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a b s t r a c t

Energy management systems modify typical electricity consumption of some appliances to enhance
energy efficiency, while considering operational characteristics of such devices. This paper proposes a
scheme of home energy management (HEM) to adapt power consumption and generation of thermo-
statically controlled loads (TCLs) and photovoltaic-battery systems based on their operating conditions.
TCLs of air conditioning systems are initially evaluated considering variable in-home temperatures,
whereas their energy consumption is estimated using degree-days. Meanwhile, power generation of the
photovoltaic-battery system is calculated according to technical parameters, solar irradiances and
ambient temperatures. The proposed scheme of HEM system optimizes power consumption of TCLs
using linear programming, sustaining the in-house temperature within its threshold. Charging and dis-
charging power of the photovoltaic-battery system is accordingly re-scheduled while monitoring its
battery state of charge. Simulation results of different case studies show that the proposed HEM scheme
reduces energy consumption of the TCLs and photovoltaic-battery systems by 30%, while maintaining
customer's quality of experience. Moreover, the proposed strategy prevents batteries from being
intensely charged and dis-charged to improve their performance and to expand their lifecycle. Conse-
quently, the proposed HEM plan is able to decrease operational and maintenance costs of such systems.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

An energy management system optimizes power consumption
based on an implementation of demand side management (DSM)
using different approaches such as flexible loads with variable
tariffs to enhance energy efficiency [1]. It shifts or curtails electric
loads to improve energy generation and consumption profiles of a
building considering several objectives (operational costs, envi-
ronmental aspects, consumer satisfaction, etc.) [2]. Such scheme
modernizes central energy management systems towards an
autonomous regional system with the aid of information and
communication technologies (ICTs), smart meters, and renewable
energy sources [3,4].

Energy efficiency of residential and commercial premises plays
an essential role in energy policy at local and nation-wide levels [5].
Thermostatically controlled loads (e.g. heating, ventilation and air
conditioning) are able to improve the performance of domestic
energy consumption using home energy management (HEM)
systems. Several energy management schemes were discussed in
the literature [6e9] to enhance the use of thermostatically
controlled loads (TCLs) considering photovoltaic energy. For
example, a decentralized control strategy of active power man-
agement was proposed in Ref. [6] to coordinate TCLs (i.e. residential
air conditioning systems) in electricity grids considering photo-
voltaic energy generation. Heating, ventilation and air conditioning
loads were controlled in Ref. [7] to achieve energy matching with
photovoltaic and wind generation using a stochastic energy man-
agement of genetic algorithm optimization. An energy manage-
ment schemewas proposed in Ref. [8] to reduce operational costs of
heating systems, while predicting their energy consumption
considering different case studies of simulation for residential ap-
plications. A probabilistic scheme of energy management was
proposed in Ref. [9] to re-schedule the operation of combined air
conditioning and power, photovoltaic array, battery storage, and
other distributed resources using mixed-integer nonlinear pro-
gramming to minimize total emissions and electricity costs.

An energy management algorithm was presented in Ref. [10] to
supply dynamic loads using photovoltaic-storage system based on
experimental results of smart grid applications. A project-based
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system of energymanagement was proposed in Ref. [11] to increase
the revenue of residential photovoltaic generation using mixed-
integer linear optimization while supplying ancillary services of
active power delivery. A smart home energy management system
was developed in Ref. [12] to reduce operational costs of re-
charging batteries of electric vehicles using intermittent solar
generation, considering dynamic programming with time-ofeuse
tariffs. An optimal energy management scheme of a hybrid grid-
integrated photovoltaic-battery system was presented in Ref. [13]
to re-schedule power flows, while minimizing electricity costs.
Demand side management programs and battery energy storage
systems were suggested in Refs. [14,15] to accomplish a self-
consumption of photovoltaic energy generation inside residential
premises. The photovoltaic self-consumption was defined in
Ref. [16] as a direct distribution of solar generation across in-home
appliances without reverse power flows using demand side man-
agement and battery energy storage. An energy management sys-
tem was proposed in Ref. [17] to coordinate the power of
photovoltaic-battery system according to signals of electricity price
and predictions of average solar generation, responding to variable
loads in a smart grid. A domestic energy-box management system
of photovoltaic power and residential load was designed and
implemented in smart grids [18], while considering a multi-
objective function of minimizing cost and maximizing satisfaction
based on actual signals of electricity price. Another energy man-
agement system was presented in Ref. [19] for re-scheduling resi-
dential loads in smart grids using a modified multi-objective
genetic algorithm. Moreover, energy management systems were
addressed in Ref. [20] to improve energy efficiency of emerging
mixed-energy structures by proposing an optimal planning
configuration of cost minimization. Table 1 shows a summary of
energy management schemes of either TCLs or photovoltaic-
battery systems considering different objectives, constraints and
programming techniques.

Energy consumption of air conditioning TCLs fluctuates based
on some factors such as building structure, outside temperature,
set-point temperature, inside temperature, etc. The accuracy of
modelling the TCLs increases when more factors that are relevant
are considered. However, there are disadvantages while dealing
with enormous information and extensive simulation (e.g. an
increased likelihood of errors). Therefore, a simplified model is
developed in this paper to represent power consumption of the
studied type of air conditioning TCLs based on ambient tempera-
ture, thermal resistivity, thermal capacity and other influences.
Meanwhile, degree-days method is used to estimate the energy
consumption of the TCLs.

Weather datasets (solar irradiance and ambient temperature)
and technical parameters (e.g. module area and generation effi-
ciency) were studied to calculate photovoltaic power generation,
whereas battery state of charge and depth of discharge were
monitored to develop the complete model of the photovoltaic-
battery system considered in this paper.

The HEM scheme proposed in this paper is demonstrated as
Table 1
A brief review of energymanagement schemes of thermostatically controlled loads (TCLs)
techniques.

Studies Management of Objectives

[6] Air conditioning TCLs Maximizing active power
[7] Air conditioning TCLs Minimizing energy costs
[8] Combined heat and power systems Minimizing energy costs
[11] Photovoltaic-battery systems Maximizing revenues
[13] Photovoltaic-battery systems Minimizing electricity costs
[17] Photovoltaic-battery systems Maximizing revenues
follows. A linear optimization problemwas formulated to minimize
the operational costs of the TCLs while considering the in-house
temperature based on an energy estimate, which was calculated
using the degree-days method. Afterwards, charging and dis-
charging power of the photovoltaic-battery system was accord-
ingly scheduled based on optimization results of the TCLs.

This paper contributes to existing literature by highlighting the
following points.

� A simplified mathematical model is developed to evaluate po-
wer consumption of air conditioning units considering variable
in-house temperatures.

� Energy consumption of a part of residential building is esti-
mated using degree-days technique.

� Energy generation and consumption profiles of photovoltaic-
battery systems are determined using technical parameters,
weather datasets and its battery state of charge.

� Linear programming is used tominimize the operational costs of
air conditioning TCLs while maintaining the in-house temper-
ature within its threshold.

� Power profiles of the photovoltaic-battery system are coopera-
tively re-scheduled in line with the optimized TCLs considering
the battery state of charge.

The remainder of this paper is arranged as follows. Section 2
presents mathematical models of air conditioning TCLs and
degree-days. Section 3 develops the equations that have been used
to model the photovoltaic-battery system. Section 4 formulates the
main objective function along with indicating simulation parame-
ters, electricity prices and weather datasets. Section 5 demon-
strates the schematic diagram of the proposed HEM scheme
considering the algorithmic steps to activate such strategy in resi-
dential premises. Section 6 shows the case studies considered in
this paper besides simulation results. Section 7 highlights some
corollaries and provides recommendations for future work.

2. Thermostatically controlled loads and degree-days

Energy consumption of air conditioning TCLs was mainly driven
by temperature difference between inside and outside environ-
ment of a building. A certain level of details was studied in this
paper to represent the rate of heat exchange while modelling po-
wer profiles of TCLs. In the meantime, degree-days was employed
to acquire an estimate of energy consumption of TCLs over a pre-
specified timescale. The following sub-sections demonstrate
equations that have been considered while modelling energy
consumption of the studied category of thermostatically controlled
systems.

2.1. Thermostatically controlled systems

The thermostatically controlled system considered in this paper
performs space heating or cooling functions while extracting
or photovoltaic-battery systems in terms of objectives, constraints and programming

Constraints Techniques

In-home temperatures Heuristic algorithm
Power balance equations Genetic algorithm
Power balance equations Mixed integer linear programming
Battery state of charge Two-level mixed integer programming
Battery state of charge Linear programming
Power balance equations Dynamic programming
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additional energy from the ambient air. Therefore, electricity con-
sumption of TCLs is calculated based on its coefficient of perfor-
mance (COP). The COP represents a measure of heat transfer in a
thermostatically controlled unit depending on output and input
power considering the energy added from renewable resources
(e.g. the ambient air).

COPðtÞ ¼ poutðtÞ
pinðtÞ

(1)

where pinðtÞ and poutðtÞ indicate the input and output power of the
thermostatically controlled unit for each time step inW. The TCLs of
air conditioning systems are then estimated based on the air flow
rate (4) in m3/s and the air density (f) in kg/m3 considering the
specific heat of air (a) in kJ/kg.�C, as follows [21e23].

pinðtÞ ¼

8>><
>>:

f� 4� a� Dqsur
COPðtÞ ; d qinðtÞ<

�
qthresh � qhys

�

pfan; e qinðtÞ<
�
qthresh � qhys

�
(2)

where Dqsur indicates the absolute value of the difference between
supply and return temperatures of the thermostatically controlled
unit in �C. qinðtÞ is the inside temperature of the building in �C.
qthresh refers to the threshold temperature (i.e. the set-point tem-
perature) of the building that has to be maintained in �C. qhys
represents the value of temperature regarding to thermostatic-
hysteria effect in �C (i.e. ±1 �C) [21]. pfan is a constant value of po-
wer representing electricity drawn by the fan of the thermostati-
cally controlled air-conditioning unit.

By using Carnot's cycle, Eq. (2) is re-written as follows [21,24].
pinðtÞ ¼

8>>><
>>>:

f� 4� a� Dqsur �
h
qsup � q

0
ambðtÞ

i
FAC � qsup

; d qinðtÞ<
�
qthresh � qhys

�

pfan; e qinðtÞ<
�
qthresh � qhys

� (3)
where qsup is the supply temperature of the thermostatically
controlled unit in Kelvin. q

0
amb is the ambient temperature of the

outside environment in Kelvin. FAC is an empirical parameter that
was adjusted to acquire a reasonable value of rated COP for the
thermostatically controlled system. Thermal resistivity and thermal
capacity of fenestrations and walls are used to determine the inside
temperature of the building, as follows.

qinðtÞ ¼ qthresh þ D

2
4req � COPðtÞ � pinðtÞ � qret þ qambðtÞ

mair � a�
�
1�
ceq

�
3
5

(4)

where qret represents the return temperature of the thermostati-
cally controlled unit in �C. qamb is the ambient temperature of the
outside environment in �C. req indicates the equivalent thermal
resistivity of fenestrations and walls in �C/kW. ceq refers to the
mean value of thermal capacity of the building in kWh/�C [25]. mair
is the air mass flow in kg/s.

Eq. (3) calculates power consumption of air-conditioning TCLs
considering operational parameters such as airflow rates, supply
temperatures, and outside temperatures. Moreover, it considers
inside temperatures based on thermal capacity and thermal re-
sistivity of fenestrations and walls as assessed in Eq. (4). These
equations were used to evaluate air-conditioning TCLs corre-
sponding to variations of inside temperatures, while considering
the operational and structural characteristics of residential build-
ings modelled with pre-indicated simulation parameters. Such
parameters are eventually identified in this study as demonstrated
in sub-section 4.2.
2.2. Degree-days

Degree-days have been used in monitoring energy consumption
of space heating and cooling systems based on historical data.
Degree-days offer a simple technique to estimate energy con-
sumption of heating and cooling units using minimal input data.
Although such methods are less accurate, it is more beneficial to
discuss their results in terms of uncertainty despite of accuracy to
reach a reasonable conclusion [23]. The accuracy of such method
increases with the increase of the timescale considered in the
simulation (e.g. daily degree-days results are less accurate as
compared to monthly degree-days calculations) [23]. Therefore,
monthly degree-days were used in this paper to guide the proposed
HEM scheme of thermostatically controlled systems by calculating
the average energy of heating, which is required to maintain in-
house temperature within its threshold. An estimate of energy
consumption of space heating systems of a building over a given
timescale was calculated using the following equation [23].

E ¼ U� D (5)

where E is the estimated energy consumption in kWh using
degree-days method to maintain the building within comfortable
conditions. U is the overall heat-loss coefficient of the building in
kW/�C. D represents the value of degree-days in �C/day. If the value
of base temperature is adjusted to be qBASE in �C, degree-days are
calculated using the following equation [23].

D ¼

8><
>:
X24

k¼1

�
qBASE � qambðtÞk

�
24

; d
�
qBASE > qambðtÞk

�
0; e ðqBASE > qambðtÞk

� (6)
3. Photovoltaic-battery systems

Photovoltaic systems are installed in residential premises using
either on-grid or off-grid configuration. In this paper, a grid-
integrated photovoltaic-battery system is considered to imple-
ment the proposed HEM scheme. Relevant equations were pre-
sented in the following sub-sections to explain the model of the
photovoltaic-battery system considered in this paper.
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3.1. Photovoltaic system

Simplified equations were used to evaluate the maximum po-
wer generated from the studied photovoltaic system based on the
number of its photovoltaic modules, the area of each photovoltaic
module and the amount of incident solar irradiance as presented
below [22,26].

pmaxðtÞ ¼ nmodule � amodule � irrðtÞ (7)

where pmaxðtÞ represents the maximum power generated from the
photovoltaic system in W for each time step. nmodule is the total
number of photovoltaic modules used in the system, considering
the rated power of each solar module as prated in W. amodule is the
area of each photovoltaic module in m2 and irrðtÞ is the global solar
irradiance in W/m2 for each time step. The net output power of
photovoltaic generation is calculated using the following equation
[26].

ppvsðtÞ ¼ pmaxðtÞ � hstc �C L&T � f1� ½C T � ðqcelðtÞ � qstcÞ�g
(8)

where ppvsðtÞ refers to the net output power of the photovoltaic
system in W for each time step. hstc denotes the efficiency of the
photovoltaic module at standard testing conditions. qstc represents
the temperature of standard testing conditions in �C, while
considering a pre-indicated value of solar irradiance [27]. hstc and
qstc are usually given by the manufacturer of photovoltaic modules
regarding standard testing conditions. C L&T refers to the param-
eter of less than unity considering energy reduction due to inverter
and maximum power point tracking controller together. C T refers
to the parameter of temperature coefficient fluctuating between
4� 10�3 and 6� 10�3 per �C [26]. qcelðtÞ refers to the temperature
of photovoltaic cells in �C for each time step. The temperature of
photovoltaic cell is determined using energy balance equation as
expressed below [26].

qcelðtÞ ¼ qambðtÞ þ ½Н� А� Τ� � irrðtÞ (9)

where Н indicates the reciprocal of overall heat losses coefficient in
�C.m�2/W. А and Τ indicate the absorbing coefficient in cm�1 [28]
and transmitting coefficient of photovoltaic cells, respectively. The
coefficients of heat losses of Н; А and Τ are evaluated considering
the nominal operating cell temperature (noct) in �C using the
following equation [26,29].

Н� А� Τ ¼ noct � 20
800

(10)

Therefore, the temperature of photovoltaic cell is estimated
based on the energy balance equation, which is re-written as fol-
lows [26,29].

qcelðtÞ ¼ qambðtÞ þ
	
noct � 20

800



� irrðtÞ (11)

Thus, the net output power of the photovoltaic system is
calculated using the following equation.

ppvsðtÞ ¼ nmodule � amodule � hstc �C L&T � irrðtÞ �
�
1�

	
C T

�
�
qambðtÞ þ

	
noct � 20

800



� irrðtÞ � qstc


�
(12)

where noct indicates the nominal operating cell temperature,
fluctuating between 40 and 70 �C [26,29]. It can be seen that the
equations of calculating photovoltaic power generation developed
in this study considers explicit factors such as manufacturing
specifications of solar cells (hstc and qstc), while regarding general
physical parameters (e.g. the area of photovoltaic module) and
weather datasets (e.g. solar irradiance). Such consideration im-
proves the precision of the photovoltaic power computed with the
equations presented in this study.

3.2. Battery system

It is assumed that the storage system of lead-acid batteries is re-
charged by using a hybrid-charging controller with charging ca-
pacity of pchcðtÞ in kW/h. Therefore, the state of charge of the bat-
tery system is determined as follows [30].

SOCðtÞ ¼
 
SOC0 þ hcharger �

XL
l¼1

pchcðtÞl
!,

SOCr (13)

where SOCðtÞ denotes the battery state of charge (SOC) in per-
centage with respect to an initial values of SOC. hcharger denotes the
efficiency of the charging controller, L denotes the number of time
slices bounded by initial and final time of charging considering the
resolution of the whole simulation time steps. SOCr indicates the
rated capacity of batteries in kWh.Meanwhile, the value of depth of
discharge (DOD) in percentage for each time step is calculated using
the following equation.

DODðtÞ ¼ SOCðtÞ � hinverter �
PX

x¼1pinvðtÞx
SOCr

(14)

where hinverter indicates the efficiency of the inverter of the
photovoltaic-battery system. pinv denotes the supply capacity of the
photovoltaic inverter system in kW/h. X refers to the number of
time slices over the interval of using battery storage to supply en-
ergy consumption. Power equations of the grid-connected models
of thermostatically controlled loads and photovoltaic-battery sys-
tems were presented as follows.

PgridðtÞ ¼
� PloadðtÞ þ pinðtÞ þ pchcðtÞ � ppvsðtÞ; d ðpinvðtÞ ¼ 0

�
PloadðtÞ þ pinðtÞ � pinvðtÞ � ppvsðtÞ;d ðpchcðtÞ ¼ 0

�
(15)

where PgridðtÞ indicates the net power of the grid at each time step
in kW. PloadðtÞ denotes the mean power consumed by other resi-
dential appliances at each time step in kW. Therefore, power pro-
files of battery system (i.e. pbðtÞ in kW) is expressed as follows,
considering the previous operating conditions of system
components.

pbðtÞ ¼
8<
:

�pinvðtÞ; d
�
ppvsðtÞ ¼ 0 ∨ pinðtÞs0

�
pchcðtÞ; d

�
ppvsðtÞs0 ∨ pinðtÞ ¼ 0

�
0; d

�
ppvsðtÞ ¼ 0 ∧ pinðtÞ ¼ 0

� (16)

where pinðtÞ denotes the input power of the thermostatically
controlled unit for each time step in W.

4. Problem formulation

The mathematical models of thermostatically controlled loads
and photovoltaic-battery systems, which were previously pre-
sented in this paper, have been used to formulate the main



Table 3
Simulation parameters of photovoltaic-battery system.

Parameters Values Units

prated 130 W
nmodule 6 e

qstc 25 �C
noct 50 �C
amodule 1.2 m2

hstc 18 %
C L&T 0.9 e

C T 0.005 per �C
hcharger 93 %
pchc 1 kW
hinverter 85 %
pinv 1 kW
SOCr 8 kWh
SOCmin 10 %
SOCmax 90 %
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objective of the proposed HEM scheme as shown in the following
sub-section.

4.1. Objective function

Linear programming was employed to direct the scheduling
algorithm of the proposed HEM scheme by considering the
following equation of TCLs.

Minimize CF ¼
XM
i¼1

TarðtÞi � pinðtÞic i2f1; 2; 3; …; Mg (17)

Subject to the following constraint conditions.

CF > EwqinðtÞ>
�
qthresh � qhys

�
(18)

0 � p
0
inðtÞi � pinðtÞi (19)

where CF denotes the objective function that was used tominimize
the operational costs of TCLs over a pre-specified timescale. TarðtÞ
indicates the variable tariffs in $/kWh. p

0
inðtÞi refers to the values of

optimized power consumption of TCLs while applying linear pro-
gramming. M represents the number of time slices over the time-
scale of optimizing energy consumption of TCLs. Meanwhile, the
value of E is calculated using Eq. (5). A built-in function of “linprog”
in MATLAB [31] was used to obtain the solution of the problem
formulated in this paper.

Power profiles of the photovoltaic-battery system are re-
scheduled based on the optimized energy consumption of TCLs
by considering the following operational conditions.

p
0
bðtÞ ¼

8<
:

�pinvðtÞ; d
�
p

0
inðtÞs0 ∧ SOCðtÞ � SOCmin

�
pchcðtÞ; d

�
ppvsðtÞs0 ∧ SOCðtÞ � SOCmax

�
0; e ðSOCmin � SOCðtÞ � SOCmaxÞ

(20)

where p
0
b indicates the re-scheduled power profiles of the

photovoltaic-battery system based on the optimized power of TCLs
(i.e. p

0
in) using Eq. (17). SOCmin and SOCmax are the minimum and

maximumvalues of battery state-of-charge [30], avoiding deep dis-
charge and over-charge levels.

4.2. Simulation parameters

In this section, the technical parameters that have been used in
the simulation are presented. Table 2 shows the parameters that
was adopted while simulating thermostatically controlled air-
Table 2
Simulation parameters of degree-days and thermostatically controlled systems.

Parameters Values Units

qBASE 18.3 �C
qthresh 22 �C
qsup 300 Kelvin
qret 24 �C
U 0.64 kW/�C
req 1.56 �C/kW
ceq 10 kWh/�C
a 1.02 kJ/kg.�C
mair 1 kg/s
f 1.28 kg/m3

4 0.6 m3/s
COPr 3 e

FAC 0.3 e

pfan 0.1 kW
conditioning systems and degree-days considering the literature
[23,25,32,33]. Meanwhile, simulation parameters of the
photovoltaic-battery system is illustrated in Table 3 by studying the
systems presented in Refs. [22,26,29,30].
4.3. Electricity prices and weather data

Variable electricity prices fluctuate over time to describe some
of system conditions (e.g. marginal costs), whereas fixed electricity
rates ignore such system importance. Time-variant electricity rates
(e.g. time-of-use tariffs) cannot necessarily capture the full details
of actual real-time prices [34]. Therefore, the model of time-variant
tariff, which was presented in Ref. [35], was utilized in this paper by
considering real supply rates [36]. Such model uses actual elec-
tricity prices to synthesize time-variant tariffs, while confirming
that electricity consumers cannot be overpriced with the tariffs
produced for an equivalent amount of energy consumption. In
other words, the calculation of electricity bills must be identical
using either the real supply rates or the synthesized time-variant
tariffs for the similar amount of energy consumption.

Weather data of ambient temperature and solar irradiance were
gathered from the typical metrological datasets that have been
produced in Ref. [37] on an hourly basis considering the in-
structions presented in Ref. [38].

A 5-min time step resolution was adopted in this paper to
construct power profiles of TCLs and photovoltaic-battery systems.
Consequently, weather data were interpolated into a 5-min reso-
lution based on hourly metrological datasets.
5. Description of the proposed scheme of home energy
management

The proposed HEM scheme improves energy efficiency of resi-
dential premises by considering the interaction of the system
components modelled in this paper. The configuration presented in
Fig. 1 is used to enable power management of the proposed HEM
system and to export the surplus of photovoltaic generation toward
electricity grid. More details on the control strategy of this hybrid
solar-storage system are presented in Ref. [39], considering
photovoltaic power tracking controller. The additional power
exported to the grid will be further investigated and optimized in
the future work of this study using feed-in tariffs and smart meters.
A hybrid-charging controller is used to provide a reliable constant
rate of charging power to the storage system of lead-acid batteries.
It is assumed that the proposed HEM scheme has access to coor-
dinate thermostatically controlled units and photovoltaic-battery



Fig. 1. Schematic diagram of the proposed home energy management in residential sector.

Fig. 2. Algorithmic steps of the proposed scheme of home energy management.
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systems using communication signals and smart switches. A home
area network provides a protocol to send control signals to the
smart systems. The proposed algorithm of home energy manage-
ment generates scheduling messages, which are then transmitted
to smart switches in order to coordinate thermostatically
controlled units and photovoltaic-battery systems accordingly. The
proposed algorithm of home energy management is demonstrated
in Fig. 2.

The proposed algorithm compiles weather datasets from an
external source (e.g. weather station), considering their compati-
bility with a pre-specified time resolution. Theweather datasets are
then used for TCLs to estimate energy consumption required for
maintaining the considered part of the building within comfortable
conditions using degree-days, as illustrated in Eq. (5) and Eq. (6).
Power evaluation is prepared for thermostatically controlled units
using Eq. (2) to Eq. (4). Correspondingly, power is determined for
photovoltaic-battery systems using Eq. (7) to Eq. (16). Afterwards, a
linear programming technique is employed to solve the optimiza-
tion problem described in Eq. (17) based on the time-variant tariff
considered in this study. Thereafter, the optimal solution is ar-
ranged to adjust typical patterns of TCLs. Accordingly, charging and
dis-charging power profiles of lead-acid batteries are re-scheduled,
using Eq. (20) based on the TCLs optimized in preceding steps, as
shown in Fig. 2.
6. Case studies and simulation results

The performance of the proposed HEM scheme is verified in this
paper using two case studies. The first case study is presented by
monitoring power profiles of the modelled TCLs and photovoltaic-
battery systems over two days on a 5-minite basis. In other words, a
business as usual scenario of modelling the TCL and photovoltaic-
battery system was firstly implemented without employing the
optimization of the proposed HEM scheme. Meanwhile, the second
case study is shown considering the proposed HEM scheme to
modify energy consumption of the TCL and photovoltaic-battery
system while maintaining the constraint conditions of the
optimization.

Fig. 3 shows the estimate of heating energy consumption, which
Fig. 3. An estimate of energy consumption of space heating over a month for th
was calculated using degree-days method considering the simu-
lation parameters of Table 2, over a month (commencing from the
end of January until the end of February) based on weather data in
Ref. [37]. In addition, values of degree-days were indicated in Fig. 3
over that month based on the base temperature considered in this
paper (see Table 2).

Fig. 4 shows TCL power profiles and COP values that were
modelled over two days on a 5-min basis while considering the
technical parameters of Table 2. Weather temperatures, which
were collected from Ref. [37] on an hourly basis, were interpolated
into a 5-min time resolution to calculate air conditioning TCLs, as
shown in Eq. (3). Moreover, the inside temperature of the part of
the building considered in this paper was monitored using Eq. (4)
over these two days as presented in Fig. 4. It can be noticed that
the inside temperatures vary around the threshold value consid-
ering the thermostatic-hysteria impact on TCLs model developed in
this paper. The average value of estimated heating energy calcu-
lated in degree-days method is embedded in the constraint con-
ditions of the objective function to optimize TCLs accordingly using
linear programming, maintaining the inside temperature within its
threshold.

Fig. 5 illustrates the modification of energy consumption of TCLs
while applying the proposed HEM scheme over two days on a 5-
min basis. The constraint conditions were effectively adjusted to
maintain the inside temperature within its threshold, considering
the energy that was estimated using the degree-days technique.

Fig. 6 exhibits power profiles of the photovoltaic-battery system
modelled in this paper considering the technical parameters of
Table 3. In Fig. 6, negative values of power were used to indicate the
energy generation produced by solar cells and inverters of the
photovoltaic-battery system. The constant rate of charging power
was achieved based on a complementary power delivery from both
electricity grid and photovoltaic module, as illustrated in Fig. (1).
The SOC values of the photovoltaic-battery system are clearly
demonstrated in Fig. 6. The battery is re-charged over the period of
photovoltaic power generation awaiting 100% SOC (see Fig. 6),
whilst it is deeply dis-charged until 0% SOC without using the
proposed HEM scheme, as shown in Fig. 6. Such overcharging and
deep dis-charging cycles of batteries shorten their lifespan.
e part of the building considered in this paper using degree-days method.



Fig. 4. Power consumption, coefficient of performance and inside temperature considering the model of air conditioning TCLs developed in this paper over two days.

Fig. 5. The impact of the proposed scheme of home energy management on energy consumption of air conditioning TCLs and the inside temperature of the part of the building
considered in this paper over two days.
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Although another objective function was not considered with
the proposed HEM system to minimize the operational cost of
photovoltaic-battery system, such cost was minimized by re-
scheduling the charge and dis-charge of the battery using Eq.
(20). The battery is cooperatively dis-charged based on optimiza-
tion results of TCLs, while maintaining the minimal limit of SOCmin.
The battery is therefore charged considering the generation of
photovoltaic panels until achieving the maximum value of SOCmax.

Fig. 7 shows the impact of re-scheduling method discussed
earlier on the photovoltaic-battery power profile and the SOC value.
The proposed algorithm adapts charging power of batteries to track
photovoltaic generation without exceeding SOCmax, whereas it
adjusts their dis-charging power consistent with the optimized
TCLs keeping the SOC values within the pre-identified margins, as
shown in Table 3 and Fig. 7. Therefore, the proposed HEM strategy
prevents over-charging and deep dis-charging of batteries to
increase their lifespan.
Fig. 8 compares the cumulative energy consumption of both

thermostatically controlled loads and photovoltaic-battery systems
over two days on a 5-minue basis while considering their operation
with andwithout the proposed HEM scheme. It can be seen that the
proposed HEM scheme reduces energy consumption and subse-
quently decreases electricity bill, while maintaining user's quality
of experience [40].

A reasonable correlation is remarked between the cumulative
energy consumption of the system (see Fig. 8) and the average
value of energy estimated in degree-days method, as shown in
Fig. 3. To illustrate this point further, if corresponding photovoltaic
energy is deducted from the value of energy appointed at the
completion of the solid line (i.e. without management) in Fig. 8, the
result will be comparable to the average value of energy assessed in
Fig. 3 using degree-days technique. The corresponding photovoltaic



Fig. 6. Power profile and battery state of charge of the photovoltaic-battery system modelled in this paper over two days.

Fig. 7. The impact of the proposed scheme of home energy management on power profile and battery state of charge of the photovoltaic-battery system over two days.
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energy is calculated by adding the photovoltaic power presented in
Fig. 6.

Mathematically, Eq. (3) evaluates power consumption of air
conditioning TCLs over two days. An integration of this power
calculates diurnal energy consumption of TCLs. Eq. (5) estimates
the energy consumption required to maintain the considered part
of the building within comfortable condition over a month,
whereas its diurnal average value is calculated over that month to
indicate an amount of energy. This amount has the reasonable
correlation with the energy calculated by the integration of the
power determined using Eq. (3) on a daily basis. Such connection
validates the model of air conditioning TCLs developed in this
paper.
7. Conclusion and future work

A scheme of home energy management (HEM) requires a sen-
sible level of modelling details to achieve practical changes on
regular electricity consumption. In this paper, the operational
characteristics of the thermostatically controlled system were
modelled in Eq. (3) and Eq. (4) in terms of power consumption and
in-house temperature. Meanwhile, power generation and con-
sumption profiles of the photovoltaic-battery system were studied
in Eq. (12) and Eq. (16) while modelling its battery state of charge
(SOC) and its depth of discharge (DOD) in Eq. (13) and Eq. (14),
respectively. Linear programming was used to solve the optimiza-
tion problem of the proposed HEM scheme to modify thermostat-
ically controlled loads (TCLs) of air conditioning systems,



Fig. 8. A comparison of cumulative energy consumption with and without the proposed scheme of home energy management for the thermostatically controlled loads and
photovoltaic-battery systems together.
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minimizing the cost of their energy consumption based on variable
electricity tariffs. Degree-days were observed in Eq. (6) to evaluate
the required energy, which was embedded in Eq. (18) (i.e. the
constraint conditions of the optimization), maintaining the in-
house temperature within its threshold. The battery of the
photovoltaic-battery system was simultaneously charged and dis-
charged with the optimized air conditioning TCLs, keeping SOC
limited by pre-identified margins, as indicated in Eq. (20). The
proposed HEM scheme reduces energy consumption of the ther-
mostatically controlled loads and photovoltaic-battery systems
together by 30% (see Fig. 8), while maintaining the quality of
experience of such systems.

Utility companies can adopt the proposed HEM scheme to
incentivise consumers to enhance their electricity consumption
profiles while reducing electricity bills. Residential customers can
use the proposed HEM scheme (see Fig. 1) to accomplish energy
savings and bill reductions if they install thermostatically
controlled units and photovoltaic-battery systems in their
premises.

The future work of this study will employ the proposed HEM
scheme to control thermostatically controlled units and
photovoltaic-battery systems in real-time applications. Smart
switches will be experimentally programmed based on the algo-
rithmic steps presented in Fig. 2 to control such systems as
demonstrated in Fig. 1. Smart meters and feed-in tariffs will be used
to optimize the excess of photovoltaic power exported to the grid
(see Fig. 1). Moreover, a comparative study will be accomplished by
solving the optimization problem using another programming
technique (e.g. mixed integer linear programming) to reach the
optimal solution.
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