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Abstract—The world is moving toward demand response
programs, energy optimization, and using renewable energy
resources more than the past. Buildings are responsible for a
significant part of energy consumption and they are considered as
suitable cases for reducing energy usage. Therefore, energy
management in buildings should be improved. This paper
presents a multi-period optimization algorithm with the aim of
reducing power consumption of the lights and maintain user
comfort. For this purpose, several comfort constraints are
considered, and several parameters are defined. The case study of
the paper uses real data monitored by an implemented
automation infrastructure in a building. Four scenarios are
presented to validate the impacts of proposed algorithm. Each
scenario surveys different aspects of user comfort constraint and
the obtained results illustrate the performance of algorithm.

Index Terms— Energy Optimization, Office Building, Lighting
System, User Comfort.

NOMENCLATURE

Parameters
Priority Importance weight of Light
P Power of Light

RR Required power Reduction

PRR Power Reduction Rate

Init.P Initial power of Light

MaxRed R Maximum power reduction in each room

MaxRed T Maximum power reduction in each period
Indexes

L Maximum number of Lights

T Maximum number of Periods

R Maximum number of Rooms

l. INTRODUCTION

A. Motivation and Background

Energy consumption has always been a concern for worlds
during various times [1]. The increment of energy consumption
in the last decades has made irreparable consequences.
Environmental problems such as global warming, melting
glaciers, seasons replacements in many countries are clear
examples of the aftermath of fossil fuels usage [2]. Many efforts
have been done and many solutions have been proposed by the
experts in this field, but each proposed solution have foibles
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which still make the energy consumption topics challenging.
Renewable Energy Resources (RER) are presented as clean
energy and can be considered as an alternative for fossil fuels
however their uncertainty and stochasticity require
comprehensive and accurate planning [3]. In this context,
Demand Response (DR) programs organize the user’s
consumption pattern according to electricity price variations or
technical issues with considering consumers and producers
interests [4]. DR programs have a desirable variety which is
divided into two main groups, namely price-based DR and
incentive-based DR [5]. All types of buildings including
domestic, industrial, commercial, and office buildings are
responsible for 40% of world energy consumption [6], [7].
Office buildings can be considered as flexible options for
implementing DR programs since usually, they have significant
energy consumption, and in some cases can be more equipped
to automation infrastructure than residential houses [8].

In order to implement the DR programs in office buildings,
the lighting systems play an important role as dynamic and
flexible loads since their consumption can be reduced or
interrupted [9]. In this context, Supervisory Control And Data
Acquisition (SCADA) system play a key role in DR
implementation since it offers various advantages in order to
have automatic load control in different types of buildings [10].
For instance, the SCADA system can dominate the illumination
of the lighting system which they are fully controllable via the
Digital Addressable Lighting Interface (DALI) [11].

DR programs and other operations that modify the user
consumption pattern, directly effect on user comfort.
Nowadays, one of the main challenges of energy consumption
optimizers is maintaining the balance between goals of program
and convenience of users. The three basic factors which
determine the occupant’s quality of lives in a building
environment are thermal comfort, visual comfort and air quality
[12]. The illumination level is used to indicate the visual
comfort in a building environment.

B. Relevant Literature

Several studies have been done in the scope of consumption
optimization in the buildings such as [11] that focuses on
reducing power consumption of lights in an office building
based on the importance of each light without considering user
comfort constraints. The power consumption of lights and air
conditioners have been optimized in order to reduce the final
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energy cost of the user in [13] under real-time pricing while the
user convenience is not mentioned. In [14], the authors have
been used the lights as the second priority for the algorithm
beside air conditioners for reducing the power reduction. The
authors in [15], have been proposed a particle swarm
optimization algorithm that is controlling the lighting system of
the large-scale buildings by using adjustable lights and wireless
sensor networks, however, the user satisfaction is out of the
scope of the article. The paper [16], proposes an intelligent and
smart building that the optimum visual user preferences is
predicted, and it claims that could be able to save a significant
amount of energy compared to a normal situation.

C. Contribution and Organization

The present article proposes a multi-period optimization
algorithm for minimizing the power consumption of the lighting
system in an office building. The methodology is modeled as a
linear problem by Optimization Modeling Package in Rstudio
(OMPR). The algorithm attempts to maintain user comfort by
considering several constraints and defining effective
parameters. Each constraint applies restriction on various
aspects that effect on user comfort.

After this introductory section, the optimization algorithm
and the implemented methodology is explained in Section II.
The case study with four scenarios are demonstrated in Section
Il in order to validate the performance of the proposed
optimization algorithm, and the obtained results will be
compared in section V. Finally, Section VI describes the main
conclusions of the work.

II.  MODEL DESCRIPTION

This section describes the optimization algorithm which is
implemented in the present SCADA system. The main purpose
of the algorithm is minimizing the power consumption of the
lights, while the user comfort is respected. It is important to
achieve the desired power reduction of the algorithm, whenever
the referred power reduction is reduced a balanced level from
all the lights. For this purpose, several constraints and
parameters are defined. One specific number between 0 and 1 is
assigned to each light to show the priority of each light for the
system. The definition of these priority numbers depends on
several aspects such as preferences of the user, the location of
each light, and the level of natural light. Fig. 1 shows the steps
of the present algorithm with some details.

As itis presented in Fig. 1, the optimization algorithm starts
with receiving input data such as power consumption of the
lights, the nominal power consumption of the lights and total
consumption of the building. The components of the SCADA
system are obligated to monitor the initial data as well as
controlling the lighting system. The priority numbers are
decimal numbers between 0 and 1 determinant parameters that
specify the importance of each light for the system. The priority
numbers close to 1 are the most important lights for the system
while the 0 means the last priority. Power Reduction Rate
(PRR) is another determinative parameter for the algorithm.
Since the present algorithm is a multi-periods optimization,
PRR is defined to limit the power reduction of each specific
light in all periods. It means that the total power reduction of
each light during all periods is limited to PRR.

———————————————————————————————

* Power consumption of Lights

Pre-Optimization: * Nominal power Consumption

Importing Input Data of Lights
| = Other Power Consumption |
I — l
| Based On: |
Defining Priority ) _i * User Preferences i
Numbers I« Light Location |
l i * Time and Date |
e |
Assigning Power _i Percentage of Participation of i
Reduction Rate i each Light in all Periods :
' |

l e

Assigning Maximum

|
|
. P Reduction Limitation fi
Reduction Rate for Two -—-| OWEL RECUCHON LInitaton tor
|
|

Consecutive Periods GO
l I oL TS
| © Objective Function Direction |
[ . . . I
Multi-Period  © Minimum and Maximum i
L F--i Bound for each Light 1
Optimization ! . |
i * Desired Purpose !
l _*_ComfortConstraints |

———————————————————————————————

Light Control

Fig. 1. The flowchart of the proposed optimization methodology.

Another parameter so-called Maximum Reduction Rate
(MRR) is defined to avoid reducing power consumption from
lights in consecutive periods. After specifying the parameters,
the relative constraints should define, and the variables should
bound. The desired purpose of the algorithm is minimizing a
certain amount of power consumption from the lights. Defining
the range of power reduction can be affected by several issues
such as electricity price, ON-Peak or Off-Peak hours, the rate of
power generation, and stored energy in batteries if exist. After
defining all the required data, the algorithm runs, and the results
will obtain.

The proposed methodology is defined as a Linear
Programming (LP) optimization problem, which is modeled via
“OMPR” package of Rstudio® (www.rstudio.com) and is
solved via “GLPK” library.

The Objective Function (OF) of the proposed optimization

algorithm is shown in (1) for minimizing the power
consumption of the lights.
T L
Minimize OF = z Z Priorityq s X Py (€]
t=11=1

It should be mentioned that Priority is converted to decimal
numbers between 0 and 1. The small numbers indicate the non-
priority lights and the important lights have bigger.



The defined range for Priority and P is referred in the
author’s previous work [14] and they are not mentioned in this
section. Equation (2) shows the desired power reduction of the
system in each period that can be adjusted based on several
aspects such as electricity price, power generations, and user

prefrences.
L
Z Py = RR
=1

vt € {1,..,T}

Equation (3) limits the power reduction of each light
individually by PRR, which is defined in order to avoid
exorbitance reduction to maintain user comfort.

)

T

T
Z P(l,t) = PRR([) X Z init. P(l,t)

t=1 t=1
vie{l,..L}

The effective role of PRR will be present more obviously in
the results section. According to (3), the total power reduction
of each light during all periods cannot exceed a defined value.
PRR can make power reduction rigid in several ways, such as a
function of time. For instance, it can limit the power reduction
of certain lights in only certain periods of time.

©)

In addition to the individual setting of each light, the
required illumination for the users can be adjusted based on each
room. Equation (4) provides the desired illumination for each
room by restricting power reduction.

. 4
ZP(I'T’t) = MaxRed_R(l_T‘t) XZmlt. P(l,r,t) ( )
l l
vr € {1,..,R}
vt € {1,..,T}

Equation (4) guarantees that users in every room have
enough illumination. Although the purpose of the algorithm is
the cooperation of all the lights based on their conditions, it
should be considered that power reduction in consecutive
periods can be annoying for the users because the user may feel
illumination reduction for several consecutive periods.
Therefore, (5) is assigned to prevent power reduction from
certain lights in consecutive periods and all the lights should
participate in algorithm goals. It means that the algorithm
employs the lights for reducing the desired power reduction in
short periods. Then the optimized light in one period can be
replaced to other light in different period in order to prevent
reducing power of a certain light for several hours.

Puy + Pe-1y < MaxRed_T (5)
vie{l..,L}
vt e {2..,T}

All of the referred constraints are defined in order to balance
the power reduction among all the lights and respect to user
convenience.

In the next sections, the impacts of this methodology in real
life are demonstrated through a case study and several scenarios.

I1l. CASE STUDY

The illumination system can be considered as the most
essential system in any workplace since it directly effects on the
efficiency of the users. Hence, the main purpose of this section
is to validate the proposed methodology and present its impacts
on people’s real life.

In this case, there is an office building that includes eight
rooms and one corridor containing ordinary office tools such as
computers, air conditioners, and lighting system. The lighting
system of the building is fluorescent lights that are fully
controllable with DALI ballasts. Moreover, several energy
meters monitor the energy consumption of the building. In the
main core of the SCADA, there are several distributed based
Programmable Logic Controllers (PLCs) for managing the
consumption. The more detailed information regarding the
SCADA model is available on [10].

Fig. 2 illustrates the plan of a part of the building that is
controlled by the proposed system.
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Fig. 2. The plan of the office building considered for the case study.

As can be seen in Fig. 2, in the present office building, each
room has two 100W lights, and the corridor has four 100W
lights. Therefore, the present case study considers 20
controllable and reducible lights. If all the lights are turned on
in maximum intensity mode, the maximum power consumption
of the lighting system in each period is 2000W. It should be
mentioned that the maximum power reduction of each light is
bounded to 60% of its nominal power consumption to avoid
turning any light off.

The focus of the algorithm is on 48 periods of the day (12
hours with 15 minutes time slots) from 8:00 AM to 8:00 PM to
consider the working hours completely. The utilized data in this
section are real data that are monitored from the SCADA system
and used in the case study as day-ahead information.

Furthermore, the initial power consumption of the building,
initial power consumption of the lights, and the power
consumption of the other devices in 48 periods of the case study
are shown in Fig. 3—(A). Also, the total power consumption of
each light during all periods without any optimization and
power reduction is illustrated in Fig. 3—(B).

As can be seen in Fig. 3—(A), the power consumption of the
lighting system has been changed during the day and in some
periods, such as 1, 2, 5, 6 and 48, the power consumption of the
lights is equal to zero. Also, in Fig. 3—(B) the contribution of
each light is presented individually. Furthermore, as it is clear
in Fig. 3—(B), the total power consumption of lights number 1,
9, and 10 are lower than the total power consumption of other
lights, and therefore, it is expected that they will have lower
power reduction too.
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Fourth Scenario

The fourth scenario involves (5) in the optimization
algorithm implementation to validate the performance with its
all comfort constraints. The purpose of (5) is to avoid power
reduction from a certain light in consecutive periods, which is
important for respecting the user comfort level.

Table I indicates the details of the parameters that are used
in the proposed four scenarios.

TABLE I. THE CONSIDERED PARAMETERS FOR DIFFERENT SCENARIOS

PRR PRR MaxRed | MaxRed
[%] | (Specific)[%] | R[%] | T[W]

O Power Consumption of Each Light During all Periods

Power(W)
1000 2000 3000 4000 5000

1 3 5 7 9 11 17 20
Light

0
L

Fig 3. Input data considered for the case study.

Four scenarios are considered for the present case study in
order to verify the impact of comfort constraints on the power
reduction pattern. It should be noted that in all four scenarios,
the initial power consumption of the building and lights, the
priority numbers of the lights, and the required power reduction
of the system are considered as same as each other.

First Scenario

In the first scenario, the algorithm is going to be
implemented without considering any comfort constraints to
obtain the results in a normal situation. It means in the first
implementation of the algorithm, (3), (4), and (5) are ignored
and the required power reduction should be achieved without
considering user satisfaction.

Second Scenario

In the second scenario, (3) would be involved in the
algorithm in order to show the effect of PRR on power
reduction. PRR is defined to survey the role of each light in all
periods and limit the exorbitance power reduction from each
light. PRR can be also assigned for only certain lights in certain
periods. The second scenario has two sub-scenarios of A and B
that are implemented with general PRR and can be more rigid
for certain lights and periods with specific PRR.

Third Scenario

In the third scenario, a minimum illumination level for each
room is considered with involving (4) an algorithm
implementation. Regarding the position of each room in the
building and taking advantage of natural daylight, the
MaxRed_R parameter would be a different percentage of initial
power consumption for different rooms.

1st Scenario - - - -
2nd Scenario | 40 - - -
2nd Scenario |1 40 20 - -

3rd Scenario 40 20 50 -

4th Scenario 40 20 50 60

As it can be seen in Table I, in each execution of the
algorithm, one comfort constraint is added, and at the end, all
the constraints are involved in the algorithm. It should be noted
that the considered values in Table | are correlated to present
case study, and they could be different values based on the initial
situation of the other cases.

As a summary, a case study has been shown in this section
in order to validate the performance of the proposed algorithm
and the obtained results on different conditions considering
various parameters will be shown on the next section.

IV. RESULTS

This section presents the obtained results of the proposed
optimization algorithm in four different scenarios. The main
purposes of the presented case study are to reduce a certain
amount of power reduction in each period, while the comfort of
the users is respected. Therefore, outputs of the algorithm would
be the situation of each light in each period as well as the amount
of power reduction of each light in each period.

It should be noted that the amount of power reduction in all
scenarios is considered equal. Fig. 4 shows the considered
power reduction of all lights in each period without any details
about participant lights.
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Fig 4. Consumption of the lighting system before and after optimization.



As Fig. 4 demonstrates, there is various power reduction in
each period, somehow the amount of power reduction is
constant in all periods while the participated lights would be
different considering various conditions. The first result of the
algorithm is dedicated to the first scenario while all the comfort
constraints are ignored, as Fig. 5 illustrates. The total power
reduction of each light during all periods is shown in Fig. 5—(A),
and the role of each light in each period is presented in Fig. 5—
(B). It should be noted that Fig. 5_B illustrates the power
reduction of lights related to each room. For instance, L2.5
represents the second light in room number 5 and the corridor
has been assumed as 9" room.
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Fig. 5. Optimization results in 1% scenario.

As can be seen in Fig. 5-(A), many lights have not
participated in optimization while the other lights such as 15 and
18 have almost 2500W power reduction during all periods.
Also, in Fig. 5—(B), the required power reduction has been
achieved in each period, however, there are some specific lights
that are reduced frequently during the case study. This means
the user comfort level is definitely distorted in this situation.

Fig. 6 illustrates the situation of power reduction of lights in
scenario 2 — (1) that PRR is considered to avoid exorbitance
power reduction. It should be mentioned that PRR is in general
mode in this scenario. As it is obvious in Fig. 6-(A), the rate of
total power reduction in lights 11, 15, and 18 have been
decreased significantly. Comparing to the first scenario, more
lights have participated in the optimization process. Also, Fig.
6—(B) verifies that by applying (3) and PRR the power reduction
pattern has been changed. However, there are still many
successive periods that reduce the power of some specific lights
while the others do not participate in the process. The other
benefit of defining PRR in the optimization process is to assign
the reduction for only certain devices and certain periods. In
scenario 2 — (1), the PRR is applied for some specific lights, and
its impact on the output of the optimization is shown in Fig. 7.
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Fig. 6. Optimization outputs for 2" scenario — (1).
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According to Fig. 7—(A), it can be interpreted that light
number 8 is more limited than scenario 2 — (1) by applying a
specific PRR. This limitation can be due to technical reasons or
based on defined preferences of the user. The results of third
scenario are shown in Fig. 8.
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Fig. 8. The obtained results from optimization in 3" scenario.

Asitisclearin Fig. 8—(B), all lights, especially light number
8 and 16, have minor changes comparing with other scenarios.
This means in the third scenario, the user comfort level has been
more respected, and therefore, the optimization results become
more favorable. The last scenario considered all the capabilities
validating the effect of (5) on improving this problem. The
amount of total power reduction in each light has been reduced,
which means the required power reduction of the algorithm is
reduced more balanced among the lights. For instance, lights
number 4, 6, 14, and 17 proof this matter, somehow, they are
did not participate in the previous scenario and they are reduced
in this scenario. However, it should be noted that if there are
some successive periods to reduce the power of light, the
amount of power reduction is insignificant, and it should not be
exceeded the amount defined in MaxRed_T.

V. CONCLUSIONS

This paper proposed a multi-period optimization algorithm
for minimizing the power consumption of the lighting system in
an office building. A case study was proposed to validate the
performance of the algorithm by applying several levels of user
comfort and preferences. The gained results from the case study
show that the proposed optimization algorithm is able to reduce
the lighting consumption more balanced among the lights
considering not reducing from specific lights in successive

periods. Therefore, the purpose of the optimization algorithm is
reached while the user preferences and comfort level has not
been disturbed.
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