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a  b  s  t  r  a  c  t

Demand  response  (DR)  for smart  grids,  which  intends  to balance  the  required  power  demand  with the
available  supply  resources,  has  been  gaining  widespread  attention.  The  growing  demand  for  electricity
has  presented  new  opportunities  for residential  load  scheduling  systems  to improve  energy  consump-
tion  by  shifting  or curtailing  the  demand  required  with  respect  to price  change  or  emergency  cases.  In
this  paper,  a dynamic  residential  load  scheduling  system  (DRLS)  is proposed  for  optimal  scheduling  of
household  appliances  on the basis  of an  adaptive  consumption  level  (CL)  pricing  scheme  (ACLPS).  The
proposed  load scheduling  system  encourages  customers  to manage  their  energy  consumption  within  the
allowable  consumption  allowance  (CA)  of  the  proposed  DR  pricing  scheme  to achieve  lower  energy  bills.
Simulation  results  show  that employing  the  proposed  DRLS  system  benefits  the  customers  by reducing
their  energy  bill and  the  utility  companies  by  decreasing  the  peak  load  of the  aggregated  load  demand.
For  a  given case  study,  the  proposed  residential  load  scheduling  system  based  on  ACLPS  allows  customers
to reduce  their  energy  bills  by  up to 53%  and  to  decrease  the  peak  load  by  up  to 35%.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Currently, residential electricity demand accounts for 20% to
40% of the total electrical energy used all over the world [1–3]. Res-
idential loads often contribute significantly to seasonal and daily
peak demands [4]. To meet these occasional peak demands, utility
companies have been required to increase their generation capac-
ity to match the required demand at all times. Generally, about 20%
of the power generation capacity is latently available to meet the
peak demand that occurs for approximately 5% of the time [5,6].
However, this capacity level is becoming less practical because of
the cost of new power plants and the level of greenhouse gas emis-
sions [7,8]. Managing the peak power consumption helps drive
significant energy conservation by shifting or curtailing the peak
load to achieve smooth customer energy usage [9,10]. Both, util-
ity companies and customers benefit from achieving optimal load
management during peak periods [11]. Furthermore, residential
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homes are becoming smarter because of the integration of the infor-
mation and communication technologies to connect all household
appliances and sensors in a home area network (HAN) for easier
monitoring and intelligent control. Meanwhile, smart homes are
being faced with varied pricing tariffs where flexible DR schemes
are being implemented in many countries all around the world.
Therefore, a great opportunity for the residential sector to improve
its energy usage load scheduling through smart home techniques
under flexible pricing schemes [12–15]. However, residential cus-
tomers cannot be expected to invest time and obtain knowledge to
manage all the smart home devices on their own. Thus, a dynamic
load scheduling system is expected to help customers arrange the
load scheduling optimally to save energy and cost [16,17].

Recent literature includes several studies that refer to the need
to address customer load scheduling in DR systems. In [18], a coop-
erative game theory model was proposed to optimize the peak
load by scheduling the customer appliances. A time-of-use (ToU)
DR program was used in the study. The results showed that the
customer energy cost was  reduced by 18%. In [19], an intelligent
home appliance scheduling solution was illustrated on the basis
of the ToU program. This solution attempted to optimize the cus-
tomer constraints and the ToU price change of utility companies
to obtain a decision-support system for forecasting the electricity
demand and to save energy with an efficient appliance scheduling
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Nomenclature:

Abbreviation
DR demand response
DRLS dynamic residential load scheduling system
CL consumption level
ACLPS adaptive consumption level pricing scheme
CA consumption allowance
HAN home area network
ToU time of use
DLC direct load control
PIB price-invariant band
CA+ positive consumption allowance
CA– negative consumption allowance
BC British Columbia
PR price rate
R the currency of South African, that is ZAR or rand

Variables
dt the total load at each time slot
t time slot
dt

p one-slot energy consumption for appliance p
Dt the total load of all appliances at time slot t
Ct the pricing function
at, bt, ct parameters of quadratic cost function
Lt the customer consumption level in each time slot
St the starting operation time of an appliance
Et the ending operation time of an appliance
OSt the optimal starting time of appliance operation
OEt the optimal ending time of appliance operation

Parameters
T total number of time slots
P set of household appliances
p one household appliance
dp the total energy consumption of appliance’s p
r1, r2, r3 the constant parameters of the ACLPS cost function
B the daily energy cost
BDs desired daily customer energy consumption cost
BAC actual daily customer energy consumption cost
Ex extended energy consumption
TD time duration

system. However, the simulation result covered only a few types of
customer appliances. Furthermore, customer privacy and load syn-
chronization were not addressed in the study. In [20], a scheduling
of actual customer load types was presented using a mixed-integer
nonlinear optimization model based on the ToU pricing program.
The result achieved approximately 25% cost reduction. A dynamic
load scheduling system for a smart home during demand response
events was proposed in [21]. In this system, load curtailment and
scheduling were adapted every minute to ensure adequate com-
fort levels during peak periods. Load priorities were fed into an
optimization module to determine the least important load at each
instant. Another dynamic load scheduling system that incorporated
both intelligent smart meter and an aggregator that autonomously
scheduled the appliances and storage devices, was  proposed in
[22]. According to the historical data on the operation of cus-
tomer appliances, the smart meter learns and predicts the power
consumption behavior of the appliances to generate the expected
appliance scheduling automatically. The average savings attained
by the customers were 20.39%. In [23], a multi-objective genetic
algorithm was proposed to optimize the time allocation of domestic
load operation while minimizing the costs associated with energy

purchase and end-user dissatisfaction. The system showed three
extreme solutions to address energy purchase cost, end-use dissat-
isfaction, and compromise solution. The cost reductions of these
three solutions were 24%, 22%, and 23%, respectively. In [24], a
mathematical formulation for load scheduling was proposed for
optimal cost saving considering the electrical vehicle to home dis-
charging capability. The system investigated different time-varying
DR programs (ToU, inclining block rate, and a combination of them)
to show the effect of these programs on the results. The results
indicated approximately 22% cost reduction. In [25], dynamic load
scheduling was  proposed on the basis of the theory of optimal
portfolio selection. The system optimized the load according to
the historical data of customer energy consumption to obtain
the customer utility for expected price and energy for the next
time slot using the optimal portfolio selection theory. The result
achieved about 28% cost reduction. In [26], a dynamic-pricing and
peak power limiting-based DR strategy with bi-direction electric-
ity utilization for electrical vehicle and energy storage system was
proposed. This system achieved a cost reduction of approximately
65%.

These mentioned works generally refer to load modeling and
optimization methods to solve customer load scheduling. On the
one hand, most of the current studies on load management aim
to schedule the customer load based on a price-based DR scheme,
specifically for ToU or real-time pricing programs. In a price-based
scheme, the customers are offered time-varying rates that reflect
the value and cost of electricity at different time periods [27], which
means that the price of energy varies for different times in a day
and different seasons in a year [28]. The problem arises from the
externality effects of the energy usage of a selfish customer that
are imposed on the price rate for other customers. Moreover, cus-
tomers are offered a single price rate for all consumption levels
(CLs) in each period. In addition, customers need to be concerned
with price changes with respect to time. On the other hand, the load
management studies in the literature optimized the load sched-
uling based on historical data or expected customer consumption
limit, which may  not be optimal to reduce the energy bill. The
methodology proposed in the present paper intends to use dynamic
customer load scheduling based on an adaptive CL pricing scheme
to achieve optimal load scheduling. This paper first focuses on mod-
eling the residential load according to actual customer preferences
in terms of load scheduling. Second, a mathematical formulation for
the objective function and constraints is presented based on actual
consumption constraints to manage the customer load scheduling
optimally for saving energy and cost. Finally, an adaptive consump-
tion level pricing scheme (ACLPS) is introduced as a DR scheme to
overcome the externality effect and time constraint of the price-
based DR scheme as discussed in Section 2. In addition, the effect of
the price-based program and ACLPS are investigated based on the
DRLS results. We  consider a scenario where the DRLS functionality
is deployed inside the smart meter that is connected to not only the
utility side, but also to the HAN to achieve optimal management for
the customer’s appliances. The overall system performance reveals
that employing the dynamic residential load scheduling system
(DRLS) benefits not only the customers by reducing their energy
cost, but also the utility companies by decreasing the peak load of
the aggregated load demand.

2. System model

In this section, a mathematical formulation for the representa-
tion of the demand response scheme, energy consumption model,
and pricing model is provided. According to these formulated
aspects, we  formulate an objective function to optimize the cus-
tomer load scheduling in Section 3.
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