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a  b  s  t  r  a  c  t

This  paper  demonstrates  an  optimal  household  appliance  scheduling  problem  with  a battery  as  an  energy
storage  system  under  time  of  use  electricity  tariff. Power  consumption  measurements  of  individual  appli-
ances considered  were  performed  and  demand  profiles  were  obtained.  In this work,  a  mixed  integer
nonlinear  programming  mathematical  model  with  more  practical  operation  constraints  for  appliance
and  battery  scheduling  is  formulated  and  solved.  The  simulation  results  show  effectiveness  of the  algo-
rithm  in  that  by  optimally  scheduling  appliances  and battery,  cost  saving,  peak  shaving  and  valley  filling
are  achieved  through  load  shifting.  The  energy  cost  saving  that might  be beneficial  to  consumers;  and
peak  shaving  and valley  filling,  which  are of  great  importance  to the utility.  It  is found  that  consideration
of  appliance  coordination  yields  smaller  cost  saving  because  of  interdependent  operation.  Without  the
attery storage system
ixed integer nonlinear program (MINLP)

olving integer constraint problems (SCIP)

battery and  coordination,  a cost  saving  of  22%  and  peak  reduction  from  10.355  kW  to  8.405  kW are  real-
ized.  Consideration  of  appliance  coordination  gives  a further  cost  saving  of  1% and  a  relatively  smaller
peak  reduction  to 8.30  kW.  The  battery  bank  system  promotes  peak  shaving  and  valley  filling  and  a fur-
ther  cost  saving  of  about  6% and  peak  reduction  to 5.175  kW.  Sensitivity  analysis,  however,  reveals  that
the  energy  cost  saving  is sensitive  to  consumer’s  willingness  to pay.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Energy consumption in the residential sector accounts for more
han 18% of total electricity demand in South Africa1 [1,2]. Accord-
ng to the US Energy Information Administration’s 2013 Annual
nergy Outlook report,2 the residential sector currently makes up
0% of total energy demand and is increasing by 24% worldwide.
his shows that residential energy use makes up a sizeable portion
f the energy pie. Since demand response (DR) was initially created
o manage peak load, it has been found in the USA that the res-
dential segment simply cannot be ignored as part of any utility’s
nergy management strategy.2 Residential DR (RDR) diverts money

hat would generally go to a fossil fuel power plant to homeowners
nstead through peak shifting/shaping and better management of
emand. Literature extensively covers the definition and different

∗ Corresponding author. Tel.: +27 12 4206407; fax: +27 12 3625000.
E-mail addresses: setlhaolo@tuks.co.za (D. Setlhaolo), xxia@up.ac.za (X. Xia).

1 The Eskom factor: Power politics and the electricity sector in South Africa, Green-
eace report, 2012. http://www.greenpeace.org.
2 Residential demand response infographic. http://www.comverge.com.

ttp://dx.doi.org/10.1016/j.enbuild.2015.02.051
378-7788/© 2015 Elsevier B.V. All rights reserved.
types of DR programs and the reader is referred to the references3

[3].
Battery energy storage systems (BESS) are an option to provide

peak shaving and valley filling of the residential load profile [4,5].
Electric vehicles and conventional batteries have over the years
been used as residential energy storage devices [5–7]. There are
two main applications of BESS in the residential sector. First is the
off-grid hybrid energy solution, where integrated operation of two
or more different types of renewable energy sources and a storage
device is employed. This method is mostly applied to rural settle-
ments where there is no access to the grid power [8–10]. This has
been extensively studied in literature [9,10]. The second applica-
tion of BESS is a backup system for a household connected to the
grid.4 This application is motivated by unreliable and intermittent
electrical power supply. In this application the BESS is connected to
the grid. It can be available as a compact backup electronic power

supply system, uninterruptible power supply (UPS). Usually in an
African set-up, buying a UPS is not affordable to many because of
its high cost due to its technological enhancement features such as

3 FERC, Demand response compensation in organized wholesale energy markets,
FERC Docket RM101700, 18 March 2010. http://www.ferc.gov.

4 PowerGen renewable energy http://powergen-renewable-energy.com/.
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Nomenclature

i appliances index
t index of the time period
A total number of appliances
T the control horizon (24 h)
�t  sampling time (10 min)
Pi rated power of appliance i (kW)
Ni duration of appliance i being on (min)
ki additional run time of appliance i (min)
�c battery charging efficiency
�d battery discharge efficiency
�t time of use electricity price at time t (R)
C the maximum cost that the consumer is willing to

pay (R)
di the on-time start of appliance i
ei the on-time end of appliance i
ubl

i,t
baseline on/off status of appliance i at time t

ui,t the switching status of the ith appliance at time
interval t

SOC state of charge of the battery
Et state of the battery at time t (kWh)
E0 the initial state of charge of the battery at time t
Emin minimum allowable battery capacity (kWh)
Emax maximum allowable battery capacity in (kWh)
Pb,t the battery charging power (kW)
Pb,t the battery discharging power (kW)
DOD depth of discharge
Pm,t grid power at time t (kW)
PA,t power demanded by all appliances excluding bat-

tery at t (kW)
PD,t total power demanded from the grid t (kW)
PD the total power demanded from the grid in a day

(kW)
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Rand(R) South African currency (1 Rand = 0.086USD), as at 02
Feb. 2015.

onger life and less maintenance. The ideal solution is to build the
ystem. These systems can be designed in any size, based on the
pplication.

This paper presents the household energy cost minimization
roblem through appliance scheduling with a battery as a grid-
onnected storage device in order to promote further energy
alance in the power system network and save consumer cost. The
otivation for consumers to participate in DR programs is to min-

mize energy cost because DR allows energy users of all kinds to
ct as “virtual power plants,” adding stability to the grid by lower-
ng their demand for electricity. Participants get paid for providing
emand response capacity5 [3]. The contribution of this paper is
he formulation of a practical mixed integer nonlinear program
MINLP) optimization model with more practical operational con-
traints for a household to determine the optimal scheduling of
ousehold appliances under time of use (TOU) electricity prices
ith a battery as a storage device. Literature has to some extent
rovided related work, albeit with some shortfalls. In contrast to
eferences [5,6], our study focuses on a single household and we
ormulate a cost minimization optimization mathematical model
nder a demand response program with time differentiated elec-

ricity tariff. The model also presents scheduling of household
ppliances. Both references however do not provide an optimal
olution to the problem. Similar work is demonstrated in [7],

5 Enernoc http://www.enernoc.com/.
uildings 94 (2015) 61–70

where appliance scheduling is considered with a battery storage
and PV system. In contrast to the reference, which models the
household scheduling problem as a mixed integer programming
(MIP) problem, we  formulate the problem as a more complex and
practical problem as an MINLP optimization mathematical model.
In our work, the nonlinearity of the problem is brought by the
inconvenience, continuous operation of appliances and the bat-
tery exclusive operation, which are not captured in the paper. We
have, in addition, incorporated coordination of appliances that are
not modeled in [7]. These constraints are crucial to the appliance
scheduling problem because practically appliances do not operate
in isolation. In the reference, the objective function shows that the
consumer is charged for both charging and discharging of the bat-
tery. This is in contrast with the practical situation because the
consumer is only billed for charging the battery. The power balance
equation is also not presented in the reference, though it is crucial
to ensure a system power balance. [11] provides a study on sched-
uling of appliances using physical models where the activation of
appliances is controlled by a proposed scheduling policy; a storage
device is not considered. In [12], the optimization model considers
activity scheduling of the electric vehicle against the aggregated
appliance schedule. The shortfall of this model is that the specific
appliances considered are not stated and the objective function
excludes the inconvenience level that gauges the disparity between
the baseline and optimal schedule. The model also excludes the
switching status of appliances under consideration and the samp-
ling time of 1 h is not practical for household appliance scheduling.
The model also excludes a number of practical constraints, such
as appliance operation time, appliance continuous operation and
coordination. This work demonstrates the use of the battery for
both peak shaving and valley filling, and a sampling time of 10 min
is used. This may  promote behavior change as a result of a shorter
waiting period. Experimental work has been performed to validate
the performance of the algorithm.

In this work, sensitivity analysis is performed to determine the
effect of the customer’s willingness to pay on the energy cost saving.
Sensitivity analysis is used to determine how sensitive the solution
is to changes in the value of the parameters of the model [13]. This
analysis has not been performed in any of the literature in this area.

The remainder of this paper is structured as follows: Section 2
gives the problem layout. Section 3 focuses on the formulation
of the optimization model. Section 4 presents the data. Section 5
presents the solution method based on solving integer constraint
problems (SCIP) algorithms. Measurement and simulation results
are discussed in Section 6 and lastly a conclusion is drawn.

2. Problem description

The layout of the problem is shown in Fig. 1. The energy flows
are indicated by the arrows. The reader will notice that the battery
bank consumes power from the mains. This will happen during
off-peak times, while it feeds the load during peak times.

The optimal control problem of household appliance sched-
uling with storage entails control inputs as the energy demand,
the desired time of starting and completing tasks, appliance rated
power, the baseline schedule, TOU tariff, battery input and output
efficiencies, as well as capacity. The control decisions are the sched-
uling status of appliances, power flows from the grid and battery
state of charge (SOC), which has battery charging and discharging
power as control variables. The main objective is to determine the
minimum cost of scheduling these appliances and the battery, tak-

ing into account the necessary constraints and inconvenience level.
This problem is of great importance because worldwide research
on DR, of which the main purpose is to reduce energy consump-
tion, particularly during peak times, has opened new possibilities

http://www.enernoc.com/
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Fig. 1. Layout of t

or advanced planning and control of supply and demand, espe-
ially at residential level where appliance scheduling plays a major
ole. A major benefit of scheduling is that users can compare the
ost benefit among different inconvenience levels that come with
n optimal solution against baseline schedule [14].

. Mathematical model formulation

.1. Optimization model

In this section, we  formulate the mathematical model as an
INLP optimization problem for the household appliance sched-

ling problem with a battery as storage device. First we  present
he energy cost model, then the battery model and finally we for-

ulate the problem’s objective function, incorporating the battery
nd scheduling inconvenience.

.1.1. Energy cost
An electricity-consuming household’s objective is to minimize

ts electricity cost during a dynamic price tariff. The current work
s an improvement of our previous work [14] and those of [15–17]
n that a number of practical operational constraints have been
ncorporated and the battery has been considered.

e =
T∑

t=1

A∑
i=1

Pi�t�tui,t, (1)

i > 0, �t > 0, i = 1, . . .,  A, t = 1, . . .,  T,

i,t =
{

1, when appliance i is on at t;

0, when appliance i is off at t;

here the notations are listed and described in the nomenclature.
n a household scheduling problem there are three main types of
onstraints: appliance operation time, continuous operation and
aximum cost or maximum energy constraint. Additional con-

traints can be added, such as; coordination, inconvenience and
omfort constraints, if there are any [16,18]. The following con-
traints are formulated to the objective function (1):

a) Maximum cost
T

t=1

A∑
i=1

Pi�tui,t�t  ≤ C. (2)
sented problem.

This constraint models the maximum cost that the consumer is
willing to incur within the control horizon. The parameter C is
obtained from the consumer’s bill.

(b) Appliance operation time

Given the predetermined parameters di, ei and Ni, in order
to provide the needed consumption for each appliance, in times
within interval [di,ei] it is required that,

ei∑
t=di

ui,t = Ni + ki, ∀i, (3)

where Ni ≤ (ei − di) and ki ∈ Z is the additional run time of appliance
i. Note that this constraint has been modified from the standard
one that appears in [14–18]. It now offers flexibility to consumers
in that they can choose to increase or reduce the run time wherever
possible. For example, if the estimated cooking time is 50 min, the
consumer can choose to increase or reduce it by ki.

(c) Appliance continuous operation

This constraint ensures continuous operation of appliances. The
importance of this constraint is that it avoids interruption of appli-
ance operation [19].

ei∑
t=di

ui,t · ui,t+1 · ui,t+2· · ·ui,t+(Ni−1) = 1. (4)

(d) Appliance coordination

Coordination between household appliance commitment is very
important because some household appliances are committed rel-
ative to others, that is, operating one appliance may  necessitate
operating the other at the same or at a delayed time. The following
algebraic constraint examples are used to model appliance coordi-
nation and reference is made to Table 1 for clarity.

Inequality (5) could be applied to an appliance with multiple
operational tasks where the first task cannot be performed con-
currently with the second one. This constraint is also applied to
appliances that are not to be committed at the same time. An
example from a set of laundry appliances would be a washer/dryer

combination machine; the washing (with index i = 10) cannot be
done at the same time as drying (i = 11).

u10,t + u11,t ≤ 1, t = 1, . . .,  T. (5)
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Table 1
Appliances data.

No. Appliance Rated power, Pi (kW) Run-time Ni (min) Baseline ubl
i,t

avg. di − ei (h)

Lights
1 Kitchen 0.011 As kitchen appliances
2  TV room 0.011 As TV
3  Laundry room 0.011 As laundry appliances

Kitchen
4  Dishwasher 1.8 150 115–129
5  Breadmaker 1.5 150 117–131
6  Stove 2.0 30, 50 31–33, 112–116

Swimming pool
7 1 hp pump 0.75 120 103–114

Heating
8  Space heating 2.4 120 108–119
9  EWH  3.0 120, 120 30–41, 103–114

Laundry
10  Washing machine 2.0 60 108–113
11  Clothes dryer 2.0 30 115–117

Entertainment
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0

3

h
c

12  Television 0.133 

13  DVD player 0.025 

14  Decoder 0.07 

The following inequality is necessary to ensure that, for exam-
le, the dryer follows the washing machine:

10 + N10 ≤ d11. (6)

If two appliances are on at the same time, such as the television
i = 12) and the decoder (i = 14), then the equality is modeled as,

12,t − u14,t = 0, t = 1, . . .,  T. (7)

If one appliance is off while the other is on, this is represented by
he inequality constraint (11). An example would be a DVD player
nd a decoder. The DVD player (i = 13) is off when the decoder is on
ith the same television set. This is represented by;

13,t + u14,t ≥ 1, t = 1, . . .,  T. (8)

An example of a television being off, then the DVD player is off,
s represented by (12). Another example would be television room
ights being switched off when the television is off.

13,t = 0 if u12,t = 0 (9)

To coordinate the lighting with the appliances used in their
espective rooms, we use the constraint with reference to the laun-
ry room, as indicated in Table 1. The only time the laundry lights
re off is if neither the washing machine nor the dryer is on.

3,t =

⎧⎪⎨
⎪⎩

1, when u10,t or u11,t = 1,

or u10,t = u11,t = 1,

0, when u10,t = u11,t = 0.

(10)

e) Appliance power consumption limits

 ≤ Pi,t ≤ Pmax
i . (11)
.1.2. Battery model
In our current work it is assumed that the household under study

as a battery bank as a storage device. The BESS is characterized by
ontinuous charging and discharging power, therefore Pb,t and Pb,t
180 103–120
180 103–120
180 103–120

are considered continuous variables. The general battery dynamics
are presented by the battery’s state of charge (SOC) [19,20];

Et = E0 + �c

t∑
�=1

Pb,t�t  − �d

t∑
�=1

Pb,t�t,  1 ≤ t ≤ T, (12)

where Et is the SOC of the battery, E0 is the initial SOC, whereas
�c

∑t
�=1Pb,t�t  is the battery energy during the charging period

and �d

∑t
�=1Pb,t�t  is the battery energy during the discharge

period. Note that at a time when the battery is consuming power, it
is treated as an appliance, whereas during discharging it acts as
a source. The objective is to minimize the cost of charging and
maximize the cost of discharging the battery. Therefore the cost
objective function for the battery is as follows:

Jb =
T∑

t=1

Pb,t�t�t, (13)

with continuous control variables Pb,t being the battery power dur-
ing the charging period.

(a) Battery energy capacity limits

The battery capacity limits provide the upper and lower bounds
to the battery capacity.

Emin ≤ Et ≤ Emax, t = 1, . . .,  T, (14)

where Emin and Emax are related through depth of discharge (DOD)
as follows;

Emin = (1 − DOD)Emax. (15)

(b) Avoiding charging while discharging

We consider that battery charging and discharging operations
are mutually exclusive. Therefore the battery cannot charge and
discharge at the same time; the constraint below is applied. This

constraint also allows the state of the battery to be idle while it is
not charging or discharging.

Pb,t ∗ Pb,t = 0; (16)



 and B

(

b

P

w

0

P
t
a
p
b
c

P

w
t

P

a

P

3

p
c

I

i

3

r
t

J

w
e
i
t
(
c
w

v

ak ti
f-pea

battery data used are shown in Table 2. The minimum discharge
capacity of 50% has been shown to sustain the lifespan of the battery
D. Setlhaolo, X. Xia / Energy

c) System power balance

The power demanded by the load at time t should be met  by
oth the discharging battery and the mains supply;

b,t + Pm,t = PD,t, (17)

here

 ≤ Pm,t ≤ Pmax
m .

b,t is the battery power during discharge, Pm,t is the power from
he grid and PD,t is the aggregated power demanded by the appli-
nces together with the battery at time t. Without the battery, the
ower supplied by the grid is equivalent to the power consumed
y the aggregated household load, Pm,t = PA,tPD,t. Aggregated power
onsumed by appliances excluding the battery is;

A,t =
A∑

i=1

Piui,t, (18)

hile the aggregated consumption of the appliances and the bat-
ery is given by,

D,t = PA,t + �cPb,t . (19)

The total power consumption of appliances under consideration
nd the battery, PD in a day is given by:

D =
T∑

t=1

(PA,t + �cPb,t). (20)

.1.3. The inconvenience level
The scheduling inconvenience (I) seeks to minimize the dis-

arity between the baseline and the optimal schedule [14]. The
onsumer therefore also minimizes the inconvenience given by:

 :=
T∑

t=1

A∑
i=1

(ubl
i,t − ui,t)

2
. (21)

The baseline ubl
i,t

is obtained from the measured results as shown
n Table 1.

.2. The overall objective

The inconvenience cost and the battery objective are incorpo-
ated in the main objective, therefore the final objective function
hat the consumer seeks to minimize is expressed as follows:

 = (Je + Jb) + ˛I�t, (22)

here Je is the energy cost function as in (1) and Jb is the battery
nergy cost function as shown in (14). It is to be noted that the
nconvenience as presented in (21) is a unit less value. Therefore
o express all sub-functions within the overall objective function
22) with the same unit, there is a need to use some form of cost

VC =
{

R1.7487, pe
R0.5510, of
oefficient to express all sub-functions in the same units. In this
ork we use the tariff  ̨ = �(t) as an assumption.

The model obtained in (1)–(22) is the MINLP model with control
ariables ui,t, Pb,t, Pb,t and Pm,t.
uildings 94 (2015) 61–70 65

4. General data

4.1. Appliance data

A typical household in South Africa is used as a case study. Four-
teen appliances are selected and studied and results are shown
in Table 1. Field measurements are conducted to obtain baseline
commitment and the profile of appliances under consideration.
Appliance rated power is specified by the appliance manufactur-
ers and can be obtained from the appliances. Data on appliance
usage in the household under study were collected, as well as
information on the allowable time duration required to finish the
normal operation of the appliance, Ni. The information on di and
ei as the beginning and end of the time interval in which the
appliance is scheduled is specified by the user, based on the usual
or preferred usage. This is shown in the last column of Table 1
where, for example appliance 4, di = 115 (19:10) and ei = 129 (21:30)
are the average time ranges at which the appliance is normally
switched on. This is typical of a working class household where
most activities occur in the morning and after work. Appliances
considered are shown with their rated power and normal opera-
tion time ranges. The baseline on appliance operation time is also
shown.

4.2. Tariff

The tariff used is based on South Africa’s TOU Home-
flex 1 tariff structure for residential consumers. The Homeflex
1 tariff has five charge components6 as service charge, net-
work charge, environmental levy, peak charge and off-peak
charges. We  model these into fixed and variable charges as fol-
lows:

�t = FC + VC,

where FC is a fixed charge and consist of service charge, network
charge and environmental levy, while VC are peak and off-peak
energy charges.

FC = R(2.96 + 3.68 + 2.00)/100,

and

me, t ∈ [07 : 00,  10 : 00), [18 : 00,  20 : 00)
k time, t ∈ [00 : 00,  07 : 00), [10 : 00,  18 : 00], [20 : 00,  00 : 00].

4.3. Battery data

The household under consideration is assumed to have a bat-
tery bank consisting of lead acid batteries, which are the most
common devices used to store energy because of their relatively
low price, relatively low investment cost, high availability, rea-
sonable performance and life characteristics [20]. Most literature
states that the lead acid battery has a discharge efficiency of 100%,
whereas the charging efficiency is in the range of 65–85% [5,20,21].
A point to note about the battery is that for it to work with an
AC network, there has to be conversion and inversion from AC to
DC and DC to AC. It is acknowledged that there are some losses
within these electronic modules. However, for our work the net
efficiency has been used, that is, converter/battery as charging effi-
ciency and battery/inverter as discharging efficiency. Therefore the
[20].

6 Eskom tariffs and charges 2011/2012. http://eskom.com.

http://eskom.com
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Table 2
Battery data.

Battery capacity 10 kWh
�c 75%
�d 100%
DOD 50%

Table 3
Other data

Daily maximum bill (C) R25
max

c
s
p
c
a

o
z
o
[
e
m
c
v
0

5

c
D
o
s
i
a
m
(
a
s
s
L
n
p
s

m

d

t
B

Fig. 2. Efergy E2 Classic energy monitor components.
Maximum power from the grid (Pm ) 230V * 60A * 0.75 * 0.5 = 5.2 kW

Other data shown in Table 3 are the maximum cost that the
onsumer is willing to incur. This value is obtained from the con-
umer’s bill. The maximum power from the grid has an assumed
ower factor of 0.75. It is assumed that the appliances considered
an consume a maximum of 50% of the household maximum power
t any time t.

A point to note on battery cost is that it entails capital cost,
perational and maintenance (O&M) costs. Since our study hori-
on is one day, we only consider O&M costs. However, the impact
f investment cost cannot be ignored during longer study periods
22–24]. In [25–27], the O&M cost of a lead acid battery has been
stimated to a specific annual value or some online sources esti-
ate the annual O&M cost to be less than or equal to 2% of capital

ost. In this work, our estimate is guided by [25–27] that use a fixed
alue of 22 EUR/kW/year and we convert to a daily equivalent of R
.8178 kW/day.

. Solution methodology

Field measurements were conducted to obtain the baseline
ommitment and the profile of appliances under consideration.
uring these measurements the TOU tariff was used. The MINLP
ptimization problem (1)–(22) is solved with an optimization
olver, SCIP, available in the Matlab interface OPTI toolbox. SCIP
s currently one of the fastest non-commercial solvers for MIP
nd MINLP. It is also a framework for constraint integer program-
ing and branch-cut-and-price.7,8 It uses Interior Point Optimizer

IPOPT) and SoPlex as nonlinear and integer algorithms. SoPlex is
n advanced implementation of the revised simplex algorithm for
olving linear programs. It features preprocessing, exploits spar-
ity, and provides primal and dual solving routines. It is the default
P solver in SCIP. IPOPT is an open-source solver for large-scale
onlinear programming. IPOPT implements a primal-dual interior
oint method and uses line searches based on filter methods.7,9 The
olver offers solutions to problems of the form:

inf (x), s.t.,

⎧⎪⎪⎨
⎪⎪⎩

Ax ≤ b, Aeqx = beq(linear constraints)
c(x) ≤ d, ceq(x) = deq(nonlinearconstraints)
Lb ≤ x ≤ Ub(variable bounds)
xi ∈ Z(integer decision variables)
xj ∈ {0, 1}, i /= j(binary decision variables)
The measured results are compared with simulation results to
emonstrate the effectiveness of the algorithm.

7 SCIP: Solving Constraint Integer Programs. http://scip.zib.de/.
8 T. Berthold, et al., Solving mixed integer linear and nonlinear problems using

he SCIP Optimization Suite, ZIB-Report 12-27 (July 2012), Takustraße 7, D-14195
erlin-Dahlem, Germany. file:///C:/Users/User/Downloads/ZR-12-27%20(1).pdf.
9 Opti Toolbox solvers. http://www.i2c2.aut.ac.nz/Wiki/OPTI/index.php/Solvers.
Fig. 3. Connection at the DB.

6. Measured and simulation results

The consumption of the appliances considered is monitored
using an Efergy E2 Classic energy monitor. The Efergy E2 Classic
is a wireless electricity monitor that allows monitoring of electri-
cal energy consumption trends over time in households. It includes
an innovative software package that allows tracking energy usage
on a computer. The measuring device has three components, as
shown in Fig. 2, and a typical connection is shown in Fig. 3.

Sensor unit: The unit is clipped onto the electricity meter’s feed
cable for aggregated household energy measurement but for indi-
vidual appliance measurements, it is connected to the live wire
of the appliance three-core cable. This excludes the electric water
heater (EWH), which is supplied directly at the distribution board
(DB); hence its measurements are made at the DB. Transmitter unit:
The transmitter links to the sensor cable and sends information
to the display unit. This unit captures data at least every 6 s. Dis-
play unit: The unit displays the information on energy usage and
demand profile and the cost of the energy in monetary units being

consumed. The numerical hourly average data are provided for
analysis. This device is kept at a distance of not more than 70 m
from the transmitter unit.10

10 http://www.sustainable.co.za/efergy-e2-optical-wireless-electricity-monitor.
html.

http://scip.zib.de/
http://www.i2c2.aut.ac.nz/Wiki/OPTI/index.php/Solvers
http://www.sustainable.co.za/efergy-e2-optical-wireless-electricity-monitor.html
http://www.sustainable.co.za/efergy-e2-optical-wireless-electricity-monitor.html
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Fig. 4. Demand profile for the stove.
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Fig. 5. Demand

The Efergy E2 Classic monitor has been shown to have 2% error,11

hich makes the results reliable. South Africa’s residential load
anagement (RLM) program, which enables the municipal con-

rol of residential EWH, necessitates that the EWH  be supplied
ifferently from other household appliances for ease of external
ontrol.12 This residential unit is located in a block of houses where
he EWH  control devices are located at a localized meter box, hence
he invisibility in the DB. Typical profiles of two appliances are
hown in the figures below. These are for the stove and the EWH.
he aggregated profile for the appliances considered is shown as
he baseline profile in Fig. 6.

Since the occupants of the house are working class people and
onsumption that occurs at night and during daytime when the
ccupants are not around or not active, it is the opinion of the writ-
rs that the consumption is due to the EWH  standby losses.13 It
s clearly seen, particularly in the evening, for both the stove and
WH  that the consumption is during peak times between 18:00
nd 20:00. One of the challenges of using this measuring device is
hat the cost comparison can only be made at monthly level.

The measured baseline cost of the EWH  is R 11.82 and stove is R
.0629 for the profiles shown in Figs. 4 and 5 and the TOU tariff as in
ection 4.2. The effectiveness of the algorithm is demonstrated in
he results obtained from our simulation results. The optimization

olution with the TOU tariff shows a shift in the consumption profile
f appliances. Because of load shifting, for example, the EWH  shows
ne day’s cost of R 8.33. This shows a cost saving for this appliance

11 http://efergy.com/manuals/e2classic instructions web2011.pdf.
12 R.S. Pandaram, Residential load management (RLM) in South Africa: challenges
nd  solutions. http://active.cput.ac.za/energy/past papers/DUE/Pandaram.pdf.
13 Q. Caherine, J. Wheeler, R. Wilkinson, G. De Jager, Hot water usage profiling to
mprove geyser efficiency. http://www.erc.uct.ac.za/23-jesa-catherine-etal.pdf.
e for the EWH.

of 29.5%. The stove shows R 4.70; this gives a cost saving of 22.48%.
It is to be noted that our simulation results may  show an over-
estimation because, for example, for the stove we  assume fixed
power consumption whereas in practice the appliance is a heat
regulator, hence the actual consumption is variable.

The other challenge with this meter, however, is that when per-
forming individual appliance measurements, the live wire from a
three-core cable has to be exposed in order to monitor the con-
sumption and this may  pose safety issues. Another challenge is that
the monitoring device can be used to make a cost comparison for
one month for different tariffs. Since our study horizon is 24 h, the
daily estimates may  not reflect a true cost value for the day in con-
sideration. It is to be noted that for simplicity, in our simulation
results we have excluded standby losses.

The simulation results provided are with additional run time
ki = 0 and  ̨ = �(t). In our previous work [14] we  tested different
values of alpha where it was  discovered that the simulation result
was sensitive to the value of alpha. The high value of alpha gener-
ated the highest cost value and smallest value of inconvenience. For
alpha = 0, the consumer’s decision is not influenced by the incon-
venience and at that time the inconvenience assumes the highest
value, while the cost is at its lowest value. It is to be noted that the
selection of the proper value of alpha is subjective, as it is dependent
on the user’s preference. At this stage we can only make an assump-
tion. In order to differentiate this current work with the previous
one, instead of assuming a fixed inconvenience cost coefficient, we
now use the TOU tariff, that is  ̨ = �(t), that is, the consumers opts to
go with the utilities’ price. The trade-off between cost and incon-
venience can help consumers in making a choice on how much

they are willing to be inconvenienced, which may  affect the level
of participation in the program.

Fig. 6 shows simulation results obtained with coordination con-
sidered. The appliances’ baseline and optimal appliance schedules

http://efergy.com/manuals/e2classic_instructions_web2011.pdf
http://active.cput.ac.za/energy/past_papers/DUE/Pandaram.pdf
http://www.erc.uct.ac.za/23-jesa-catherine-etal.pdf
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Fig. 6. Sim

re shown. The profile shows the baseline and optimal load profiles
oth with and without battery. It shows that the optimal solution
ithout battery offers shifted consumption and a reduced peak of

.405 kW at t = 103, 106 and 107 (17:10, 17:40 and 17:50). The base-
ine has a peak of 10.355 kW at t =112–113 (18:40–18:50). This
hows a shifted peak consumption from peak. The energy con-
umed at peak has also reduced by 18%. The baseline energy cost is

 31.77, while the optimal cost realized without battery is R 24.76,
 saving of 22%. This saving is relatively higher compared to most
esults obtained with the TOU tariff owing to the high disparity
etween the peak and off-peak Eskom prices; the latter is 30% of
he former.

The battery SOC shows that the battery charges during off-peak
rom t = 0 (00:00) to t = 7 (01:00) and discharges from t = 102 (17:00)
o t = 120 (20:00). Load profile 1 as a relation between the baseline
nd the optimal load profile without a battery is included here for
ase of comparison. Load profile 2 shows the load profiles obtained
rom the model solution with and without the battery. It shows the
ontribution of the battery in peak shaving and valley filling. The
attery reduces the peak to 5.1750 kW (10% reduction) and cost
eduction to R 23.28. The utilization of the battery brings about a
urther cost reduction of 6% due to the battery discharge during
eak times to aid the power from the grid. a further saving of 6%.

Consideration of appliances coordination yields relatively
maller cost saving because of operation independence. Without
oordination, constraints (5)–(10) are ignored. Consideration of
ppliance coordination gives a further cost saving 1% and a rel-
tively smaller peak reduction to 8.305 kW.  This shows that the

ork that excludes coordination constraints may  show inflated

esidential demand response simulation cost savings.
The figure with power flows shows the power demanded by the

oad PD, the power from the grid Pm and the power from the battery
n results.

Pb. It is shown that the power demanded by the load is met by both
Pm and Pb, for example at t = 110 (18:20), PD = 8.305 kW and this
load is met  with Pm = 5.1750 kW and Pb = 3.13 kW.  These power
flows satisfy constraint (19).

6.1. Sensitivity analysis of parameter C on the solution.

A sensitivity analysis is carried out to investigate the solution’s
dependence on parameter C, the consumer’s willingness to pay.
The results obtained are shown in Table 4. We  can deduce from
these results that the solution obtained is sensitive to how much
the consumer is willing to spend. When parameter C increases, the
energy cost increases, the inconvenience cost decreases, the cost
saving decreases while the battery contributes more to cost reduc-
tion until solution convergence. These results are commensurate
with practical expectation in that if the budget or willingness to
pay is less, the minimization algorithm is stringent on the energy
cost and the inconvenience cost will henceforth be higher. This,
however, shows that the consumer can also use the cost to regu-
late the algorithm’s outcome. Thus in the determination of energy
cost saving by the consumer, the amount of savings is affected by
the consumer’s budget.

6.2. Further discussion

The problem presented above is deterministic, one could easily
use the model at hand, optimize it numerically off-line and imple-

ment the optimal inputs in an open-loop fashion. However, because
of uncertainty, additional information such as uncertainty descrip-
tion or plant measurements must be included in order to achieve
real time implementation.
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Table  4
Sensitivity of parameter C on the results.

C (R) Energy cost, (Je + Jb) (R) Energy cost saving (%) Cost contribution by battery (R) Inconvenience cost (R)

20 Infeasible
21 Infeasible
22 Infeasible
23 23.0708 27.3779 0.1569 16.1621
24  23.5728 25.7977 −0.2421 13.8411
25  24.5189 22.8196 −0.2421 12.5148
26  25.3298 20.2671 −0.5424 11.1886
27  25.4425 19.9123 −1.3307 10.5254
28  26.3096 17.1829 −1.3307 10.0437
29  27.2731 14.150 −1.3307 9.5620
30  28.5395 10.1636 −1.1553 9.1709
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40  29.7478 6.3601 

50  29.7478 6.3601 

100  29.7478 6.3601

In an effort to work toward real time implementation, we
re currently working on formulating the model as stochastic to
ccount for uncertain parameters because in practice, optimiza-
ion is complicated by the presence of uncertainty in the form of
lant-model mismatch and unknown disturbances. The main chal-

enge of real time implementation is in accurate prediction of the
oad because of its uncertainty. In this case the uncertainty of the
oad is practically attributed to both the appliance operation time
nd power consumption, since they are dependent on; using the
tove as an example, such things as the type of event, food, heat
egulation, environmental temperatures and even types of cooking
evices used. The television may  also depend on the day and time
f day usage. Comfort level also brings about uncertainty on the
oad where the consumer may  wish to schedule at a different time,
ence the need to allow for manual operation. The efficiency of the
attery may  also be uncertain.

The complexity of dynamic optimization problems makes it
ard for general purpose solvers to compute solutions fast enough

or a real-time implementation. The simulation package, SCIP
e are using is relatively fast with solution time of 7 s. SCIP is

egarded as one of the fastest non-commercial solvers for MIP  and
INLP. However, tailored numerical algorithms may  be needed

o overcome these challenges in real-time application. Real time
mplementation require computers that are specifically designed
or this purpose, which can be done in faster and more effective
ools that offer a platform to integrate software and hardware while
apitalizing on the latest computing technologies such as Labview
r Matlab combined with DSP.

. Conclusion and further study

The paper gives our results from a study using the MINLP
ousehold appliance optimization scheduling problem with the
ecessary constraints and a battery storage. The optimal results
how that consumers reschedule their appliances in response to
ariable electricity prices, as demonstrated through a TOU tariff.
he optimization solution shows consumers can minimize energy
ost by shifting their consumption from peak to off-peak times. This
rings about a cost saving of 22%. Consideration of appliance coor-
ination brings variation in the results obtained. A further energy
ost reduction of 6% is achieved by using a battery, which promotes
eak shaving as it discharges during peak times. However, since the
attery charges during off-peak times, it provides valley filling. This
ot only affects an energy cost saving for the household, but also
romotes energy balance in the power system, which the utility

ursues as a global need. The battery does not bring about a signifi-
ant improvement when compared with load shifting, which yields

 significant energy cost saving because of the charging component
f the battery, which has a power consumption cost. Consideration

[

[

−2.1317 8.4796
−2.1317 8.4796
−2.1317 8.4796

of appliance coordination reduces the cost by a further 1%. It has
been found that the solution obtained is sensitive to input parame-
ter C, the amount the consumer is willing to pay. When C increases
the energy cost also increases and the inconvenience cost reduces.
This is in line with practical expectations in that if the consumer
has a higher budget he is likely to have less inconvenience and high
energy consumption cost. This, however, shows that the consumer
can also use the cost to regulate the algorithm’s outcome.

In further work that is currently in progress we  consider res-
idential demand response under uncertainty using a stochastic
optimization approach. For example, in our on-going work we
consider, among other uncertain parameters, appliances’ power
consumption Pi to be stochastic. There is also a need to develop
a more scientific method to determine the value of inconvenience
cost coefficient ˛.
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