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Abstract: It is well documented that both solar photovoltaic (PV) systems and electric vehicles
(EVs) positively impact the global environment. However, the integration of high PV resources into
distribution networks creates new challenges because of the uncertainty of PV power generation.
Additionally, high power consumption during many EV charging operations at a certain time of the
day can be stressful for the distribution network. Stresses on the distribution network influence higher
electricity tariffs, which negatively impact consumers. Therefore, a home energy management system
is one of the solutions to control electricity consumption to reduce electrical energy costs. In this paper,
a meta-heuristic-based optimization of a home energy management strategy is presented with the
goal of electrical energy cost minimization for the consumer under the time-of-use (TOU) tariffs. The
proposed strategy manages the operations of the plug-in electric vehicle (PEV) and the energy storage
system (ESS) charging and discharging in a home. The meta-heuristic optimization, namely a genetic
algorithm (GA), was applied to the home energy management strategy for minimizing the daily
electrical energy cost for the consumer through optimal scheduling of ESS and PEV operations. To
confirm the effectiveness of the proposed methodology, the load profile of a household in Udonthani,
Thailand, and the TOU tariffs of the provincial electricity authority (PEA) of Thailand were applied
in the simulation. The simulation results show that the proposed strategy with GA optimization
provides the minimum daily or net electrical energy cost for the consumer. The daily electrical energy
cost for the consumer is equal to 0.3847 USD when the methodology without GA optimization is
used, whereas the electrical energy cost is equal to 0.3577 USD when the proposed methodology
with GA optimization is used. Therefore, the proposed optimal home energy management strategy
with GA optimization can decrease the daily electrical energy cost for the consumer up to 7.0185%
compared to the electrical energy cost obtained from the methodology without GA optimization.

Keywords: energy storage system; genetic algorithm (GA); minimum electrical energy cost for the
consumer; optimal home energy management strategy; plug-in electric vehicle; solar photovoltaic;
time-of-use (TOU) tariffs

1. Introduction

Global warming is a reality and to control global warming, countries are implementing
policies to reduce overall carbon dioxide emissions into the atmosphere. In this effort,
emphasis has been given to clean energy sources such as solar photovoltaic (PV) and
wind power for generating electricity instead of using fossil fuel. For transportation,
electric vehicles (EVs) are promoted to replace combustion vehicles [1]. In Thailand, the
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government has a policy supporting electricity generation from renewable energy, such as
electricity generation from solar PV rooftops [2], and promoting EV usage [3].

Increased usage of solar PV systems and EVs positively impact the global environment;
however, a large number of PV systems and EVs connected to the distribution network
can negatively impact the power system operation. For example, the intermittent power
generation of PV systems can cause voltage variation in the distribution system. In addition,
when the demand is less than the generation, power loss increases in the distribution system.
The charging of EVs can also influence the distribution system in a lot of ways, for example,
reliability and power quality issues because of line voltage drops due to a high charging
demand. Moreover, an increase in the number of EVs can essentially affect the low voltage
system with a high capability of energy consumption [4]. In reference [5], a case study
on the effect of abundant solar PV installations in California, United States is presented.
It was found that 80 to 90% of consumers charged their EVs during the peak period of
6:00 p.m. to 8:00 p.m. This situation increases the electrical energy cost for the consumer.
Therefore, a home energy management strategy would help manage energy consumption
in the household not only for lowering the electrical energy cost for the consumer but also
for reducing the peak demand of the utility system.

1.1. Literature Review

Previous research works related to the rule-based home energy management strategy
are proposed in this paragraph. In reference [6], the charging/discharging strategy of EVs
for a home energy management system to obtain an economic benefit using a dynamic
pricing scheme was proposed. In reference [7], a double layer supervision strategy for a
flat power–load curve for residential consumers was proposed. In reference [8], a heuristic
method was suggested to determine the most optimal charging/discharging of EVs in a
time-of-day management system. This method simplified the structure using the input
parameters, real-time prices, household demand, and EV parameters. This proposed algo-
rithm can minimize the electrical energy cost for the consumer and the injected energy from
the grid. In reference [9], a real-time decentralized demand-side management (RDCDSM)
system was proposed to improve the real-time household load for estimating a day-ahead
power production by the microgrid. Consumers should exploit the optimal energy manage-
ment strategies for the charging/discharging of ESSs under their operational constraints.
The RDCDSM can manage the uncertainties of the microgrid system through electrical
power generation and purchase of day-ahead planning. Thus, the quality of power dis-
tribution to the consumers is increased. In reference [10], this work’s objective was the
maximum utilization of solar PV systems for EV charging and to minimize the climate
change problem related to CO2 emissions. The energy generated by solar PV systems can
be increased up to 13,792 kWh/year. Around 21% of the overall production can be applied
to charge EVs, and the surplus energy can be injected into the federal grid. Furthermore,
the proposed green transport methodology can decrease greenhouse gas emissions by
52,944 kg/year. In study [11], a stand-alone system for using the traditional household
at the residential level in Bangladesh was proposed. The study aimed to determine the
optimum size of a rooftop solar PV system that can support electrical appliance consump-
tion at an affordable price. In reference [12], centralized and decentralized charging for EV
schemes in residential buildings installing a solar PV system was proposed. The proposed
methodologies were created to optimize the charging schedules of EVs for minimizing the
overall load variance or flattening the net load profile. The minimization of the overall
load variance indicates both an increase in the self-consumption of solar PV systems and a
decrease in the peak residential loads. In reference [13], the methodology for minimizing
the net cost of purchasing power from dissimilar energy sources, together with renewable
energy generation from inside the microgrid, was proposed. In reference [14], an energy
management system (EMS) to optimize power flows between solar PV systems, battery
electric vehicles (BEVs), and the grid at the workspace was proposed. The objective was to
minimize the charging cost of BEVs while decreasing power demand from the grid through
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increasing the sustainability of the BEVs and maximizing the self-consumption of the solar
PV systems. The improved EMS had two main stages consisting of an autoregressive
integrated moving average model to forecast the generated power of a solar PV system and
a mixed-integer linear program (MILP) to appropriately manage power for minimizing
the charging cost of BEVs. In reference [15], a two-stage energy management strategy of a
solar PV system and an EV in a smart home for minimizing the electrical energy cost for
the consumer and flattening the load profile was proposed. This strategy was classified
into two stages, consisting of Stage A, which was determined as three operating modes
following the unavailability of generated power from a solar PV system, and Stage B, which
was determined as five operating modes following the availability of generated power
from a solar PV system under a TOU rate.

The previous research works related to the rule-based home energy management
strategy did not consider two significant issues, as follows:

(i). They did not simultaneously consider the operations of three main components
consisting of a solar PV system, an ESS, and a plug-in electric vehicle (PEV) in a
household under TOU tariffs.

(ii). They did not consider the energy consumption from a PEV journey or a vehicle to
home (V2H) mode of PEV for supporting ESS operations.

In other words, the previous rule-based strategy did not consider a complex home
energy management system.

The previous research works related to] optimal home energy management are pre-
sented in this paragraph. In reference [16], the works proposed the optimal power flow
management strategy for a residential energy local network (RELN) consisting of a few
smart homes, ESS, and PEV on the demand side, and a solar power plant and wind power
plant on the supply side. Specifically, an appropriate and dynamic RELN power scheduling
framework was established for minimizing the daily total operation cost while considering
the error in the productivity forecast of renewable energy sources (RESs), user consump-
tion, and the status of the energy storage system (ESS). As stated in reference [17], a home
energy management system (HEMS) is demanding work that requires efficient domestic
appliance schedules for optimizing energy consumption. In this work, they proposed a
meta-heuristic method considering an HEMS using a combination of enhanced differential
evolution (EDE) and a harmony search algorithm (HSA). Furthermore, they hybridized the
HSA and EDE to optimize energy consumption. In reference [18], a practical HEMS model
with renewable energy, ESS, and PEVs, with the sustainability of batteries and all-renewable
energy in mind, was first created. Then, the correlation between the genetic algorithm
(GA) and the multi-constrained integer programming was proposed. The objective was
to minimize the purchasing power from the grid and to maximize renewable energy uti-
lization. In reference [19], the methodology to manage HEMS models on a distribution
system was proposed. Many heuristic strategies were reviewed and compared to motivate
customers to adopt HEMS models. A case study was conducted using representative
data. The results showed that the aging costs of transformers can be decreased through
a prioritized magnitude by managing strategies and acceptance rates of HEMS models.
In reference [4], an optimal EV charging schedule based on the energy arbitrage and the
distribution system cost for the urban village environment was proposed. The proposed
optimal charging scheme for EVs is focused on reducing the loss benefit because of energy
arbitrage for the EV owner that reflects the penalty cost. Furthermore, power loss, peak
demand, and transformer aging were combined in the evaluation in terms of the cost
function for the distribution system. The authors of [20] presented a hierarchical deep
reinforcement learning (DRL) scheme to schedule the energy consumption of appliances
in smart homes and distributed energy resources (DERs) together with ESSs and EVs. A
two-level DRL framework was presented. In the first level, the appliances in a house were
scheduled based on the consumer preference and convenience level. In the second level,
the schedules for the charging/discharging of EVs and ESSs were computed using the
solution that was optimized from the first level with the characteristics of the consumer.
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Reference [21] proposed optimal building energy management considering solar PV sys-
tems and EVs to maximize solar PV utilization and optimize an EV charging schedule. In
reference [22], energy management considering an energy price tag (EPT) of a smart house,
including a solar PV system, an ESS, and an EV for minimizing the net electrical energy cost
during the power demand, and the charging requirements of the ESS in the household was
proposed. Additionally, energy management using a hierarchical DRL method was created
for a smart home, including domestic appliances, a rooftop solar PV system, an EV, and an
ESS to decrease electrical energy costs [23]. In reference [24], the optimal scheduling plan
for household appliances and the charging/discharging procedure for ESSs and PEVs was
presented. For this strategy, the coordination between an ESS and a PEV that can operate in
the V2H mode during the peak demand time was proposed. This strategy can minimize
the electrical energy cost for the consumer. Moreover, the charging power of an ESS or a
PEV in this paper was not considered as an optimization problem.

The previous research works related to optimal home energy management systems
did not consider three significant issues, as follows:

(i). They did not consider the combination between the proposed rule-based home energy
management strategy and the optimization mechanism.

(ii). They did not consider the optimal charging processes of both an ESS and a PEV
simultaneously in a household.

(iii). They did not consider the charging power of an ESS or a PEV as an optimization
problem.

The disregard for the three above-mentioned issues means the obtained ESS and PEV
charging processes are not optimal. Therefore, the obtained electrical energy cost for a
consumer is not the minimum as well.

1.2. The Contributions of This Research

In order to fulfill the above-mentioned gap of the previous research works, an optimal
home energy management strategy that combines the rule-based method and the optimal-
based method while considering the TOU tariffs is proposed. The main contributions of
this research are summarized as follows:

• The proposed rule-based home energy management strategy considers two significant
issues, as follows:

(i). The operations of all three main components in a household consisting of a solar
PV system, an ESS, and a PEV, while considering TOU tariffs, are considered in
this work.

(ii). The energy consumption from a PEV journey and a PEV V2H mode for sup-
porting ESS operations are taken into account.

• The proposed optimal home energy management strategy considers three significant
issues, as follows:

(i). The combination between the proposed rule-based home energy management
strategy and the meta-heuristic optimization, namely a genetic algorithm (GA),
is proposed. The objective function is the minimization of the electrical energy
cost for the consumer.

(ii). The optimal charging processes of both an ESS and a PEV in a household are
considered.

(iii). The charging powers of an ESS and a PEV are formulated as discrete functions,
which are solved by using the GA.

The other sections of this paper are described as follows. Section 2 reports the pro-
posed home energy management strategy. Section 3 explains the enhanced home energy
management strategy combining GA optimization. The simulation results are shown and
discussed in Section 4. Finally, the conclusion is presented in Section 5.
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2. The Proposed Home Energy Management Strategy

The home energy management strategy to manage PEV and ESS charging/discharging
schedules is proposed in this section. The charging/discharging algorithm for a PEV and
an ESS was developed to apply in a household with a solar PV system, an ESS, and a PEV
under the TOU tariffs in Thailand. The typical HEMS model is shown in Figure 1.
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The surplus or insufficient power in each time slot when a PEV is not a load can be
calculated using Equation (1) [24]. When a PEV is a load, the surplus or insufficient power
can be calculated by Equation (2) [24].

P1(t) = PPV(t)− PL(t) (1)

P1(t) = PPV(t)− PL(t)− PPEV(t) (2)

When P1(t) in Equation (1) or (2) is greater than 0, it indicates that there is surplus
power from the solar PV system installed in the household. Whereas when it is lower than
0, it indicates that the generated power from the solar PV system is insufficient to meet
the power demand for the household. Furthermore, the charging/discharging states of
ESS (uESS(t)) and PEV (uPEV(t)) are used to decide whether the ESS and PEV will supply
power to the household load, store surplus energy, or take no action.

To determine the charging/discharging state of the ESS for each time slot, (uESS(t)),
which is a decision integer variable representing the chargeable and dischargeable power
of the ESS of each time slot, is calculated using Equations (3) and (4) [24], respectively.

Pchable
ESS (t) =

0.8Cmax
ESS − CESS(t− 1)

ηch
ESS∆t

(3)

Pdischable
ESS (t) =

CESS(t− 1)− 0.2Cmax
ESS

∆t
ηdisch

ESS (4)

According to Equation (3), when Pchable
ESS (t) is more than 0, the charging/discharging

state of the ESS (uESS(t)) is equal to 1, which indicates that the ESS can be charged. On the
other hand, when Pchable

ESS (t) is less than or equals 0, the ESS cannot be charged. Therefore,
the ESS is not active when there is surplus power in the household. Similarly, in Equation
(4), when Pdischable

ESS (t) is more than 0, the charging/discharging state of the ESS (uESS(t)) is
equal to 0, indicating the ESS can be discharged. On the other hand, when Pdischable

ESS (t) is
less than or equals 0, it indicates the ESS cannot be discharged. Therefore, the ESS is not
active when there is insufficient power in the household.

The charging and discharging powers of ESS for each time slot are defined by Equa-
tions (5) and (6) [24], respectively.

Pch
ESS(t) = min

(
P1(t), Pchable

ESS (t), Pchmax
ESS

)
(5)
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Pdisch
ESS (t) = max

(
P1(t), Pdischable

ESS (t), Pdischmax
ESS

)
(6)

The power and stored energy of the ESS for each time slot can be calculated using
Equations (7) and (8) [6], respectively.

PESS(t) = Pch
ESS(t)uESS(t) + Pdisch

ESS (t)(1− uESS(t)) (7)

CESS(t) = CESS(t− 1) + Pch
ESS(t)uESS(t)∆tηch

ESS +
Pdisch

ESS (t)(1− uESS(t))∆t
ηdisch

ESS
(8)

To determine the charging/discharging state of the PEV for each time slot, (uPEV(t))
which is a decision integer variable representing the chargeable or dischargeable power of
the PEV for each time slot, can be calculated using Equations (9) and (10) [24], respectively.

Pchable
PEV (t) =

0.8Cmax
PEV − CPEV(t− 1)

ηch
PEV∆t

(9)

Pdischable
PEV (t) =

CPEV(t− 1)− 0.3Cmax
PEV

∆t
ηdisch

PEV (10)

When Pchable
PEV (t) in Equation (9) is more than 0, the charging/discharging state of PEV

(uPEV(t)) is equal to 1 and indicates that the PEV can be charged. On the other hand, when
Pchable

PEV (t) is less than or equals 0, it indicates that the PEV cannot be charged. Therefore, the
PEV is not active when there is surplus power in the household or when it is operating as a
load. Similarly, when Pdischable

PEV (t) is more than 0, the charging/discharging state of PEV
(uPEV(t)) is equal to 0, which indicates that the PEV can be discharged. On the other hand,
when Pdischable

PEV (t) is less than or equals 0, it indicates that the PEV cannot be discharged.
Therefore, the PEV is not active when there is insufficient power in the household.

When the PEV is operated in V2H mode in the second period, the charging and discharging
powers of the PEV for each time slot are defined by Equations (11) and (12) [24], respectively.

Pch
PEV(t) = min

(
P1(t), Pchable

PEV (t), Pchmax
PEV

)
(11)

Pdisch
PEV (t) = max

(
P1(t), Pdischable

PEV (t), Pdischmax
PEV

)
(12)

When the PEV is operating as a load in the third period, the PEV is continuously
charged until the stored energy of the PEV is more than 80% of its maximum capacity at
the time slot before the PEV leaves the household. The PEV is charged using Equations
(13)–(15) [24], respectively.

PD(t) = Pmax
G − PL(t) (13)

Pchable
PEV (t) =

Cmax
PEV − CPEV(t)

∆t
ηch

ESS (14)

Pch
PEV(t) = min

(
PD(t), Pchable

PEV (t), Pchmax
PEV

)
(15)

The power and stored energy of the PEV for each time slot can be calculated using
Equations (16) and (17) [24], respectively.

PPEV(t) = Pch
PEV(t)uPEV(t) + Pdisch

PEV (t)(1− uPEV(t)) (16)

CPEV(t) = CPEV(t− 1) + Pch
PEV(t)uPEV(t)∆tηch

PEV +
Pdisch

PEV (t)(1− uPEV(t))∆t
ηdisch

PEV
(17)

The power between the household and grid for each time slot when the PEV is not
parked and when it is parked at the household can be defined using Equations (18) and
(19) [24], respectively.

PG(t) = PPV(t)− PL(t)− PESS(t) (18)
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PG(t) = PPV(t)− PL(t)− PESS(t)− PPEV(t) (19)

When PG(t) is more than 0, it indicates that there is still surplus power from the solar
PV system in the household and the power is being injected into the utility grid, thus
lowering the electrical energy cost for the consumer. On the other hand, when PG(t) is
less than 0, it can be said that the power from the solar PV system is insufficient for the
household load; therefore, power is drawn from the utility grid, thus increasing the electric
energy cost for the consumer. Finally, the electrical energy cost for the consumer for each
time slot can be calculated using Equation (20).

cost(PG(t)) =
{

PG(t) · TOU(t) · ∆t
PG(t) · FiT · ∆t

; PG(t) < 0
; PG(t) > 0

(20)

Typically, the home energy management strategy in a day is divided into three periods
based on the PEV usage. The steps of the proposed home energy management strategy are
presented in Figure 2 and are described in Section 2.1.
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2.1. Energy Management Strategy in the First Period

The first period represents the time interval starting at 07:00 a.m., when the PEV leaves
the house, to when it returns home at 06:00 p.m. The energy management strategy for each
time slot during the first period is described below.

(1) First, the data of the ESS, PEV, household load, and PV system are the initial inputs
for each time slot. Additional inputs include the daily energy consumption of the
PEV (kWh/km), the daily driven distance (km) of PEV during the day, and so forth.
Moreover, the discharging state of the PEV (uPEV(t)) for the period from 10:15 p.m. to
06:45 a.m. is initialized as 0, which continuously changes following the home energy
management mechanism, as shown in Figure 2.

(2) The chargeable and dischargeable powers of the ESS are calculated using Equations
(3) and (4), respectively. The dischargeable power of the PEV is calculated using
Equation (10). Then, the surplus or insufficient power is calculated using Equation
(1).

(3) In this step, if there is surplus power in the household and the charging/discharging
state of ESS (uESS(t)) is indicated to be 1, the ESS will be charged following Equation
(5). If there is insufficient power in the household and the charging/discharging state
of ESS (uESS(t)) is indicated to be 0, the ESS will be discharged following Equation
(6). Lastly, the power and stored energy of the ESS are calculated using Equations (7)
and (8), respectively.

(4) Finally, PG(t) is calculated using Equation (18). Then, the electrical energy cost for the
consumer is calculated using Equation (20).

2.2. Energy Management Strategy in the Second Period

The second period starts at 06:00 p.m., when the PEV returns home. The finish time
of the second period is initialized as 06:45 a.m., with the conditions having continuously
changed as per the home energy management mechanism, as shown in Figure 2. Overall
conditions change because the PEV operates in V2H mode to support the ESS operation
and minimize the purchasing power from the grid during the peak time interval. The
proposed energy management strategy for each time slot during this period is presented in
Figure 2 and is described below.

(1) Firstly, the ESS and PEV data are initialized with the load demand, and the PV power
for each time slot are the input variables.

(2) The chargeable and dischargeable powers of the ESS are calculated using Equations
(3) and (4), respectively. The chargeable and dischargeable powers of the PEV are
calculated using Equations (9) and (10), respectively. Then, the surplus or insufficient
power is calculated using Equation (1).

(3) In this step, if there is surplus power in the household and the PEV can be charged,
the PEV will be charged following Equation (11). If there is insufficient power in
the household and the PEV can be discharged, the PEV will be discharged following
Equation (12). In addition, the power and stored energy of the PEV will be calculated
using Equations (13) and (14), respectively.

(4) If there is still surplus power in the household and the charging/discharging state
of ESS (uESS(t)) is indicated to be 1, the ESS will be charged following Equation (5).
If there is insufficient power in the household and the charging/discharging state of
ESS (uESS(t)) is indicated to be 0, the ESS will be discharged following Equation (6).
Lastly, the power and stored energy of the ESS will be computed for each time slot
using Equations (7) and (8), respectively.

(5) Finally, PG(t) is calculated using Equation (19). Then, the electrical energy cost for the
consumer is calculated using Equation (20).
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2.3. Energy Management Strategy in the Third Period

The third period is the interval time after the second period until 07:00 a.m. In this
section, the PEV operates as a load. The home energy management strategy for each time
slot of the third period is described below:

(1) Firstly, the ESS and PEV data are initialized. Then, the load demand and the PV
power of each time slot and the specification of each element are imported to be input
variables. In this period, the PEV is operated as a load following the algorithm in
Figure 2.

(2) The chargeable and dischargeable powers of the ESS are computed using Equations
(3) and (4), respectively. The dischargeable power of the PEV is computed using
Equation (10). The surplus or insufficient power is calculated using Equation (2).

(3) When the charging/discharging state of PEV (uPEV(t)) is equal to 1, the PEV is
operated as a load, following Equations (13)–(15), respectively.

(4) In this step, if there is surplus power in the household and the ESS can be charged,
the ESS will be charged following Equation (5). If there is insufficient power in the
household and the ESS can be discharged, the ESS will be discharged following
Equation (6). In addition, the power and stored energy of the ESS will be calculated
using Equations (7) and (8), respectively.

(5) Finally, PG(t) is calculated using Equation (19). Then, the electrical energy cost for the
consumer is calculated using Equation (20).

It should be noted that when the charging state of PEV (uPEV(t)) is 1, it indicates
that the PEV can be charged. This action starts from the last time slot and continuously
reverses to the previous time slot until the stored energy of the PEV is more than or equal
to 80% of its maximum capacity at the slot before the PEV leaves the household. If the
above-mentioned is true, the home energy management in a day is complete.

3. The Proposed Home Energy Management Strategy with Genetic Algorithm

Previous research works have not considered the charging equations for both the ESS
and PEV as a problem for optimization, as shown in Equations (5) and (11). Moreover, in
order to minimize the total cost for a consumer, the charging powers of both the ESS and
PEV, as represented in Equations (5) and (11), respectively, have to be minimized. Hence,
these two equations were formulated as the discrete function in this work. The GA, which
is suitable for optimizing the discrete function effectively, was chosen. Any values between
zero and these two equations’ values were randomized using the “rand” function in the
MATLAB program.

The objective of the proposed optimal home energy management strategy combined
with GA optimization is to minimize the overall electrical energy cost for the consumer.
The objective and constraint functions are defined as follows.

3.1. Objective Function

The objective function is to minimize the electrical energy cost for the consumer, as
shown in Equation (21) below.

min
[
costdaily

]
=

T

∑
t=1

cost(PG(t)) (21)

3.2. Constraints

The charging/discharging powers for the ESS and PEV can be improved following
the surplus/insufficient power from the solar PV system for each time slot. However,
they have to be adjusted between the upper and lower specification limits to protect the
overloading operation. Thus, the charging powers of the ESS and PEV for each time slot
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have to be limited following the two inequality constraint functions in Equations (22) and
(23) [24], respectively.

0 ≤ Pch
ESS(t)η

ch
ESS ≤ Pchmax

ESS (t) (22)

0 ≤ Pch
PEV(t)η

ch
PEV ≤ Pchmax

PEV (t) (23)

In addition, the discharging powers of the ESS and PEV for each time slot have to be
limited following the two inequality constraints in Equations (24) and (25) [24], respectively.

Pdismax
ESS (t) ≤ Pdisch

ESS (t)/ηdisch
ESS ≤ 0 (24)

Pdismax
PEV (t) ≤ Pdisch

PEV (t)/ηdisch
PEV ≤ 0 (25)

The stored energies of the ESS and PEV for each time slot have to be limited following
the two inequality constraints in Equations (26) and (27) [24], respectively.

0.2Cmax
ESS ≤ CESS(t) ≤ 0.8Cmax

ESS (26)

CPEV(t) ∈
{

[0.3Cmax
PEV, 0.8Cmax

PEV] ; t ∈ [ta, td − 1)
[0.8Cmax

PEV, Cmax
PEV] ; t = td − 1

(27)

Finally, the PG(t) for each time slot has to be limited following an inequality constraint
in Equation (28) [24].

− Pmax
G ≤ PG(t) ≤ Pmax

G (28)

The combination of the home energy management strategy and the GA is described as
follows:

(1) Firstly, binary random variables for the charging powers of the ESS and PEV and the
population size of the GA are initialized.

(2) The home energy management strategy is used to decode binary random variables
as decimal variables for all populations. The charging powers of the ESS and PEV
are determined as random variables in the GA following the inequality constraints in
Equations (29)–(31).

0 ≤ Pch
ESS(t) ≤ min

(
P1(t), Pchable

ESS (t), Pchmax
ESS

)
(29)

0 ≤ Pch
PEV(t) ≤ min

(
P1(t), Pchable

PEV (t), Pchmax
PEV

)
(30)

0 ≤ Pch
PEV(t) ≤ min

(
PD(t), Pchable

PEV (t), Pchmax
PEV

)
(31)

(3) The objective function is calculated using Equation (21) and the fitness function is
evaluated.

(4) The GA optimization mechanism continuously creates a new population using GA
operations consisting of the crossover, mutation, and selection until the satisfying
criterion is met.

(5) Finally, the optimal home energy management strategy solution is obtained.

The mechanism to determine the optimal home energy management strategy is pre-
sented in Figure 3.
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4. Simulation Results and Discussion

In this section, the simulation results of the home energy management strategy using
MATLAB R2018a are presented. The simulation data and the overall results are presented
in Section 4.1. The results of the home energy management strategy are presented in
Section 4.2. The results of the proposed home energy management strategy combined with
GA are included and discussed in Section 4.3.

4.1. The Simulation Data and Overall Results

The calculation of the home energy management strategy is separated into three
periods in a day, as mentioned in Section 2, and the time resolution is defined to 15 min.
A demand profile of a household with a maximum power rating of 6.9000 kW in the
low voltage level (230 V) was obtained from the automatic meter recording (AMR) of
the provincial electricity authority (PEA) [25]. The considered devices in a household
include a PV system, an ESS, and a PEV. The solar PV system profile was obtained from the
European Network of Transmission System Operators (ENTSOE) [26], which provides the
PV system power generation profile to an MW level. Therefore, it was converted to a 10
kW level following regulations from the connection code of the PEA [27]. The ESS and PEV
specifications are shown in Table 1.
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Table 1. ESS and PEV specifications.

ESS Specification [24] PEV Specification [4,24]

Pchmax
ESS (kW) 3 Pchmax

PEV (kW) 6.6
Pdischmax

ESS (kW) −3 Pdischmax
PEV (kW) −6.6

Cint
ESS(kWh) 3.5 Cint

PEV(kWh) 32
Cmax

ESS (kWh) 8 Cmax
PEV(kWh) 40

Econs
PEV (kWh/km) 0.15

Dcons
PEV (km) 20

In Table 1, the positive power value (kW) indicates operation in the charging mode,
and negative power represents discharging. The TOU and feed-in tariffs (FiT) of Thailand
are shown in Table 2, which were self-created based on the Thailand TOU tariffs [28].

Table 2. TOU and FiT tariffs of Thailand.

Period
Peak Time Off-Peak Time

09:00 a.m.–10:00 p.m. 10:00 p.m.–09:00 a.m.

TOU
rate 0.1855 USD/kWh 0.0843 USD/kWh

FiT
rate 0.0574 USD/kWh

For this study, firstly, MATLAB was used to simulate the home energy management
strategy, which is shown in Figure 2. The results of the first simulation are presented in
Figures 4–8. Next, MATLAB was used to simulate the genetic algorithm combined with
the proposed home energy management strategy, which is shown in Figure 3 and called
the “optimal home energy management strategy”. The results of the second simulation are
demonstrated in Figures 9–15.
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4.2. The Results of the Proposed Home Energy Management Strategy

The PV system power generation and the household load during each time slot are
demonstrated in Figure 4. The PV system can generate power from 04:00 a.m. to 08:15
p.m. The maximum power rating is equal to 6.9000 kW from 02:00 a.m. to 07:00 a.m. Three
periods are defined as follows: the first period is from 07:00 a.m. to 06:00 p.m., the second
period is from 06:00 p.m. to 02:00 a.m. of the next day, and the third period is from 02:00
a.m. to 07:00 a.m.—the charging power of the PEV is combined with the household load in
this period.

The surplus/insufficient power in the household and the charging/discharging power
of the ESS and the PEV in V2H mode, PG(t), are shown in Figure 5. In the first period, the
surplus/insufficient power is calculated using Equation (1). When there is surplus power
in the household, the ESS is charged following Equation (5). Afterward, the surplus power
is injected into the grid following Equation (18). When there is insufficient power in the
household, the ESS is discharged following Equation (6). Afterward, the power is drawn
from the grid following Equation (18). In the second period, the PEV is operated in the V2H
mode to support the ESS discharging, following Equation (12). In the third period, because
the PEV operates as a load, there is more insufficient power than in the other periods.
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The surplus/insufficient power is calculated using Equation (2), When there is insufficient
power in the household, the ESS is discharged following Equation (6). Afterward, the
insufficient power is drawn from the grid following Equation (18).

The charging/discharging and stored energy for the PEV in each time slot is illustrated
in Figure 6. In the first period, the stored energy of the PEV decreases according to the
energy consumption (kWh/km) and the distance (km) traveled. In the second period, the
PEV operates in the V2H mode to support the ESS operation. When there is insufficient
power in the household, the PEV power is used following Equation (12). The stored
energy of the PEV will continuously decrease until the stored energy of PEV is at 30% of its
maximum capacity. After that, the PEV will not be discharged even if there is insufficient
power in the household. Thus, the PEV PG(t) decreases during the peak period and thus
reduces the electrical energy costs for the consumer. In the third period, the PEV is charged
using Equation (15). Consequently, the stored energy of the PEV will increase until it is
more than 80% of its maximum capacity at 06:45 a.m. following the inequality constraint in
Equation (27) and charging the PEV enough for traveling during the day.

The charging/discharging power and stored energy of ESS for each time slot are
illustrated in Figure 7. In the first period, if there is a lot of surplus power in the household,
the ESS will be charged using Equation (5). The stored energy of the ESS will reach 80%
of its maximum capacity. The ESS will supply power when there is insufficient power in
the household. In the second period, after the stored energy of the PEV is less than 30% of
its maximum capacity, the ESS will discharge to supply power to the load using Equation
(6). The stored energy of the ESS will discharge until the ESS energy is equal to 20% of its
maximum capacity. In the third period, because the stored capacity of the ESS is equal to
20% of its maximum capacity, the ESS will not discharge even though there is insufficient
power in the household during this period.

The daily electrical energy cost for the consumer during each time slot is shown in
Figure 8. In the first period, because there is surplus power, the consumer can sell this
surplus power to the grid. Therefore, the consumer earns revenue by injecting electric
energy into the grid and, thus, reducing the daily electrical energy cost. In the second
period, after storing energy, the ESS and PEV are decreased to their minimum capacities and
the ESS and PEV power cannot be discharged to supply the household load. Consequently,
the consumer has to purchase PG(t). Therefore, the daily electrical energy cost for the
consumer will continuously decrease. In the third period, the consumer has to purchase
PG(t) because the stored energy in the ESS and PEV are decreased to their minimum
capacities. Therefore, the daily electrical energy cost for the consumer will continuously
decrease. Finally, the daily electrical energy cost for the consumer is calculated, which is
equal to −2.7197 USD. In other words, the consumer has to disburse the electrical energy
cost to the utility grid equal to 2.7197 USD for a day.

4.3. The Comparison Results between Home Energy Management Strategies with and without the
Genetic Algorithm Combination

In this subsection, the results from the earlier method and the proposed optimal home
energy management strategies are compared. The separated periods in the optimal strategy
are defined as follows: the first period is from 07:00 a.m. to 06:00 p.m., the second period
is from 06:00 p.m. to 10:00 p.m., and the third period is from 10:00 p.m. to 07:00 a.m. The
combination of the strategy and the GA influenced the PEV and ESS operations and trading
power between the household and the grid. Therefore, the electrical energy cost for the
consumer changed following the optimization mechanism.

The PV system power generation and the household load during each time slot are
demonstrated in Figure 9. The PV system can generate power from 04:00 a.m. to 08:15 p.m.
The peak household load is equal to 6.8389 kW at 06:45 a.m.

The surplus/insufficient power in the household, the optimal charging/discharging
power of the ESS and PEV in the V2H mode and the optimal PG(t) are illustrated in
Figure 10. In the first period, the surplus/insufficient power is calculated using Equation
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(1). When there is surplus power in the household, the ESS is charged according to the
GA mechanism under the inequality constraint in Equation (29). Afterward, the surplus
power is injected into the grid following Equation (18). When there is insufficient power in
the household, ESS is discharged following Equation (6). Afterward, the power is drawn
from the grid following Equation (15). In the second period, PEV is operated in the V2H
mode to support the ESS discharging, following Equation (12). In the third period, the
PEV is operated as a load. The PEV is charged according to the GA mechanism under
the inequality constraints in Equation (31). The degree of insufficient power is calculated
using Equation (2). When there is insufficient power in the household, the ESS power is
discharged following Equation (6). Afterward, the insufficient power is drawn from the
grid by Equation (19).

The charging/discharging power of the ESS and stored energy of the ESS obtained
from the home energy management strategies with and without the GA are shown in
Figures 11 and 12, respectively. For the case using the optimal home energy management
strategy, when there is surplus power in the household, the ESS is charged according to
the GA mechanism under the inequality constraint in Equation (29). A comparison of the
stored energy of the ESS with and without the GA combination is shown in Figure 11.
When the stored energy of the ESS is equal to 80% of its maximum capacity, the ESS power
will not be charged even if there is surplus power in the household during this period.
When there is insufficient power in the household, the ESS power is discharged using
Equation (6). However, during the second and third periods, the optimal strategy time slots
for discharging are different from the discharging time slots estimated using the strategy
without the use of GA. The ESS power is discharged again for supplying power to the
household load and the PEV in the third period. When the stored energy of the ESS is
equal to 20% of its maximum capacity, the ESS power will stop discharging even if there is
insufficient power in the household during this period.

The charging/discharging power of the PEV and its stored energy obtained from the
home energy management strategies with and without the GA combination are illustrated
in Figures 13 and 14, respectively. During the first period, the stored energy of the PEV
decreases following the energy consumption rate (kWh/km) and the daily driven distance
(km). The results are the same for both strategies with and without the GA combination.
In the second period, the PEV operates in the V2H mode to support the ESS discharging,
following Equation (12). Hence, the stored energy continuously decreases. In the third
period, the PEV operates as a load that is optimally charged according to the GA mechanism,
following the inequality constraints in Equation (31). The stored energy of the PEV will
continuously increase until it is above 80% of its maximum capacity at 06:45 a.m. the next
day, following the inequality constraint in Equation (27). The PEV charge should be enough
for traveling during the day.

The PG(t) obtained from the home energy management strategies with and without
the GA combination are presented in Figure 15. During the first period, because the solar
PV system generates more power than the household demand, and the stored energy of the
ESS is sufficient to meet the household demand, the consumer can sell the surplus power
to the grid. However, since the ESS is charged by the GA mechanism under the inequality
constraint in Equation (29), the interaction powers that are calculated using Equation (15)
will be different compared to the results using the strategy without the GA combination. In
the second period, because the PEV operates in the V2H mode and can sufficiently meet
the household demand, the consumer does not have to purchase PG(t). In the third period,
the consumer has to purchase PG(t) to meet the household demand and optimally charge
the PEV following Equation (19). Again, the results are different when compared to the
results using strategy without the GA combination.

The electrical energy costs of the consumer obtained from the home energy manage-
ment strategies with and without the GA combination are shown in Figure 16. Using the
optimal strategy, PG(t) is different due to the optimal ESS and PEV charging mechanisms.
Therefore, the estimated optimal electrical energy cost for the consumer is different using
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Equation (20). Finally, the daily electrical energy cost for the consumer was calculated,
equaling −2.7197 USD. In other words, the consumer has to pay an electrical energy cost to
the utility grid that is equal to 2.7197 USD for a day.
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Figure 16. Comparison of energy costs of the consumer using strategies with and without GA.

The comparison of the results obtained from the home energy management strategies
with and without GA combination is presented in Table 3. The strategy with the GA can
decrease the cumulative drawn energy from the grid from 58.3542 kWh to 55.1235 kWh.
Therefore, the cumulative cost for the consumer is decreased from 3.0815 USD to 3.0545
USD. In consequence, the daily electrical energy cost for the consumer is decreased from
0.3847 USD to 0.3577 USD. Moreover, the strategy with the GA can equalize the household
load in the third period and decreases the peak household load from 6.9000 kW to 6.8389
kW; consequently, the utility grid does not have to supply high power to the household for
a long time.

Table 3. Comparison of the results between using strategies with and without the GA.

Scenarios of
Home Energy
Management

Strategy

Power (kW) Cumulative
Energy (kWh)

Cumulative
Revenue/Cost (USD)

Net
Cost (USD)

Peak Load Injected
to Grid

Drawn
from Grid Revenue Cost Daily Cost

Without GA 6.9000 53.0628 58.3542 2.6968 3.0815 0.3847
With GA 6.8389 53.0628 55.1235 2.6968 3.0545 0.3577

% Increment - - - - - -
% Reduction 0.8855 - 5.5364 - 0.8762 7.0185

In summary, from Table 3, the results obtained from the strategy with the GA show
that the cumulative energy drawn from the grid decreases by 5.5364%, the cumulative
cost for the consumer decreases by 0.8762%, and the peak household load decreases by
0.7072% compared to the results obtained from the strategy without the GA. Finally, the
daily electrical energy cost for the consumer decreases by 7.0185% compared to the results
obtained from the strategy without the GA. The GA can only be added to the charging
processes for the ESS and PEV for minimizing the daily cost. For the discharging processes
of the ESS and PEV, the GA is not useful to be added because the proposed strategy already
controlled the discharged power at the maximum value to decrease the purchasing power
from the grid. As a result, the difference between the results of the strategies with and
without the GA is not significant. However, because the results were simulated only for



Energies 2022, 15, 537 20 of 22

a day, the authors strongly believe that the monthly or yearly electrical energy cost for
consumers using the strategy with the GA will be significantly reduced.

For the computation time comparison, the calculation time of the proposed home
energy management strategy without the GA is 0.3505 s. On the other hand, the calculation
time of the proposed home energy management strategy with the GA is 4,217.6579 s or
1 h 10 min 17.6579 s. It can be seen that the computation times of the two methods are
reasonable for applying in day-ahead planning.

5. Conclusions

This paper presents the optimal home energy management strategy based on a solar
PV system, a PEV, and an ESS in a household considering the power usage under TOU
tariffs. The TOU tariffs of Thailand were used for electrical energy cost calculations in
this study. The charging/discharging powers of ESS and PEV, PG(t), are managed by the
proposed strategy. To increase the capability of the strategy, the meta-heuristic optimization
using a genetic algorithm was integrated with the proposed home energy management
strategy.

To confirm the improved performance of the proposed strategy, the home energy
management strategies with and without the GA combinations were evaluated using
MATLAB-based numerical simulation results. The strategy without the GA combination
was applied by carefully dividing the day into three time periods. The results present
the daily solar power generation, household load profile, and surplus/insufficient power,
which, in turn, triggered the PEV and ESS operations during each time slot. Finally, the
daily electrical energy cost for the consumer was calculated.

In the case of using the strategy without the GA, the simulation results show that
the consumer has to pay a daily electrical energy rate to the utility grid equal to 0.3847
USD. However, the case of using the strategy with the GA combination can decrease the
cumulative energy drawn from the grid from 58.3542 kWh to 55.1235 kWh. Therefore,
the cumulative energy cost for the consumer decreases from 3.0815 USD to 3.0545 USD.
In consequence, the daily or net electrical energy cost for the consumer decreases from
0.3847 USD to 0.3577 USD. Moreover, the strategy with the GA combination can equalize
the household load in the third period and decreases the peak household load from 6.9000
kW to 6.8389 kW; consequently, the utility grid does not need to supply a lot of power to
the household for a long time.

In summary, the proposed optimal home energy management strategy can provide the
optimal charging power of an ESS and a PEV, and optimal power interactions between the
grid and a household. The comparison of the results between the proposed home energy
management strategy with and without the GA can be summarized as follows:

• The cumulative drawn energy from the grid decreases by 5.5364%.
• The cumulative energy cost for the consumer decreases by 0.8762%.
• The daily electrical energy cost for the consumer decreases by 7.0185%

However, from the simulation results, the household peak load was still high, which
can cause high investment costs of the utility grid in the development of the main grid;
therefore, future works should take the household peak load reduction into account. Finally,
the optimal sizing of the ESS should be considered in order to completely maximize the
benefits of using the ESS. Moreover, nowadays, the Harris hawks optimization (HHO) [29]
and water cycle algorithm (WCA) [30] are popular because they perform better than other
traditional meta-heuristics algorithms, such as the GA. This is a significant research gap
that can improve this research work in the future.
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Nomenclature

ηch
PEV PEV charging efficiency

ηdisch
PEV PEV discharging efficiency

ηch
ESS ESS charging efficiency

ηdisch
ESS ESS discharging efficiency

PPV(t) Solar PV power generation at time slot t (kW)
PL(t) Load at time slot t (kW)
PPEV(t) Power of PEV at time slot t (kW)
PESS(t) Power of ESS at time slot t (kW)
PG(t) Power interaction between grid and household at time slot t (kW)
Pchmax

PEV Maximum charging power of PEV (kW)
Pdischmax

PEV Maximum discharging power of PEV (kW)
Pchable

PEV (t) Maximum allowable charging power of PEV at time slot t under constraint (kW)
Pchmax

ESS Maximum charging power of ESS (kW)
Pdischmax

PEV Maximum discharging power of PEV (kW)
Pchable

PEV (t) Maximum allowable charging power of PEV at time slot t under constraint (kW)
Pdischable

PEV (t) Maximum allowable discharging power of PEV at time slot t under constraint (kW)
Pmax

G Maximum power interaction between a household and grid (kW)
Pchmax

ESS Maximum charging power of ESS (kW)
Pdischmax

ESS Maximum discharging power of ESS (kW)
Pchable

ESS (t) Maximum allowable charging power of ESS at time slot t under constraint (kW)
Pdischable

ESS (t) Maximum allowable discharging power of ESS at time slot t under constraint (kW)
uPEV(t) Charging or discharging state of PEV at time slot t
uESS(t) Charging or discharging state of ESS at time slot t
Cmax

ESS Maximum capacity of ESS (kWh)
Cmax

PEV Maximum capacity of PEV (kWh)
Cint

ESS Initial capacity of ESS (kWh)
Cint

PEV Initial capacity of PEV (kWh)
CESS(t) Stored energy of ESS at time slot t (kWh)
CPEV(t) Stored energy of PEV at time slot t (kWh)
cost(PG(t)) Electrical cost for the consumer at time slot t (USD)
costdaily Daily electrical cost for the consumer (USD)
ta PEV arrival time
td PEV departure time
Dcons

PEV Daily driven distance of PEV (km)
Econs

PEV Daily energy consumption of PEV (kWh/km)
TOU(t) Time-of-use tariffs at time slot t (USD/kWh)
FiT Feed-in tariff (USD/kWh)
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