighting (Kim and
Kim 2014; Thm et al. 2012; Yun and Kim 2013). Day-
lighting is a cost-effective way to save energy for light-
ing, although it brings risk of glare. Therefore, in the
preceding researches, a daylight dimming system was
suggested, which can save lighting energy by blocking
direct solar glare by blind systems, utilizing an inflow of
daylight (Koo et al. 2010; Soori and Vishwas 2013; [hm
et al. 2009; Parise et al. 2014). Traditional daylight
dimming control systems maintain a constant task illu-
minance, but they do not consider variable electricity
rates.

This paper proposes an automatic demand response
system for the lighting in order to reduce lighting
energy by using real-time pricing (RTP), time of use
pricing (TOUP), and critical peak pricing (CPP) which
are the electricity pricing systems of the smart grid. The
proposed system collects the illuminance data and real-
time electricity pricing data from the illuminance sen-
sors and from the smart meter located in the area
through a gateway, calculates the dimming stage of
the lighting per the target illuminance matching to the
electricity rate at present, and sends control signals to
the lighting controller. At this time, different target
illuminances are applied according to the three electric-
ity pricing stages, i.e., peak, mid-peak, and off-peak of
each pricing system. The standard is set per the mini-
mum, standard, and maximum illuminances recom-
mended by the illuminance standard in Korea, KS A
3011 (Yang and Nam 2010). A system is designed to
provide visual comfort to the occupants by applying a
target illuminance during the time zone when energy
cost is relatively low, while it provides a minimum
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illuminance necessary for the work execution as a
target illuminance during the time zone when electric-
ity rate is high in order to save the lighting energy cost.
Also, the system calculates a profile angle to block the
glare from direct sunlight to the workplane and sends a
control signal to the blind controller to control the
venetian blind with a cut-off angle. This study com-
pares and evaluates the system which controls lighting
to variable target illuminance according to each elec-
tricity pricing system of the smart grid with the system
which controls the lighting with a fixed target illumi-
nance by establishing a testbed having the same condi-
tion to assess the lighting energy consumption and cost
based on the electricity pricing systems. This paper is
constructed as follows: in the “Literature review” sec-
tion, we discuss various electricity pricing systems. In
the “Methodology” section, we discuss the operation
procedure of the proposed system. In the “Results”
section, the simulation and evaluation results with the
proposed system are discussed. The effect and compar-
ison of the proposed system with the existing electricity
pricing system is discussed in the “Discussions and
conclusions” section as a conclusion of the study.

Literature review
Electric rates

Electricity pricing system in Korea at present is operated
with two types, i.e., a flat rate which imposes the same
price throughout a year regardless of the electricity
consumption, and a dynamic pricing which imposes a
different price per time zone. A flat rate system based on
the average cost causes an over-consumption when the
power production cost is higher than the average price,
while it causes a low consumption phenomenon that
restricts the power consumption which could be eco-
nomically effective when power production cost is low-
er than the average price. Meanwhile, a dynamic pricing
system is a pricing system designed to shift the energy
consumption of the time zone where electricity price
change is high to the time zone where energy consump-
tion is less. In the dynamic pricing system, there are
various types of pricing like TOUP, CPP, and RTP as
shown in Fig. 1 (Mohsenian-Rad and Leon-Garcia
2010; Yu et al. 2012; Widergren et al. 2012; Faria and
Vale 2011; Ahmad 2010).
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Fig. 1 Electricity rates in Korea. a Flat rate. b TOUP. ¢ CPP. d RTP

TOUP

TOUP is an electricity pricing system wherein the time
zone wise average power generation and transportation
cost during 24 h a day is differently applied according to
the seasons and time zones. It is not a system which
reflects the electricity market situation at real time but
approaches in a statistical manner.

CPP

CPP is the electricity pricing system wherein utility
providers notify the electricity rate during peak time
when electricity demand is high to the customers in
advance before supplying the electricity. The price dur-
ing off-peak is more or less lower than that with TOUP.
However, an extremely high price is imposed during
peak time with CPP. In Korea at present, CPP is operat-
ed for around 121 days from the first of July till the 31st
of August and from the first of January till the end of
February. The electricity rate with a maximum load

(d)

during the peak day is imposed around 3.3 times of that
with TOUP (KEPCO 2014).

RTP

RTP is a pricing system wherein electricity rate imposed
on the customer keeps on changing according to time
zone just as in TOUP. However, while a flat rate is
imposed within seasons and time zones set in the TOUP
system, RTP variable rates are imposed according to
electric power system and demand and supply status.
Therefore, the variability of the electricity rate by RTP
could be high. Still, the benefit for both the supplier and
customer sides can be increased when a customer con-
sumes electricity in an economical way. Figure 1d
shows a graph showing the electricity rate which is
changed at a 5-min interval imposed on the 26th of
December in 2012. The electricity consumption was
calculated at a minimum of SMP at W 123.20 and a
maximum of W 276.42. Therefore, RTP was recorded as
a minimum of W 117.98 and a maximum of ¥ 1000. In
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the USA, RTP is operated by around 100 power sup-
pliers at present according to LBNL in 2004. Addition-
ally, Georgia Power operated two types of RTP of Day
Ahead RTP and Hour Ahead RTP. The price difference
by the time zone was 81.2 times at maximum (0.08—
6.5$/kWh) while customers saved on an average of 17%
of'load (LBNL 2004). In Korea, RTP was operated as a
model case for the 200 families by the smart grid field
test unit established in the Jeju Island (Daphne et al.
2012). It is planned to be expanded to a national level
after analyzing the demand response.

This paper proposes an automated demand response
system for lighting based on a pricing scheme that can
optimize power cost. Target illumination as a reference
was set at a minimum at a higher stage of the pricing
scheme, whereas at a lower stage of the pricing scheme,
maximum illumination was set as a reference.

Blind control

Daylight which flows into a building not only provides
many benefits like visual comfort, psychological com-
fort, health, and workplace productivity but also reduces
electricity consumption used for lighting and cooling/
heating (Koo et al. 2010; Kang et al. 2012). However,
excessive inflow of daylight causes impaired work per-
formance and visual discomfort and can increase
cooling energy consumption during summer (Kim
et al. 2007). Therefore, shading devices are used to
improve the visual environment for the occupants and
to reduce energy consumption (Tzempelikos and
Athienitis 2007). Venetian blind is one of the shading
devices that can control solar radiation by controlling
the slat angle and is used the most to regulate daylight in
office buildings or commercial buildings. However, ac-
cording to previous researches, occupants almost did not
control the blinds once they were opened or closed until
they felt discomfort by the glare (Kim et al. 2007, b, c).
The average frequency of blind movement was just zero
to one time a day (Koo etal. 2010; Kim et al. 2007, b, c).
This is a drawback of the manual blind which is con-
trolled by the users. Therefore, there is a limit in meeting
the visual requirement of the occupants and in reducing
the energy consumption. Accordingly, an automated
blind that can control the slat angle of the blind by the
external solar conditions at real time is used as an
alternative solution for the manual blind.

The automated control strategy of the automated
blind is a profile that controls blinds with a cut-off angle
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from the profile angle, considering the position of the
sun as shown in Fig. 2. It is a control method to remove
the glare while maximizing daylight, as well as inflow
of the solar radiation. The calculation equations for the
profile angle and cut-off angle are the same as (1) and
(2), where [ is solar altitude angle, @ is solar azimuth
angle, and + is azimuthal angle (Soori and Vishwas
2013).

tan/3
6 = arctan (m> (1)
. (dCos(0
Beutoy f = arcsin (%) -0 (2)
Methodology

System architecture

The automated demand response system proposed in
this paper is designed to collect data and control devices
based on ZigBee wireless communication. It is com-
prised of three layers as shown in Fig. 3.

1. Sensing layer

The sensing layer receives the raw data from each sensor
which is installed in the system. The types of sensors
installed are light sensors that sense illumination of the
workspace and a smart meter that can receive current
power cost information from the power service provider.
The light sensor that senses the current illuminance was
installed at a work platform 850 mm from the ground
and it sent data to the gateway of the system at 1-sec
intervals. The real-time electricity charge which the
utility provider sends to the smart meter of each con-
sumer is collected in the gateway at 5-min intervals. The
information collected from each sensor is stored in the
database as raw data to be sent to the Middleware Layer.
During this time, solar altitude angle, solar azimuth
angle, and azimuthal angle are directly collected from
the data stored in the system according to concerned
date and time to calculate cut-off angle of the blind. In
addition, basic data such as distances between two slats
and width of the slats were also directly obtained from
the pre-stored data.
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Fig. 2 Cut-off shading control
strategy

2. Middleware layer

In the middleware layer, raw data stored in the database
of the system through gateway are abstracted as a high-
level context of the lower as well as the higher level by
the context rules. A present context is reasoned. The
received raw data are defined as a low-level context
such as an illuminance at present, electricity rate per

time zone, and time according to the abstraction level.
These low-level contexts are abstracted as high-level
context like target illuminance and cut-off angle per
the pricing stage. The pricing stage of RTP used in the
context rules is abstracted into three stages of peak, mid-
peak, and off-peak. The RTP formed in the power
market in Korea was a minimum \ 100 up to a maximum
of \ 1000. Accordingly, the price less than \ 400 was
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Fig. 3 System architecture of automated demand response system of lighting
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Table 1 Design illumination level of an office space

IESNA Min. of health, labor, and KS A 3011
(lux) welfare—Japan (lux) (lux)
500-750-1000 300-1000 300-400-600

abstracted as an off-peak, the price between \ 401 and \
700 was abstracted as a mid-peak, and the price between
\ 701 and \ 1000 was abstracted as a peak.

The pricing stages in the TOUP and CPP were also
abstracted as off-peak for a minimum pricing stage, a
mid-peak for medium pricing stage, and a peak for the
maximum pricing stage, respectively, with the same
fashion as in the existing structure. The target illumi-
nance used in the context rules is abstracted into three
types: level 1, level 2, and level 3. The target illumi-
nance for the office area was categorized as referring to
the KS A 3011 which is a standard illuminance table.
The illuminance standard in Korea and foreign countries
are differently proposed according to the standards from
each organization as shown in Table 1 (Yang and Nam
2010). KS A 3011 defines the illuminance as three
types, i.e., a minimum illuminance, a standard illumi-
nance, and a maximum illuminance according to the

Fig. 4 Implementation of the

space and activity type. The recommended illuminances
are 300, 400, and 600 Ix, respectively. The final target
illuminance was abstracted by matched minimum illu-
minance during time zone of higher price while the
maximum illuminance was matched during time zone
of lower price according to the pricing stage of the
system. Further, cut-off angle was calculated by using
the basic data obtained from the system.

The low-level context and high-level context calcu-
lated during the abstraction process were utilized as data
to interpret the contexts. The brightness of the space and
blind control angles by the cut-off angle were deter-
mined by comparing the current illuminance to the
target illuminance.

3. Service layer

The system checks if illuminance or blinds can be
controlled from the data calculated in the Middleware
Layer. Once they find the context which does not match
with the service rules, it executes the defined service. If
the target illuminance in the space is either higher or
lower than the illuminance at present, it sends the re-
spective packet to the lighting controller so that

lighting controller. a Hardware ndh
block diagram. b Layout. ¢ ZigBee Module r(\flEc[a)tsc;r
Installation. d Control packet i
UART I
32bit MCU
T PWM
v =y gy
Setting 2Channel LED -
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@ Springer

(c)
2 Co. 4 5~7
STX | Module ID | Gateway|D | Module Type | Data 0 ~Data 2
8 9 10~11 12
(w[\ava_t;sen (ceva_t;:e,) CRC | ETX
(d)



Energy Efficiency (2017) 10:1329-1341

1335

Fig. 5 Implementation of the

blind controller. (@) Hardware —
block diagram. (b) Layout. (c) ZigBee Module ’ (LEDs)
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illumination is either gradually reduced or increased.
Further, if a present slat angle is higher or lower after
comparing it with cut-off angle, it sends the control
packet to the blind controller to achieve the target angle.

System components

The system sends control packets with a wireless mode
to the lighting controller and blind controller, respec-
tively, to control the illumination of the lighting and the
slat angle of the blind according to the context. The
lighting used in the proposed system was a flat type
LED lighting. It can execute PWM control from zero till
level 255 by the two channels as in Fig. 4.

PWM is a frequency control method that controls the
width of the pulse. The LED used in this system divides
a duty cycle of 0~100% into 255 stages and sends them
to the packet. Figure 4d shows the packet for the lighting
control. The PWM control for warm white LED and
cool white LED is sent by data no. 8 and no. 9.

Control of illuminance in the system is executed once
in 1 min, but if there is no change as compared with the
value just before comparison, the previous condition is
maintained. However, if the change is large in the light-
ing due to the sky conditions or abrupt changes in the

pricing stage at the moment of the lighting control,
occupants would feel a visual discomfort after recogniz-
ing the brightness changes. Therefore, in this study, if
illuminance changes by more than 20% from the previ-
ously measured level, the change is limited to within
20% so that dimming is performed more than twice in
1 min instead of a one-time action. It does not correct all
at once but is made to be dimmed more than twice in
1 min during illumination control. Figure 5 shows the

-60° -30° 0°
Fig. 6 Blind slat angle
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Fig. 7 Testbed for simulation. a Testbed. b Testbed for the comparison

implementation of the blind controller. Figure5d shows
the packet to control the up, down, and slat angle of the
blind. When packet no. 7 flag is 0 % 00, the packet no. 5

Table 2 Material property of venetian blind

Length of Width ofthe  The distance between two and packet no. 6 are set as blind up (0 x 0100) and blind
blind slats slats down (0 x 0001). Meanwhile, when flag is 0 x 01, the
145 m 0.05 m 0.045 m packet no. 5 and packet no. 6 are used as signs of the slat

angles. The packet no. 8 and packet no. 9 are used as slat
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Table 3 Experimental environment Table 4 Slat angle on December 28, 2014
Date of Electric rates Target illuminance Time Profile angle Cut-off angle Slat angle
i t
expertment 09:00 17.4528165 4170334127 60
Test group Control
group 10:00 24.4320341 30.5934717 60
11:00 28.04512651 24.54593007 30
Dec. 28,2014 TOUP Offpeak 6001x 500 Ix 12:00 29.63450332 21.83508167 30
Mid-peak 400 1x
Peak 300 Ix 13:00 29.7018 21.71955734 30
Dec. 29,2014  CPP Off-peak 600 Ix 500 Ix 14:00 28267018 24.16919346 30
Mid-peak 400 Ix 15:00 24.88075195 29.85190958 30
Peak 300 Ix .
Dec. 30,2014  RTP Offpeak 6001 5001 16:00 18.30590084 40.39354676 60
Mid-peak 400 Ix 17:00 5.617585103 57.97802144 60
Peak 300 Ix

angles. If the packet no. 5 and packet no. 6 are 0 x 0001
when flag is 0 x 01, the slat angle of the blind has a
negative sign; if the packet is 0 x 0000, it has zero, and if
the packet number is 0 x 0100, it has a positive sign.

The slat angle of the blind is controlled to the five
angles of —60°, —30°, 0°, 30°, and 60° as shown in Fig. 6
and is controlled as a larger value than the cut-off angle
calculated in the system.

Results

Testbed which is south-facing located on the fourth floor
of latitude 36.850483 and longitude 127.150056 was set
up as in Fig. 7 to carry out simulation and assessment for
the proposed system.

The lighting energy consumption and electricity cost
were calculated according to the pricing systems of RTP,
TOUP, and CPP. The target illuminance per pricing
system was provided as a minimum of 300 Ix, a standard
of 400 Ix, and a maximum of 600 Ix according to the
pricing stage. Further, the experiment was conducted by
establishing one more testbed having the same environ-
ment to compare with the proposed system. The target
illuminance of the testbed for comparison was set at
500 Ix in the illumination system of the traditional office
space. The experiment was then performed in two
testbeds simultaneously. That was because illumination
energy consumption and electricity cost had to be mea-
sured under the same environment and at the same time.

Two sets of LED lightings, two illuminance sensors
that could measure the present illuminance at the
workplane, one illuminance sensor that measured the
outdoor global horizontal illuminance, two power

Fig. 8 Electricity rate for
simulation 1000
_. 800
EJ
)
s 600
L
O
>
2
2 400
Ll
200

RTP '
TOUP mmmm |
CPP
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meters to measure the electricity consumption, and one
venetian blind were installed in each testbed. The con-
trol ratio of worm white LED and cool white LED was
set as same for the illumination and electricity consump-
tion for the test. When the 255 level that is the maximum
during PWM control of the lighting was given, illumi-
nance was measured at 1000 1x and power consumption
was 84 W. The geometrical properties of the venetian
blind installed in the testbed are tabulated in Table 2.

The test lasted for 3 days from December 28, 2014 to
December 30, 2014, for the two testbeds per electricity
pricing system only during working hours from 9:00 till
18:00 as shown in Table 3. During the experiment, the
On/Off status of the lighting should be considered as per
the presence of people. However, for the evaluation of the
proposed system, motion control was excluded to calcu-
late energy and power cost used at maximum for a limited
time according to external illumination and pricing
schemes. Figure 8 shows the electricity rate per time zone
under each electricity pricing system used on the day of
testing. In case of RTP, the time which was consumed
during peak where the rate was the highest was 2 h and
25 min. The time consumed in mid-peak was 1 h and
35 min, while the time consumed in off-peak was 5 h and
0 min. Under the TOUP and CPP systems, the time
consumed under peak was 3 h and 0 min, under mid-
peak 6 h and 0 min, and under off-peak 0 h and 0 min.

Table 4 is a profile angle, cut-off angle, and blind slat
angle according to time zone on December 28, 2014.
The proposed system transmits a packet for controlling
the slat angle of the blind to the blind controller of the
system by 1 h.

Figure 9 depicts external illuminance by time mea-
sured for 3 days, illuminances L1 (test group) and L2
(test group) of the two lighting types that were dimmed
by the proposed method and two types of illumi-
nances—L1 (control group), L2 (control group)—con-
trolled by the existing illuminance method. L1 (test
group) and L1 (control group) represent the data mea-
sured from the illuminance sensors that were located at
the window side. These sensed high illuminance be-
cause the quantum inflow from outside was more than
L2 (test group) and L2 (control group). The reason why
sensed internal illuminance was high was because quan-
tum from outside was higher than the target illuminance.
In this case, the lighting at that location was not turned
on. Figure 10 shows power measured by time when two
lighting systems were dimmed for each test to maintain
illuminance as in Fig. 9.
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The total electricity consumption and electricity price
used for two lightings on the testing date were calculated
as in Table 5. With RTP system, the electricity consump-
tion and cost were reduced by 20.86 and 40.85%, re-
spectively, in the proposed system compared with those
in the control. The electricity consumption was reduced
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Fig. 9 Illuminance from each illuminance sensor according to
electricity pricing system. a TOUP. b CPP. ¢ RTP
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Fig. 10 Electricity consumption according to electricity rates. a TOUP. b CPP. ¢ RTP

by 18.69% and cost was saved by 20.47% using the
proposed system compared with those by the control
employing the TOUP system. The electric consumption
and cost were decreased by 17.61% and 20.07%, re-
spectively, in the proposed system under the CPP
scheme.

Discussions and conclusions

In this paper, an automated demand response system,
which automatically responds according to the pricing
systems based on the price-based demand response
programs RTP, TOUP, and CPP of smart grid and re-
duces the load of lighting, is proposed. The pricing stage
was categorized into the three stages, i.e., off-peak, mid-
peak, and peak according to the pricing system. The
target illuminance according to the pricing stage was set
at a minimum of 300 1x, a standard of 400 1x, and a
maximum of 600 Ix per the recommendation by the KS
A 3011 which is a standard illuminance table in Korea.
The proposed system recognizes the current pricing
stage which is transmitted through the smart meter,
automatically executing light dimming matching the
pricing stage per the target illuminance suited to the
pricing stage. The illuminance change was operated at
a 1-min interval. The control frequency of the

Table 5 Total electricity consumption and electricity rate

illuminance was tuned to reach the target illuminance
smoothly if the illuminance change exceeds 20% as
against current illuminance. Further, the slat angles of
the blind were automatically adjusted with the cut-off
angle according to the solar altitude angle and solar
azimuth to improve the energy efficiency inside the
office area while removing the unpleasant glare.

The testbeds were set to evaluate the performance of
the proposed system. The energy consumption and
lighting cost by the proposed system were compared
with the traditional lighting system which provided the
service with the fixed target illuminance (500 1x). How-
ever, experiment was conducted excluding the presence
of the person and activities of the person in the experi-
mental space.

The energy consumption and cost for the lighting
were calculated during 9:00-18:00. The lighting energy
consumptions under RTP, TOUP, and CPP systems
were 31.43, 50.12, and 45.76 Wh, respectively, while
the energy costs were calculated as W 157.15, # 57.35,
and ¥ 123.38. The energy consumptions of the control
system were, on the other hand, calculated as 44.02,
61.64, and 55.54 Wh. The electricity costs of the control
system were W 265.7, W 72.11, and W 160.37, respec-
tively. The RTP, TOUP, and CPP systems could achieve
the lighting energy savings by 28.60, 18.69, and
17.61%, as well as lighting cost savings by 40.85,

Proposed system

Control system

Electricity rates Electricity consumption (Wh)

TOUP 50.12 57.35
CPP 45.76 123.38
RTP 31.43 157.15

Electricity rate ()

Electricity consumption (Wh) Electricity rate ()
61.64 72.11

55.54 160.37

44.02 265.70
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20.47, and 23.07%, compared with those using conven-
tional lighting systems. The reason why the different
energy consumptions and costs were obtained was be-
cause TOUP and CPP were the pricing systems imposed
based on the statistical calculation unlike the RTP which
imposes variable rates according to operation and sup-
ply conditions.

In the future, an integrated demand response system
needs to be developed by analyzing the relationship
between lighting energy and air conditioning energy
according to the blind’s slat angle control by setting up
the control strategy of optimum blind control accord-
ingly in order to minimize the lighting and air condi-
tioning cost per the pricing system of smart grid that is
changed at real time.
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