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Abstract: This paper introduces a groundbreaking approach to demand response management,
aiming to empower consumers through innovative strategies. The key contribution is the concept of
“acquiring flexibility rights”, wherein consumers engage with power aggregators to curtail energy
usage during peak-load periods, receiving incentives in return. A flexibility right coefficient is intro-
duced, allowing consumers to tailor their participation in demand response programs, ensuring their
well-being. Additionally, a lighting intensity control system is developed to enhance residential light-
ing network efficiency. The study demonstrates that high-energy consumers, adopting a satisfaction
factor of 10, can achieve over 61% in electricity cost savings by combining the lighting control system
and active participation in demand response programs. This not only reduces expenses but also
generates income through the sale of flexibility rights. Conversely, low-energy consumers can fully
offset their expenses and accumulate over USD 33 in earnings through the installation of solar panels.
This paper formulates an optimization problem considering flexibility rights, lighting control, and
time-of-use tariff rates. An algorithm is proposed for a distributed solution, and a sensitivity analysis
is conducted for evaluation. The proposed method showcases significant benefits, including cost sav-
ings and income generation for consumers, while contributing to grid stability and reduced blackout
occurrences. Real data from a residential district in Tehran validates the method’s effectiveness. This
study concludes that this approach holds promise for demand response management in smart grids,
emphasizing the importance of consumer empowerment and sustainable energy practices.

Keywords: demand response management; flexibility rights; lighting intensity control; energy cost
savings; optimization algorithm

1. Introduction

The existing power grid infrastructure faces challenges due to increased demand
and potential future strain from electric vehicles [1]. To address these issues, demand
response (DR) programs have gained prominence. This paper proposes a new approach to
DR management by introducing flexibility rights and a lighting intensity control system.
Previous studies have focused on energy consumption management, with limited attention
to the comprehensive integration of lighting control and DR programs [2,3].

The contemporary challenges faced by power grid infrastructures worldwide necessi-
tate innovative approaches to address increasing demand and integrate sustainable energy
practices. With the impending surge in electric vehicles and the strain on aging power grids,
the implementation of effective demand response (DR) programs becomes paramount [4].
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Existing studies have explored diverse facets of energy consumption management, ranging
from energy-saving methods in public buildings [5,6] to the analysis of residential energy
consumption before and after structural modifications [7–9]. Additionally, recent research
has delved into the synergies between photovoltaic (PV) generation and residential load
curves, emphasizing the importance of adaptive optimization and control modules for
maximizing rooftop PV usage [10,11].

Prior investigations have delved into various aspects of energy management. These
include endeavors to estimate energy costs [12], examinations of residential energy con-
sumption patterns before and after structural modifications [13], as well as comparative
analyses of energy utilization across residential locales [14–16]. In [17], it is shown that
with the help of lighting control in a smart home and the use of special sensors, it is even
possible to save 54% of energy consumption. In [18], the effect of building automation
control systems on the consumption performance of consumers in Italy has been stud-
ied. The obtained results show that building energy control systems can improve the
energy performance of homes significantly. DR provides an opportunity for customers to
play a significant role in consumption management by reducing or shifting their energy
consumption during peak-load hours in response to time-of-use (TOU) rates or other incen-
tive programs [19]. On the other hand, DR is a program that is implemented voluntarily
by consumers and generally consists of incentive-based and price-based programs. An
incentive-based program creates incentives for the user to participate in DR programs by
paying incentives [20]. The price-based program increases the tariff rate during peak-load
hours and decreases it during off-peak hours which helps to reduce the congestion of
distribution networks and power losses during peak-load hours [18].

Furthermore, the advent of edge and fog computing, coupled with the Internet of
Things (IoT), has facilitated direct load optimization and control, providing flexibility ser-
vices for citizen energy communities [21]. As part of the broader landscape, optimization
strategies leveraging dynamic tariffs and game-theoretic frameworks have emerged, aiming
to enhance electricity consumption flexibility [22]. The integration of such advanced
technologies highlights the evolving nature of demand response management.

This paper contributes to this evolving landscape by introducing a novel strategy,
“acquiring flexibility rights”, to revolutionize demand response management. In this
paradigm, consumers engage with power aggregators, receiving incentives for curtailing
energy usage during peak-load periods. An integral aspect is the introduction of a flexibility
right coefficient, allowing consumers to tailor their participation in DR programs [12,22].
This study also presents a sophisticated lighting intensity control system designed to
enhance residential lighting network efficiency; a facet not comprehensively explored in
prior research [23].

To strengthen the theoretical foundations of this work, we incorporate insights from
related studies such as “Mind the gap between PV generation and residential load curves”,
emphasizing IoT-based adaptive optimization [24], and “Optimizing the Electricity Con-
sumption with a High Degree of Flexibility”, employing dynamic tariffs and Stackelberg
game theory [13,22]. Additionally, we integrate recent research on edge and fog computing
utilizing IoT for direct load optimization and control [21].

As we delve into the optimization problem formulation and algorithm proposal, the
discussion extends beyond traditional DR programs. The methodology and findings pre-
sented herein showcase a forward-looking perspective on demand response, incorporating
the latest advancements in technology and adaptive control strategies. The subsequent
sections provide an in-depth exploration of the electrical energy tariff rate, irradiation mod-
eling, automatic lighting control systems, and the formulation of the optimization problem.
Through simulation results and analysis, we demonstrate the efficacy of the proposed
approach, emphasizing its potential impact on reducing electricity costs, enhancing grid
stability, and mitigating blackout occurrences.
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2. Electrical Energy Tariff Rate

This paper presents a time-of-use (ToU) tariff rate, dividing 24 h into three periods
with different rates. This study focuses on tariff rates applicable in 2022, providing specific
cost details for various energy consumption levels.

As part of the time-of-use (ToU) tariff rate, the 24 hours in a day are divided into
three time periods and a different rate is defined for each part. The peak periods are from
12:00–15:00 p.m. and 20:00–22:00 p.m., for which the highest energy price is intended. The
time periods between 7:00–12:00 p.m. and 15:00 to 20:00 p.m. are considered mid-peak
periods and from 22:00 p.m.–7:00 a.m. the next day is considered an off-peak period. This
study focuses on the tariff rates applicable in 2022. During this period, the cost of energy
consumption stands at USD 0.0075 per kWh for off-peak hours, USD 0.015 per kWh during
mid-peak hours, and USD 0.03 per kWh during peak-load hours. The amount of the
inclining block rate (IBR) is also according to Table 1.

Table 1. Tariff rate for moderate areas [4].

Avg. Monthly Energy Consumption
(kWh per Month)

Base Price per kWh
(USD)

0–100 0.022
100 to 200 0.026
200 to 300 0.057
300 to 400 0.102
400 to 500 0.118
500 to 600 0.148

more than 600 0.1633

3. Irradiation Modeling

The lighting control system relies on accurate information about irradiation levels at
different times. This study employs data on average solar energy radiation for various
months of the year, demonstrating a commitment to detail in optimizing the proposed
lighting control system.

For managing the lighting control system, it is necessary to have enough information
about the amount of irradiation at different times. In this regard, the information regarding
the average amount of solar energy radiation included in [25] has been used. Figure 1
shows the average level of irradiation for all months of the year.
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4. Automatic Lighting Control System

The developed lighting control system adjusts intensity based on natural daylight
and consumer preferences. A detailed model is presented, considering different modes
and parameters for effective lighting management. This paper highlights the independent
control mechanism of the lighting system, particularly during nighttime hours.

In order to manage electrical consumption, daylight can also be used in this field.
In fact, by adjusting the lighting intensity with the help of natural ambient light and
the controllable lighting system, it is possible to schedule maintaining the standard level
of intensity as well as optimizing the energy consumption of the lighting system. The
intensity of the ambient lighting is automatically adjusted based on the current level of
natural sunlight. The system dynamically regulates the lighting to optimize the use of
available natural light at any given time. According to the designed model discussed in
Refs. [26–28], four different modes can be defined based on the changes in the parameter
θ (Figure 2). This parameter expresses the angle of sunlight from the top of the window
in the room or other different parts of the residential house. In all four of these modes, a
light sensor is used to extract the brightness value and its value is calculated through (1).
In this regard, the parameter φ indicates the density of the measured illuminance intensity
in the ambient area under study and is regarded as an input to the lighting control system.
Coefficients b and h indicate the length and width of the irradiated area, and the parameter
δ is considered as the tool.

Iθi =



φ
[

1
2 (b1 × h1) + (b2 × x)

]
± δ 0◦ ≤ θ1 ≤ 15◦

φ
2 [(b3 × h2) + (b4 × h3)]± δ 15◦ ≤ θ1 ≤ 30◦

φ
[

1
2 (b6 × x) + (b5 × x)

]
± δ 30◦ ≤ θ1 ≤ 45◦

φ
[

1
2 (b6 × x) + (b5 × x)

]
± δ 45◦ ≤ θ1 ≤ 60◦

φx2 otherwise


(1)
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In this research, the lighting system is equipped with an independent control mech-
anism, distinct from other household appliances. During nighttime hours, when natural
lighting is unavailable, all the lamps within the residential dwelling are activated to ensure
adequate illumination. On the other hand, during the day and according to angles of
sunlight, first, the lighting sensors measure the intensity level of the ambient light and
compare it with the standard values defined for those hours of the day and type of applica-
tion. Finally, the necessary brightness intensity is determined and then the required lamps
are turned on. In other words, in these conditions, there is no need to use the maximum
power of the lighting system and only a part of the lighting system is used to meet the
defined standards.

5. Formulation of the Optimization Problem

The methodology for evaluating the proposed approach involves formulating an opti-
mization problem. The optimization problem aims to maximize social welfare, considering
flexibility rights, lighting control, and time-of-use tariff rates. This paper introduces an
algorithm for solving the optimization problem in a distributed manner, emphasizing the
efficiency and practicality of the proposed approach.

To formulate the objective function, the starting and ending times for each controllable
device are defined by the consumers. The status of the controllable devices must be
scheduled according to (2). The objective function of this research is defined according to
(3), which minimizes the difference between the consumer’s cost and income.

αa ≤ TSa ≤ βa − LOTa − αa + 1 (2)

αa: Beginning of the allowable time interval for controllable devices;
βa: Ending of the allowable time interval for controllable devices;
TSa: Starting time of controllable devices;
LOTa: No. of time steps required for a controllable device’s operation.

The total cost consists of the cost of consumed energy for the lighting system, fixed
devices, and controllable devices which is calculated as (4). The total income consists of two
terms which are related to incentive and injected power (5). In fact, the first term is related
to the incentive revenue with regard to offering the right of flexibility, and the second
term is related to injecting energy into the grid by operation of solar panels. In (4), the
parameter λ is used, which expresses the priority of starting the controllable device, which
is determined by the user. In fact, this term is included to model the waiting time, which is
called the customer satisfaction coefficient, which can adjust the scheduling hours of the
controllable equipment according to the user’s opinion. In this situation, the more value
that is allocated to the user’s adjustment factor, the more the waiting time will decrease, but
the cost of energy consumption will probably increase, and on the contrary, if the priority
factor set for starting the controllable equipment is selected as a low value, then the number
of waiting hours will increase and the cost of energy consumption will be reduced due to
operation of the equipment during off-peak hours.

Min O.F= Cost− Rev (3)

Cost = ∑
t∈T

(
Pt

illum + Pt
f ix + ∑

a∈A

(
TSa − αa

βa − LOTa − αa + 1
·λa

)
·Pt

shi f t

)
·kt (4)

Rev = ∑
′
tϵTpeak

P
′
t
f lex·k

′
t + ∑

t′′ϵT
Pt′′

gen·kt′′ (5)

where,

Pt
illum: Consumed power by the lighting (or illumination) system in the time period t (kW);

Pt
f ix: Consumed power by the fixed devices in the time period t (kW);
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Pt
shi f t: Consumed power by the controllable devices in the time period t (kW);

P
′
t
f lex: Amount of shifted power according to right of flexibility (kW);

Pt′′
gen: Amount of injected power by solar arrays (kW);

kt: Tariff rate of electrical energy in the time period t (USD/kWh).

The consumed power of the lighting system in these conditions is also obtained by (6).
In order to optimize the amount of energy consumption, it is necessary to consider a set of
constraints. In (7), it is stated that the total power of the residential load (consisting of fixed
load, lighting system, and controlled load) must be less than the maximum allowable power
consumption. Equations (6)–(8) show the equality and inequality constraints associated
with the objective function. Equation (8) shows that the consumption power of each
controllable device must be within its defined permissible range.

Pilluma =
(

Iθre f − Iθ

)
× Ea (6)

Pt
f ix + Pt

illum + Pt
shi f t ≤ Pmax (7)

Pmin
a ≤ Pa ≤ Pmax

a ∀ a ∈ A (8)

where:

Iθre f : Density of light intensity (Lum/m2);
Iθ : Brightness level of daylight illumination (Lum);
Ea: Gain of lighting system (kW/Lum).

5.1. Participation Level: Virtual Contract

As stated in the previous section, consumers can determine their level of participation
in DR programs by determining the satisfaction coefficient (λ). Determination of this
coefficient is achieved by a mobile application. Based on the collection of all consumers’
information, the tariff rate, and the estimated amount of consumption for the next day, the
level of consumer participation is determined. At this stage, if the consumer approves the
level of participation specified in order to reduce the consumption in peak-load hours, he
will receive an incentive according to shifted kWh. The proposed incentive rate considered
in this research is equal to 0.03 USD/kWh and increases with more participation. Since this
approach is designed based on a virtual contract between the consumers and the power
aggregator, any violation of this contract causes penalties for both sides. In fact, if they
exceed the permitted consumption rate, they will be fined. The proposed penalty rate is
equal to 0.0375 USD/kWh, which increases in a stepwise manner.

It should be noted that the consumer can use special mobile applications to obtain
information regarding real-time consumption and the upper bound of the peak-load con-
sumption constraint. Determination of the satisfaction coefficient is also achieved through
this system and until a new value is defined for it, based on the last previously determined
value, scheduling is performed for the following days. If the amount of electric energy
consumption during peak-load hours approaches the defined upper bound by the power
aggregator, an SMS will be sent to the consumer, a warning of the consumption pattern
reminding him that if the amount of consumption increases, he will be fined.

5.2. The System under Study

In this research, the electrical energy consumption information of one of the residential
districts in Tehran was used. In order to provide a detailed evaluation, three types of
consumers (low-, normal-, and high-consumption) for a period of 70 days (May to mid-July
2022) were studied. The information of the system under study is presented in Table 2.
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Table 2. Characteristics of consumers in residential district.

Type of Consumers Off-Peak (kWh) Mid-Peak (kWh) Peak-Load (kWh) Total (kWh)

Low consumption 51 93 43 187

Mid. consumption 181 295 160 636

High consumption 589 844 326 1759

Total no. of consumers in residential district 78,234

Total amount of consumption in this period 43,995,553 kWh

5.3. Fixed Devices and Lighting System Control

Fixed devices refer to electrical appliances characterized by a consistent power con-
sumption level, rendering them ineligible for inclusion in consumption scheduling strate-
gies. These devices require a specific amount of consumption power and need to operate
continuously. On the other hand, smart lighting management systems can adjust the in-
tensity of ambient light to maintain optimal lighting levels while maximizing the use of
natural irradiance.

Figure 3 illustrates the consumption pattern of fixed devices, depicting a stable level
of power usage over time. Recognizing and analyzing these consumption patterns is
crucial for devising comprehensive energy management strategies tailored to both dynamic
and fixed loads. In a typical house with three bedrooms and a living area, the required
intensity for the living room and bedrooms are considered 300 and 400 Lux, respectively.
The consumption power for the living room is 120 W; for two 12 m2 rooms, it is 60 W; and
for one 9 m2 room, it is 50 W. By implementing smart lighting control, energy consumption
during peak periods (12:00–4:00 p.m.) can be reduced on average by 13%, resulting in 21%
cost savings.
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Figure 4 displays the consumption energy for the lighting system in scheduling mode,
as referenced in [5]. This figure provides insights into the energy usage patterns of the
lighting system when subjected to scheduling protocols, offering valuable data for optimiz-
ing energy management strategies. Lighting control systems incorporate communication
between various system inputs and outputs related to lighting control with the use of one
or more central computing devices. These systems can be used in both indoor and outdoor
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lighting of commercial, industrial, and residential spaces and are sometimes referred to as
smart lighting.
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6. Results and Discussion

This section presents the results and analysis of the proposed method using real data
from a residential district in Tehran. This study evaluates the performance of the approach
by comparing costs and revenues for different consumer types under various scenarios,
including normal conditions, illumination control, and illumination plus DR participation.

This section presents the results and discussion of the proposed method for energy
management in residential households with the considered lighting system. The results are
based on the real data from a residential district in Tehran, which consists of three types of
consumers: low-, normal-, and high-consumption. The data cover a period of 70 days from
May to mid-July 2022. This paper evaluates the performance of the proposed method in
terms of costs and revenues for different types of consumers as well as the effect of using
renewable resources, such as solar arrays.

6.1. Use of Renewable Resources

This subsection investigates the effect of using solar arrays as an additional source of
income for consumers. It is assumed that each house has a solar panel with a capacity of
5 kW, which can directly inject the generated energy into the distribution network. The
average solar irradiation is taken from [27,29]. It is also assumed that the tariff rate for
selling the generated energy is the same as the tariff rate for buying the consumed energy.
The average amount of income obtained by each consumer through selling the generated
energy in this period is about USD 31.94.

6.2. Evaluation of Consumer Participation in DR Programs

This subsection evaluates the effect of consumer participation in DR programs, which
involves trading the right of flexibility during peak-load hours between consumers and a
power aggregator. Consumers can determine their level of participation and satisfaction by
using a mobile application, which also provides them with real-time information and feed-
back. The consumers can receive incentives for reducing their energy consumption during
peak-load hours or pay penalties for exceeding their permitted consumption rate. The pro-
posed incentive rate is 0.03 USD/kWh and the proposed penalty rate is 0.0375 USD/kWh,
both increasing with more participation or violation.
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This paper compares the costs and revenues for different types of consumers under
three scenarios: normal condition, illumination control, and illumination plus DR participa-
tion. The normal condition refers to the case where the consumers do not use any lighting
control system or participate in any DR program. The illumination control refers to the
case where the consumers use a smart lighting control system that adjusts the ambient
lighting intensity by using daylight and controllable distributed lights, which can save
energy and maintain the standard lighting level. Illumination plus DR participation refers
to the case where the consumers use both the smart lighting control system and participate
in the DR program, which can further reduce their energy consumption and allow them to
receive incentives.

The results are shown in Table 3, which indicates that by using the proposed method,
not only are significant savings made for the consumer’s cost, but they can also earn
revenue by mounting solar arrays and trading the right of flexibility. According to Table 3,
high-consumption consumers can save more than 61% on their electricity costs by using
the smart lighting control system and participating in the DR program and earn more than
USD 80 as income by mounting solar arrays and trading the right of flexibility. On the other
hand, low-consumption consumers can cover their costs completely and earn more than
USD 34 as income by mounting solar panels and trading the right of flexibility. Finally, if
all the studied consumers are equipped with 5 kW solar arrays, the total income obtained
by them will reach more than USD 2,475,000 in this period.

Table 3. Comparison of costs/revenues for different types of consumers.

Status Scenario
Type of Consumers

Low Consumption Mid. Consumption High Consumption

Cost

Normal condition USD 1.43 USD 19.33 USD 178.67

Illumination control USD 1.30 USD 16.04 USD 153.65

Illumination + DR participation USD 1.23 USD 13.34 USD 117.92

Revenue
Right of flexibility USD 2.32 USD 8.4 USD 48.9

Right of flexibility + Solar arrays USD 34.26 USD 40.34 USD 80.84

7. Conclusions

This paper concludes that the proposed enhanced demand response management
approach, incorporating a smart lighting control system, is promising for optimizing
residential energy consumption. The integration of flexibility rights and lighting control
not only yields significant cost savings but also contributes to reducing network congestion
and potential blackouts. The use of renewable resources, such as solar arrays, further
enhances the economic benefits for consumers. This study emphasizes the need for a
holistic approach in managing energy consumption in smart grids.

This paper presents an efficient method for energy management in residential house-
holds, considering lighting systems. The main idea is to trade the right of flexibility during
peak-load hours between consumers and the power aggregator, which allows consumers
to reduce their energy consumption and receive incentives, while the power aggregator can
optimize the power flow in the distribution network. The consumers can determine their
level of participation and satisfaction by using a mobile application, which also provides
them with real-time information and feedback. This paper also proposes a smart lighting
control system that adjusts the ambient lighting intensity by using daylight and controllable
distributed lights, which can further save energy and maintain the standard lighting level.
This paper evaluates the performance of the proposed method by using real data from a
residential district in Tehran and compares the costs and revenues for different types of
consumers. The results show that the proposed method can achieve significant savings
and income for the consumers as well as reduce the congestion and possible blackouts in
the distribution network. This paper also discusses the use of renewable resources, such
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as solar arrays, as an additional source of income for consumers. This paper concludes
that the proposed method is a promising approach for demand response management in
smart grids.
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Nomenclator of Variables

αa Beginning of the allowable time interval for controllable devices
βa Ending of the allowable time interval for controllable devices
TSa Starting time of controllable devices
LOTa No. of time steps required for a controllable device’s operation
Pt

illum Consumed power by the lighting (or illumination) system in the time period t (kW)
Pt

fix Consumed power by the fixed devices in the time period t (kW)
Pt

shift Consumed power by the controllable devices in the time period t (kW)

P
′
t
flex Amount of shifted power according to right of flexibility (kW)

Pt′′
gen Amount of injected power by solar arrays (kW)

kt Tariff rate of electrical energy in the time period t (USD/kWh)
Iθref Density of light intensity (Lum/m2)
Iθ Brightness level of daylight illumination (Lum)
Ea Gain of lighting system (kW/Lum)
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