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Abstract: This study investigates an energy utilization optimization strategy in a smart home for
charging electric vehicles (EVs) with/without a vehicle-to-home (V2H) and/or household energy
storage system (HESS) to improve household energy utilization, smooth the load profile, and reduce
electricity bills. The proposed strategy detects EV arrival and departure time, establishes the priority
order between EV and HESS during charge and discharge, and ensures that the EV battery state of
energy at the departure time is sufficient for its travel distance. It also ensures that the EV and HESS
are charged when electricity prices are low and discharged in peak hours to reduce net electricity
expenditure. The proposed strategy operates in different modes to control the energy amount flowing
from the grid to EV and/or HESS and the energy amount drawn from the HESS and/or EV to feed
the demand to maintain the load curve level within the average limits of the daily load curve. Four
different scenarios are presented to investigate the role of HESS and EV technology in reducing
electricity bills and smoothing the load curve in the smart house. The results demonstrate that the
proposed strategy effectively reduces electricity costs by 12%, 15%, 14%, and 17% in scenarios A, B, C,
and D, respectively, and smooths the load profile. Transferring valley electricity by V2H can reduce
the electricity costs better than HESS, whereas HESS is better than EV at flattening the load curve.
Transferring valley electricity through both V2H and HESS gives better results in reducing electricity
costs and smoothing the load curve than transferring valley electricity by HESS or V2H alone.

Keywords: electric vehicles; vehicle-to-home; electricity bill; household energy storage system;
load curve

1. Introduction

The smart grids supported by advanced metering infrastructure and two-way com-
munication are attracting homeowners to adopt a home energy management system
(HEMS) [1,2]. The electrical energy consumption rate has increased dramatically because
of the population increase and rapid economic growth [3,4]. It will continue to increase
at a rate of 1.2% until 2040 [5]. A recent study indicates that residential sector energy
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consumption represents about 27% of the total global energy consumption [6]. The rapid
growth of energy consumption in the residential sector causes great pressure on the power
distribution network. To face this problem, feeders and transformers are being upgraded,
which cost millions of dollars and a decrease in the utilization rate [7]. Thus, network infras-
tructure upgrade option may not be suitable. Therefore, the distributed energy resources,
such as rooftop photovoltaic and wind power, are used to reduce energy consumption.
However, the variable renewables energy intermittent nature can cause many problems,
such as over-generation and voltage fluctuations, which affect the system reliability [8]. ESS
is an important technology that provides a high level of flexibility and energy management
capability [9,10]. Concerning the residential sector, the option based on batteries energy
storage is most feasible due to high charging/discharging efficiency, longer discharging
period, and larger storage capacities [11]. Moreover, the battery price decreased by 39% [12].
On the other hand, EVs represent new flexible loads that utilize battery storage technology
and can charge from the grid utility timely. However, EVs have high electricity consump-
tion in the residential sector, which has many challenges, such as charging of EVs, which
may increase peak demand and damage local distribution networks [13–15]. Therefore, the
adequate charging and discharging energy management strategy of the HESS and electric
vehicle provided by HEMS will play a significant role in the smart home.

Several studies were conducted on energy management strategies in the residential
sector to control the ESSs with the aim of peak demand shaving [16], minimizing electricity
bills [17–19], or reducing household electricity bill and peak load demand [20–22]. In the
same context, many strategies have been presented to schedule the operation of EVs in the
residential sector, such as EV charging control [23–25], aiming to reduce electricity bills,
reduce peak load, or minimize electricity bills and peak load demand. On the other hand,
many studies introduced EV charging control with the V2H or vehicle-to-grid (V2G) [26–29].
For example, Khemakhem et al. [26,27] introduced flexible control strategies for residential
buildings that contain EVs as energy storage, aiming to reduce load variability and smooth
the load profile. The presented strategies focused on controlling two-way power flow
between smart grid and EVs according to several constraints: (i) daily load profile; (ii) EVs
arrival and departure time; and (iii) maximum and minimum state of charge (SOC) of EVs
batteries. However, the electricity price was not among the constraints, and that will lead
to an increase in EVs charging cost. Moreover, although the authors mentioned that the
SOC of EV battery depends on the travel distance, but the EV battery SOC at departure
time has not been provided. Moreover, in study conducted by Pal and Kumar [28], a
model for energy management between smart home, neighbors, and EV operating V2H,
V2G, and vehicle-to-neighbor (V2N) was proposed to minimize the daily energy bills and
peak power demand under the day-ahead dynamic prices. A new control strategy of EV
charging/discharging according to the electricity price during off-peak and peak hours was
presented, aiming to acquire maximum financial benefit and reduce the grid consumptions
during peak periods [29]. Although Pal and Kumar and Datta et al. [28,29] focused on
minimizing the daily energy bills while reducing the peak demand, it is noted that the
flattening of the load curve was not studied in a clear manner even though the tool that
reduces the cost helps in the load curve flattening. It is also noted that in the evaluation of
(V2H), (V2G), and (V2N), EV battery degradation cost was not included in the system cost.
Using the EV battery for anything outside its main purpose will lead to battery degradation.
Therefore, battery degradation cost is significantly important in evaluating the economics
of the vehicle-to-anything (V2X) [30].

Moreover, the home-level coordinated control of ESS and EV together has been stud-
ied in the latest literature. For example, in work conducted by Melhem et al. [31], a
mixed-integer linear programming model in smart home equipped with renewable energy
resources and ESS with integration of EV was presented to minimize the electricity cost of
the consumer and optimize the energy production and consumption systems. In another
study, Aznavi et al. [32] introduced control algorithm based on energy price tag to estab-
lishes a priority order between the EV, ESS, and imported power from the grid, in addition
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to reducing the total electricity cost for the smart home and meeting the requirements
of charging storage devices and demand for household power. Control strategy based
on genetic algorithm was proposed to coordinate charging/discharging of EVs and ESSs
aiming to reduce electricity bills [33].

Although the valuable contributions provided by studies [31–33] and other studies
that studied the home-level coordinated control of ESS and EV together, which are not
mentioned here, the research gaps from a review of the literature can be summarized
as follow:

n Lack of a charge/discharge control strategy for ESS and EV together in the model of
HEMS in terms of power load curve flattening and electricity cost reduction.

n There is an evident lack of literature investigating the influence of cost of EV battery
degradation on evaluating the economic benefits of household when using V2H to
transfer valley electricity.

n Lack of comprehensive comparison of the HEMS with/without HESS and/or V2H in
terms of power load profile flattening and electricity cost reduction.

This paper addresses the limitations of previous studies by proposing an energy
management strategy to control the quantities of power during charging/discharging of
the HESS and EV and to detect the suitable time to charge and discharge the EV and HESS
in the smart home. The main objective of this study is to smooth the load profile and reduce
the electricity bill while meet the energy requirement for the household load demand and
EV. The main contributions of this work can be summarized as follows:

n Control based on restrictions: in fact, the major contribution of this study that the
proposed energy management strategy control the quantities of power during charg-
ing/discharging of the HESS and EV and detect the suitable time to charge and
discharge the EV and HESS, based on various constraints: time-of-use (TOU) electric-
ity price, daily load curve, minimum and maximum limit SOC of HESS, departure
and arrival time of EV, minimum and maximum limit SOC of EV battery, and the
required SOC of EV battery at departure time.

n Consideration of EV battery degradation cost: cost of EV battery degradation is taken
into account in the proposed technique, in contrast to earlier studies. This factor
is essential for evaluate the economic viability of V2H applications because using
an electric vehicle’s battery for anything V2X other than transportation can cause it
to degrade.

n Progressive evolution: this work provides progressive evolution of the HEMS with/
without HESS and/or V2H in terms of power load profile flattening and electricity cost
reduction in addition to detailing the effect of transferring valley electricity through
V2H and/or HESS in reducing electricity costs and smoothing daily load profile.

The rest of the paper is structured follows: System structure and modeling are intro-
duced in Section 2. Section 3 presents the proposed energy management strategy in several
scenarios with/without HESS and/or V2H. The Simulation results are detailed in Section 4.
Finally, according to the results obtained, a set of conclusions are drawn up in Section 5.

2. System Structure and Modeling
2.1. Smart Home Structure

Figure 1 illustrates the studied smart home diagram, which mainly consists of a set
of household appliances, EV, HESS, the daily price signal, daily load curve, smart meter,
grid utility, and HEMS to controls the energy flow between the HESS, EV, grid utility, and
household appliances. Moreover, bi-directional DC/AC converters connect HESS and EV
with grid utility and household appliances. A smart meter is necessary to gather data
about the power amount needed or delivered to the utility grid in order to create an ideal
energy scheduling between the power grid and the smart house under study, while smart
home energy management system (HEMS) is also in charge of ensuring the best possible
energy exchange between the components of smart homes and the utility grid. The phrase



Sustainability 2023, 15, 15046 4 of 28

“smart home” in this study refers to a home that can offer two-way data connection and
bidirectional power flow, which is consistent with the idea of a smart grid. HEMS receive
TOU electricity price, the specific daily load curve, HESS parameters, and EV parameters
as inputs to manage the energy scheduling among HESS, EV, smart home, and power grid
based on several constraints such as: SOC of ESS and EV, charge and discharge of HESS
and EV, charge, and discharge priority. The major contribution of this study is to control
several operating modes for HESS and EV depending on the above constraints to ensure
the power exchange between HESS, EV, and smart home, for the purpose of shaving peak
load in the high-price periods and filling the valley in low price periods, thus smoothing
daily load curve and reduce electricity cost in the smart home.
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2.2. System Modeling
2.2.1. EV Modeling

As is well known, the spread of EVs plays an important role in home energy manage-
ment thanks to energy exchange from grid-to-vehicle and V2H. Therefore, the concept of
V2H is utilized to take advantage of the electric vehicle for reducing cost and flattening
the load curve. The scheduling of the electric vehicle operation depends on its availability
at home. The electric vehicle role should be accounted for depending on its availability at
home, which is specified by the arrival (ta), and departure (td) times. Being constrained by
the capacity of the EV battery, the SOC of the EV battery will change dynamically due to
charging from the grid utility or discharging to feed the demand by V2H. Therefore, the
EV battery SOC estimation is an essential part of the HEMS, which will directly affect the
decision and control of the home energy management system and the efficient use of the
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EV. The EV battery state of charge at a time interval (t) (SOCEV(t)) can be formulated based
on the EV battery state of charge at the previous interval (SOCEV(t− 1)), as follows:

SOCEV(t) =


SOCEV(t− 1) + ηEV

c
PGEV(t)
QEV

rated
i f ch arg ing

SOCEV(t− 1)− PEVL(t)
ηEV

d QEV
rated

i f disch arg ing

 , ∀ta < t < td (1)

where PGEV(t) represents the power from the grid to vehicle (kW), PEVL(t) represents the
power from the vehicle to load (kW), QEV

rated is the rated capacity of the EV battery (kWh),
ηEV

c is the EV battery charge efficiency, and ηEV
d is the EV battery discharge efficiency.

Due to the EV battery packs dynamic performance, the EV battery SOC is restricted in
the range of allowed minimum (SOCEV

min) and maximum (SOCEV
max) values, as in

Equations (2) and (3), respectively.

SOCEV(t) ≥ SOCEV
min, ∀ta < t < td (2)

SOCEV(t) ≤ SOCEV
max, ∀ta < t < td (3)

To provide the required energy for the electric vehicle trip distance, the EV battery
state of charge at departure time should be greater than or equal to the required SOC for the
EV trip distance (SOCEV

R ), which can be satisfied by Equation (4). In other words, before
the involvement of EV in the V2H process, the energy amount stored in the EV battery will
be verified to be enough for the remaining vehicle trip distance to ensure that the required
energy for the EV trip distance is satisfied based on vehicle trip distance. The challenge in
determining the required energy for EV at the departure time is primarily related to the
dynamic nature of factors affecting energy consumption in the EV. Because the EV energy
consumption is affected by several factors such as traffic, weather conditions, and vehicle
performance, can all influence energy consumption even on the same routes. Therefore,
regarding estimating the energy required for the distance of EV trip in this study, we took
into account the average and worst-case scenarios to provide a reasonable estimate.

SOCEV(t) ≥ SOCEV
R , t = td (4)

Finally, the EV battery state of charge at arrival time is calculated as in Equation (5).

SOCEV(t) = SOCEV(td)−SOCEV
R , t = ta (5)

2.2.2. HESS Modeling

Similar to EV battery, the HESS SOC will change dynamically due to charging from
the grid utility or discharging to feed the demand. Moreover, the estimation of the HESS
SOC will directly affect the decision and control of the HEMS and the efficient use of the
HESS. Therefore, the HESS state of charge at a time interval (t) (SOCB(t)) can be modeled
depending on the previous HESS state of charge (SOCB(t− 1)) as in Equation (6).

SOCB(t) =


SOCB(t− 1) + ηB

c
PGB(t)
QB

rated
i f ch arg ing

SOCB(t− 1)− PBL(t)
ηB

d QB
rated

i f disch arg ing

 , ∀t (6)

where PGB(t) is the power from the grid-to-HESS (kW), PBL(t) is the power from the
HESS-to-load (kW), QB

rated is the rated capacity of the HESS (kWh), ηB
c is the HESS charge

efficiency, and ηB
d is the HESS discharge efficiency.
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Similar to the EV battery state of charge constraint, the HESS state of charge is also
constrained between the minimum (SOCB

min) and maximum (SOCB
max) limits by using the

constraints (5) and (6), respectively.

SOCB(t) ≥ SOCB
min, ∀t (7)

SOCB(t) ≤ SOCB
max, ∀t (8)

2.2.3. Daily Household Power Load

The smart home energy consumption by household appliances creates a curve known
as the daily load curve. Therefore, the total energy consumed during the day can be found
by the sum of all energy consumed by the household appliances throughout the day, which
can be modeled as in Equation (9).

WD =
24

∑
t=1

PL(t) (9)

where WD is the total energy consumption of the household appliances throughout the day
(kWh), and PL(t) is the energy consumption of the household appliances at time interval
t (kW).

In this study, it is assumed that the smart home has contains EV. Therefore, the
daily average energy consumption of the smart home is calculated by adding the average
energy consumed by the household appliances throughout the day with EV average energy
required for EV travel distance during the day, which can be formulated as in Equation (10).

Pavg =
WD + EEV

R
24

(10)

where Pavg is the daily average energy consumption by EV and household appliances (kW)
and EEV

R is the required energy for the EV travel distance in the typical day (kWh).
The required energy for the electric vehicle trip distance can be calculated by the

following equation [34,35].
EEV

R = ηV D (11)

where ηV represents vehicle efficiency (kWh/km), and D represents the vehicle travel
distance (km).

2.2.4. Daily Electricity Cost-Benefit Model

In this paper, one of the main objectives for the proposed energy management strategy
in the studied home, illustrated in Figure 1, is to minimize total daily electricity costs while
meeting the household energy demand and vehicle charging requirements. Reducing
electricity costs is represented in charging the EV and/or household battery from the grid
when the price of electricity is low (off-peak periods), in addition to discharging the HESS
and/or EV to feed the load regardless of the electricity price. Therefore, the daily electricity
cost reduction in the home under study is represented by the following equation:

minCT
D =

24

∑
t=1

λ(t)[PL(t)− PBL(t)− PEVL(t)] +
24

∑
t=1

λo f f (t)[PGEV(t) + PGB(t)] + CB
D + CEV

D (12)

where CT
D is the total daily energy consumption cost ($/day), λ(t) represents the price

of electricity during different periods ($/kWh), λo f f (t) represents the price of electricity
during off-peak period ($/kWh), CB

D represents daily capital cost for HESS installation
($/day), and CEV

D represents daily EV battery degradation cost ($/day).
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The daily electricity price during different periods can be formulated as.

λ(t) =


λon(t), ∀t = ton
λmid(t), ∀t = tmid
λo f f (t), ∀t = to f f

(13)

where λon(t) is the electricity price during on-peak period ($/kWh), and λmid(t) is the
electricity price during mid-peak period ($/kWh).

The daily capital cost for HESS installation, modeled as in Equation (14)

CB
D = CB r(1 + r)N

(1 + r)N − 1

QB
rated

Ndays
(14)

where CB represents the HESS one time installation cost ($/kWh), r represents the interest
rate, N represents lifespan (years), and Ndays represents the total number of days in the year.

The cost of EV battery degradation due to V2H can be calculated as follows.

CEV
D =

CEV

C f DOD

(
QEV

ratedDOD− EEV
R

)
ηEV

d (15)

where CEV represents EV battery replacement cost ($/kWh), C f represents the number of
possible full cycles during a battery lifetime, and DOD represents depth of discharge of
EV battery.

3. Proposed Energy Management Strategy (EMS)

The efficient scheduling of the charging and discharging of HESS and EV provided
by the HEMS can significantly reduce load variation, electricity costs in smart homes and
improve energy utilization. Therefore, this work presents a novel energy management
strategy with different scenarios for reducing electricity bills and smoothing the load
curve in the smart house that contains EV with/without HESS. In this work energy usage
is optimized based on the flowcharts presented in Figures 2–5. The proposed energy
management strategy operates in different modes to control the energy amount flowing
from the grid to the EV and/or HESS and the energy amount drawn from the EV and/or
HESS to feeding the load, in addition to detect the suitable time to charge and discharge
the EV and HESS. To reduce the load variation and electricity bill in the smart home that
contains EV with/without HESS, the charging/discharging schedule scenarios for EV
and/or HESS must meet the following prohibitions (Table 1):

Table 1. This table represent scenario in terms of the objectives and constraints.

Scenario Objectives Constraints

Scenario 1
• Control Charging of EV to reduce the load

variation and electricity bill.

• The EV battery charge when the price and consumption
of the electricity are low.

• EV SOC should not exceed upper limits.

Scenario 2
• Control Charging/discharging of EV with aim of

reduce the load variation and electricity bill.

• The EV battery charge if the price and consumption of
the electricity are low.

• EV battery discharge during the peak load period only.
• EV battery SOC at departure time should be equal or

higher than the required SOC for the EV trip distance.
• EV SOC should not exceed upper and lower limits.
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Table 1. Cont.

Scenario Objectives Constraints

Scenario 3
• Control of EV charging.
• Control of HESS Charge/discharge.
• Reduce the load variation and electricity bill.

• The EV battery and HESS are charge if the price and
consumption of the electricity are low.

• The HESS discharge during the peak load period only.
• Giving priority to charging EV before HESS.
• The SOC of the EV battery and the HESS should not

exceed the SOC upper and lower limits to prevent
over-charge/discharge.

Scenario 4
• Control of EV Charge/discharge.
• Control of HESS Charge/discharge.
• Reduce the load variation and electricity bill.

• The EV battery and HESS are charge if the price and
consumption of the electricity are low.

• The HESS and EV battery should discharge during the
peak load period only.

• Giving priority to charging EV before HESS.
• Giving priority to discharge HESS before EV.
• The SOC of the EV battery and the HESS should not

exceed the SOC upper and lower limits to prevent
over-charge/discharge.

• EV battery SOC at departure time should be equal or
higher than the required SOC for the EV trip distance.
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3.1. Scenario A: Control EV Charging without V2H and HESS
3.1.1. Energy Scheduling of EV Charging without V2H and HESS

In this scenario, the electric vehicle is considered as an electrical load only. However,
the EV will be charged in a controlled regime depending on the electricity price curve
and the power load curve. The control algorithm shown in Figure 2 receives, the daily
household appliances load profile PL(t), electricity price signal λ(t), average load Pavg,
average electricity price λavg, arrival and departure times of EV ta and td, initial SOC of the
EV battery SOCEV(t0), and maximum SOC of the EV battery SOCEV

max, as inputs. Thus, the
control algorithm will control the household energy in two modes as follows:

MODE A1: Uncharged Mode

In this mode, the electric vehicle battery is not charged. This mode is achieved by
activation one of these four statuses: (i) the electric vehicle is out of the house; (ii) the EV is
at the house and PL(t) is equal or higher than Pavg; (iii) the EV is at the house and the PL(t)
is less than Pavg, but λ(t) is equal or higher than λavg; (v) EV is at the house, the PL(t) is
less than Pavg, and λ(t) is less than λavg, but the EV battery is equal or greater than SOCEV

max.
So, the household load demand will not change as in Equation (16).

PLn(t) = PL(t) (16)

where PLn(t) is the new household power load curve (kW).

MODE A2: EV in Charging Mode

In this mode, EV is always in the charging mode. This mode is selected if the EV is
at the house, the PL(t) is less than Pavg, λ(t) is less than λavg, and the EV battery $SOC$ is
less than SOCEV

max. Therefore, the EV charging in this mode is modeled by Equation (17),
while the changing power load demand is expressed by Equation (19).

PGEV(t) = −(PL(t)− Pavg) (17)

PLn(t) = PL(t) + PGEV(t) (18)

3.1.2. Cost Reduction in EV Charging without V2H and HESS

In this scenario, the total electricity cost is affected by Equation (17), which describes
the amount of energy that EV consumes when the price and consumption of electricity
are low. Since the home without V2H and HESS, the part related to V2H and HESS in
Equation (12) becomes zero. Therefore, Equation (12) is reformulated as follows.

minCT,SA
D =

24

∑
t=1

λ(t)PL(t) +
24

∑
t=1

λo f f (t)PGEV(t) (19)

where CT,SA
D is the total daily energy consumption cost in scenario A ($/day).

3.2. Scenario B: Control EV Charging with V2H without HESS
3.2.1. Energy Scheduling of EV Charging with V2H without HESS

In this scenario, the electric vehicle is charged and discharged in a controlled regime
depending on the electricity price curve and the power load curve. The electric vehicle is
used as energy storage, which is charged if the consumption and price of electricity are low
and discharged to feed the load demand at peak time by V2H. The control algorithm shown
in Figure 3 receives, PL(t), λ(t), Pavg, λavg, ta, td, SOCEV(t0), SOCEV

max, minimum state of
charge of the EV battery SOCEV

min, and required SOC for the EV trip distance SOCEV
R as

inputs. After that, the control algorithm will control the household energy by the following
three modes:
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MODE B1: Uncharged Mode

The electric vehicle battery will not charge or discharge in this mode. This mode is
achieved by operating one of these five statuses: (i) the electric vehicle is out of the house;
(ii) the EV is at home and the PL(t) is less than Pavg, but λ(t) is equal or higher than λavg;
(iii) EV is at the house, the PL(t) is less than Pavg, and λ(t) is less than λavg, but the EV
battery SOC is equal to SOCEV

max; (iv) the electric vehicle is at the house, the PL(t) is equal or
higher than Pavg, and time was between arrival time and midnight ta < t < t24, but the EV
battery SOC is equal to SOCEV

min; (v) the electric vehicle is at the house, the PL(t) is equal or
higher than Pavg, and time was between midnight and departure time t00 < t < td but the
EV battery SOC is equal to SOCEV

R . Therefore, the household load demand will not change
as in Equation (16).

MODE B2: EV in Charging Mode

In this mode, the EV is always in the charging mode. This mode is selected when
the EV is at house, the PL(t) is less than Pavg, the λ(t) is less than λavg, time was between
arrival time and midnight, and the EV battery SOC is less than SOCEV

max. Therefore, the EV
charging in this mode is modeled by Equation (17), while changing power load demand is
expressed by Equation (18).

MODE B3: EV in discharging Mode

In this mode, EV is always in the discharging mode. This mode is achieved by tow
statuses: (i) the EV is at the house, the PL(t) is equal or higher than Pavg, time was between
arrival time and midnight ta < t < t24 and the EV battery SOC is greater than SOCEV

min;
(ii) the EV is at the house, the PL(t) is equal or higher than Pavg, time was between midnight
and departure time t00 < t < td and the EV battery SOC is greater than SOCEV

R . Therefore,
in this mode, electric vehicle is discharging to feeding the load as in Equation (20), and the
household load demand will change as modeled as in Equation (21).

PEVL(t) = PL(t)− Pavg (20)

PLn(t) = PL(t)− PEVL(t) (21)

3.2.2. Cost Reduction in EV Charging with V2H without HESS

In this scenario, the total electricity cost is affected by Equation (17), and Equation
(20) which describes the amount of power that EV consumes if the consumption and price
of electricity are low, and the quantity of power injected to the load from electric vehicle
at peak time, respectively. Being the home without HESS, the part related to HESS in
Equation (12) becomes zero. Therefore, Equation (12) is rewritten as follows.

minCT,SB
D =

24

∑
t=1

λ(t)[PL(t)− PEVL(t)] +
24

∑
t=1

λo f f (t)PGEV(t) + CEV
D (22)

where CT,SB
D represents the total daily energy consumption cost in scenario B ($/day).

3.3. Scenario C: Control EV Charging with HESS without V2H
3.3.1. Energy Scheduling of EV Charging with HESS without V2H

In this scenario, the EV is charged, and HESS is charged/discharged in a controlled
regime depending on the electricity price curve and the power load curve. The EV is
used as a load, and it will charge if the consumption and price of electricity are low. In
contrast, HESS is utilized as an electrical load when the price and consumption of electricity
are low, and it will be utilized as a supply to feed the demand at peak time. The control
algorithm shown in Figure 4 receives, the PL(t), λ(t), Pavg, λavg, ta, td, SOCEV(t0), SOCEV

max ,
the initial state of charge of the HESS SOCB(t0), minimum state of charge of the HESS
SOCB

min, maximum state of charge of the HESS SOCB
max, and rated charge power of EV EVR
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as inputs. Then, the control algorithm will control the household energy in five modes
as follows:

MODE C1: Uncharged Mode

In this mode, the electric vehicle battery is not charged, and HESS will not be charged
or discharged. This mode is achieved by one of these six statuses: (i) the electric vehicle
is out of the house, the PL(t) is less than Pavg, and λ(t) is equal or higher than λavg;
(ii) the EV is out of the house, the PL(t) is equal or higher than Pavg, and the HESS SOCB is
equal to SOCB

min; (iii) the EV is out of the house, the PL(t) is less than Pavg, λ(t) is less than
λavg, and the HESS SOCB is equal to SOCB

max; (iv) the EV is at the house, the PL(t) is less
than Pavg, and λ(t) is equal or higher than λavg; (v) EV is at the house, the PL(t) is equal or
higher than Pavg, and the HESS SOCB is equal to SOCminB ; or (vi) the EV is at the house,
the PL(t) is less than Pavg, λ(t) is less than λavg, the EV SOCEV is equal to SOCEV

max, and the
HESS SOCB is equal to SOCB

max. Therefore, the household load demand will not change, as
in Equation (16).

MODE C2: HESS in Charging Mode

In this mode, HESS only in the charging mode. This mode is selected through two
statuses: (i) the EV is out of the house, the PL(t) is less than Pavg, λ(t) is less than λavg, and
the HESS SOCB is less than SOCB

max; or (ii) the EV is at home, the PL(t) is less than Pavg,
λ(t) is less than λavg, the EV SOCEV is equal to SOCEV

max, and the HESS SOCB is less than
SOCB

max. Therefore, HESS charged from the grid can be modeled as in Equation (23), and
the household load demand will change by Equation (24).

PGB(t) = −(PL(t)− Pavg) (23)

PLn(t) = PL(t) + PGB(t) (24)

MODE C3: EV in Charging Mode

In this mode, EV only in the charging mode. This mode is selected through two
statuses: (i) the EV is at the house, the PL(t) is less than Pavg, λ(t) is less than λavg, the EV
SOCEV is less than SOCEV

max, and (Pavg − PL(t)) is equal or less than EV rated charge power
EVR; or (ii) the EV is at the house, the PL(t) is less than Pavg, λ(t) is less than λavg, the EV
SOCEV is less than SOCEV

max, and (Pavg − PL(t)) greater than EV rated charge power EVR,
but the HESS SOCB is equal SOCB

max. Therefore, the EV charging in this mode is modeled
by Equation (17), while the changing power load demand is expressed by Equation (18).

MODE C4: EV and HESS in Charging Mode

This mode is activated when the electric vehicle is at the house, the PL(t) is less than
Pavg, λ(t) is less than λavg, the EV battery SOCEV is less than SOCEV

max, (Pavg − PL(t)) is
greater than EV rated charge power EVR, and HESS SOCB is less than SOCB

max. In this
mode, EV and HESS are in charging mode, thus the energy flow from grid-to-vehicle, grid-
to-HESS, and changed household load are modeled as in Equations (25)–(27), respectively.

PGEV(t) = EVR (25)

PGB(t) = −(PL(t)− Pavg)− EVR (26)

PLn(t) = PL(t) + PGEV(t) + PGB(t) (27)

MODE C5: HESS in Discharging Mode

The HESS is discharged to feeding the load in this mode. This mode is activated
through two statuses: (i) the electric vehicle is at the house, the PL(t) is equal or greater
than Pavg, and the HESS SOCB is greater than SOCB

min; or (ii) the EV is out of the house,
the PL(t) is equal or greater than Pavg, HESS SOCB is greater than SOCB

min. Therefore, the
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HESS discharge in this mode is modeled by Equation (28), while the changing power load
is modeled by Equation (29).

PBL(t) = PL(t)− Pavg (28)

PLn(t) = PL(t)− PBL(t) (29)

3.3.2. Cost Reduction in EV Charging with HESS without V2H

In this scenario, the total electricity cost is affected by charging EV through Equa-
tions (17) and (25), if the consumption and price of electricity are low, and by charging
HESS through Equation (23) and Equation (26), also when the price and consumption of
electricity are low. In addition, HESS discharge to feed the load at peak time is calculated
through Equation (28). Since the home without V2H, the part related to V2H in Equation
(12) becomes zero. Therefore, Equation (12) is rewritten as follows.

minCT,SC
D =

24

∑
t=1

λ(t)[PL(t)− PBL(t)] +
24

∑
t=1

λo f f (t)[PGEV(t) + PGB(t)] + CB
D (30)

where CT,SC
D is the total daily energy consumption cost in scenario C ($/day).

3.4. Scenario D: Control EV Charging with V2H and HESS
3.4.1. Energy Scheduling of EV Charging with V2H and HESS

In this scenario, the electric vehicle and HESS are charging/discharging in a controlled
regime depending on the electricity price curve and the power load curve. The electric
vehicle and HESS are utilized as energy storage, charged when the prices and consumption
of electricity are low, and discharged to feed the load demand during peak hours. The
control algorithm shown in Figure 5 receives, the PL(t), λ(t), Pavg, λavg, ta, td, SOCB(t),
SOCEV(t), SOCB

min, SOCB
max, SOCEV

min, SOCEV
max, SOCEV

R , EVR, and rated discharge power of
HESS BR, as inputs. Thus, the control algorithm will control the household energy in seven
modes as follows:

MODE D1: Unchanged Mode

The electric vehicle and HESS will not charge or discharge in this mode. This mode
is selected by one of these seven statuses: (i) the electric vehicle is out of the house, the
PL(t) is less than Pavg, and λ(t) is equal or higher than λavg; (ii) the EV is out of the hose,
the PL(t) is equal or higher than Pavg, and the HESS SOCB is equal to SOCB

min; (iii) the EV
is out of the house, the PL(t) is less than Pavg, λ(t) is less than λavg, and the HESS SOCB

is equal to SOCB
max; (iv) the EV is at the house, PL(t) is less than Pavg, and λ(t) is equal or

higher than λavg; (v) the EV is at the house, the PL(t) was less than Pavg, λ(t) is less than
λavg, the EV SOCEV is equal to SOCEV

max, and HESS SOCB is equal to SOCB
max; (vi) the EV is

at the house, the PL(t) is equal or higher than Pavg, the HESS SOCB is equal to SOCB
min, time

was between arrival time and midnight ta < t < t24, and the EV battery SOCEV is equal
to SOCEV

max; or (vii) the EV is at the house, the PL(t) is equal or higher than Pavg, the HESS
SOCB is equal to SOCB

min, time was between midnight and departure time t00 < t < td,
and the EV battery SOCEV is equal to SOCEV

R . Therefore, the household load demand will
not change as in Equation (16).

MODE D2: HESS in Charging Mode

In this mode, HESS only in the charging mode. This mode is activated through two
cases: (i) the EV is out of the house, the PL(t) is less than Pavg, λ(t) is less than λavg, and
the HESS SOCB is less than SOCB

max; or (ii) the EV is at home, the PL(t) is less than Pavg,
λ(t) is less than λavg, the EV SOCEV is equal to SOCEV

max, and HESS SOCB is less than
SOCB

max. Therefore, HESS charged from the grid can be represented by Equation (23), and
the changing household load demand can be modeled by Equation (24).
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MODE D3: EV in Charging Mode

In this mode, EV only in the charging mode. This mode is selected through two sta-
tuses: (i) the EV is at the house, the PL(t) is less than Pavg, λ(t) is less than λavg, the EV
SOCEV is less than SOCEV

min, and (Pavg − PL(t)) is less than or equal to EVR; or (ii) the EV
is at the house, the PL(t) is less than Pavg, λ(t) is less than λavg, the EV SOCEV is less
than SOCEV

max, and (Pavg − PL(t)) greater than EVR, but the HESS SOCB is equal to SOCB
max.

Therefore, the EV charging in this mode is modeled by Equation (17), while the changing
power load demand is expressed by Equation (18).

MODE D4: EV and HESS in Charging Mode

This mode is activated when the electric vehicle is at the house, PL(t) is less than Pavg,
λ(t) is less than λavg, the EV battery SOCEV is less than SOCEV

max, (Pavg − PL(t)) is greater
than EVR, and the HESS SOCB is less than SOCB

max. In this mode, the EV and HESS are
in charging mode, thus the energy flow from grid-to-vehicle, grid-to-HESS, and changed
household load demand are modeled as in Equations (25), (26), and (27), respectively.

MODE D5: EV in Discharging Mode

In this mode, the electric vehicle is discharging to feeding the load. This mode is
activated by one of these two statues: (i) the EV is at the house, the PL(t) is equal or higher
than Pavg, the HESS SOCB is equal to SOCB

min, time was between arrival time and midnight
ta < t < t24, and the EV battery SOCEV is greater than SOCEV

max; or (ii) the EV is at the
house, the PL(t) is equal or higher than Pavg, the HESS SOCB is equal to SOCB

min, time was
between midnight and departure time t00 < t < td, and the EV battery SOCEV is greater
than SOCEV

R . Therefore, the EV battery discharge in this mode is modeled by Equation (20),
while the changing power load demand is expressed as in Equation (21).

MODE D6: HESS in Discharging Mode

In this mode, HESS is discharging to feeding the load. This mode is selected by one of
these four statuses: (i) the electric vehicle is out of the house, the PL(t) is equal or higher
than Pavg, HESS SOCB is greater than SOCB

min; (ii) the EV is at home, the PL(t) is equal or
higher than Pavg, and the HESS SOCB is greater than SOCB

min, and (PL(t) − Pavg) is less than
or equal to HESS rated discharge power BR; (iii) the EV is at the house, the PL(t) is equal or
higher than Pavg, the HESS SOC is greater than SOCB

min, (PL(t) − Pavg) is greater than HESS
rated discharge power BR, time was between arrival time and midnight ta < t < t24, and
the EV SOC is equal to SOCEV

min; or (iv) the EV is at the house, the PL(t) is equal or higher
than Pavg, the HESS SOC is greater than SOCB

min, (PL(t) − Pavg) is greater than HESS rated
discharge power BR, time was between midnight and departure time t00 < t < td, and the
EV SOC is equal to SOCEV

R . Therefore, the HESS discharge in this mode is expressed as in
Equation (28), while the changing load demand is modeled by Equation (29).

MODE D7: HESS and EV in Discharging Mode

In this mode, the HESS and electric vehicle are discharging to feeding the demand, and
it will activated by one of these two statuses: (i) the EV is a t the house, the PL(t) is equal or
higher than Pavg, the HESS SOC is greater than SOCB

min, (PL(t) − Pavg) is greater than HESS
rated discharge power BR, time was between arrival time and midnight ta < t < t24, and
the EV SOC is greater than SOCEV

min; or (ii) the EV is at the house, the PL(t) is equal or higher
than Pavg, the HESS SOC is greater than SOCB

min, (PL(t) − Pavg) is greater than HESS rated
discharge power BR, time was between midnight and departure time t00 < t < td, and
the EV SOC is greater than SOCEV

R . The HESS discharging, EV discharging, and changed
household demand are modeled by Equations (31), (32), and (33), respectively.

PBL(t) = BR (31)

PEVL(t) = (PL(t)− Pavg)− BR (32)
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PLn(t) = PL(t)− (PBL(t) + PEVL(t)) (33)

3.4.2. Cost Reduction in EV Charging with V2H and HESS

In this scenario, the total electricity cost is affected by charging EV through Equa-
tions (17) and (25), if the consumption and price of electricity are low, and by charging HESS
through Equation (23), Equation (26), also when the price and consumption of electricity are
low. In addition to EV discharge to feed load at peak hours through Equations (20) and (32)
and HESS discharge to feed load at peak time through Equations (28) and (31). Therefore,
in scenario D Equation (12) will not change, because it includes the part related to V2H and
HESS and will be written as follows.

minCT,SD
D =

24

∑
t=1

λ(t)[PL(t)− PBL(t)− PEVL(t)] +
24

∑
t=1

λo f f (t)[PGEV(t) + PGB(t)] + CB
D + CEV

D (34)

where CT,SD
D represents the total daily energy consumption cost in scenario D ($/day).

4. Results and Discussion

This section analyzes the characteristics of the proposed energy management strategy
with different scenarios. It compares their performance with the uncontrolled charging
system in terms of load curve flattening and cost reduction to verify the effectiveness of the
proposed energy management strategy. For simplicity, the simulation was executed within
24 h divided into 48 time intervals with a length of 30 min.

The time-varying price signals of electricity are taken from [36], which is based on
Southern California Edison residential TOU rates. Table 2 shows residential electricity prices
in on-peak hours, mid-peak hours, and off-peak hours provided by Southern California
Edison. Moreover, Figure 6 depicts the time-varying electricity price curve that ranges
between 0.12995–0.40824 $/kWh, with the average electricity price of 0.26018 $/kWh, which
was taken to be equal to the mid-peak price in this paper. Thus, motivates a household to
charge their EV and household battery in the off-peak hours (cheap electricity price) to take
advantage of them at peak hours.

Table 2. Residential electricity prices.

Periods Electricity Price ($/kWh)

On-peak 0.40824
Mid-peak 0.26018
Off-peak 0.12995
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Near-real-time hourly electricity consumption data were collected from 48 states by
the United States energy information administration. They found that household electricity
consumption is low during the night and high in the evening and morning [37]. Therefore,
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in this work, the household appliances are predicted to consume low electricity during the
night and high during evening and morning as depicted in Figure 7.
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Figure 7. Daily electricity consumption.

The EV and HESS parameters used in this simulation are listed in Table 3. In this
work, the EV is charged and discharged with 1.5 kW, due to the adequate level to charge
the EV in the house ranges between 1.5–3 kW [38]. The electric vehicle daily travel distance
is considered 40 miles, which is the average travel distance in the United States [39].

Table 3. EV and HESS parameters.

Description EV HESS

Battery capacity 19 kWh 8.64 kWh
SOCmax 90% 90%
SOCmin 20% 20%

Initial SOC 50% 50%
Depth of discharge DOD 80% 80%

Charging efficiency ηc 0.95 0.90
Discharging efficiency ηd 0.95 0.90

Max power 1.6 kW 1.2 kW
Min power −1.5 kW −1.0 kW

Vehicle depart time 08:00 -
Vehicle arrive time 17:00 -

Vehicle efficiency ηV 14 kWh/100 km -

Furthermore, it is assumed that the electric vehicle departed and arrived at the house
at 08:00 and 17:00, respectively. The economical parameters of the battery and EV battery
utilized in this paper are introduced in Table 4. The interest rate is considered to be 6%.

Table 4. Economic parameters associated with the HESS and EV battery.

Component Parameters Value Unit

HESS Investment cost 150 $/kWh
HESS system lifetime N 10 years

EV battery Replacement cost 200 $/kWh
Cycle life 2000 Cycles

Other Interest rate (r) 6 %

Figure 8 illustrates the transitions between different modes during the day for the four
developed scenarios.
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Figure 8a shows two different modes for the first scenario A, during time interval
[05:00–21:15] the proposed algorithm operates in mode1, which indicates no change in the
power load curve, while in periods [00:00–05:00], and [21:15–24:00] the algorithm operates
in mode 2 which indicates a change in the power load curve due to charging of EV from
the grid.

Figure 8b illustrates three different transition modes for scenario B. In periods [05:00–06:00],
[08:00–17:00], and [18:30–21:15], the strategy work in mode 1 indicates no change in the
power load due to no EV charge/discharge. During time intervals [00:00–05:00] and
the strategy work in mode 2 due to due to EV charging form the grid, while during
time intervals [06:00–08:00], and [17:00–18:30] the strategy work in mode 3 due to EV
discharging to feed the load, thus the power load curve will a change due to EV charging
and discharging in mode 2 and mode 3, respectively.

Figure 8c displays five different transition modes for scenario C. In time intervals
[09:30–15:00] and [18:15–21:15] the strategy work in mode 1 which refers to no change
in the power load because of no charge/discharge of the EV and/or HESS. While dur-
ing period [04:55–06:00] the strategy work in mode 2, during periods [04:45–04:55] and
the strategy work in mode 3, during time interval [00:00–04:45] and [22:30–24:00] the strat-
egy work in mode 4, and during time interval [00:60–09:30] and [15:00–18:15] the strategy
work in mode 5. Mode 2, mode 3, mode 4, and mode 5 refers to change in the power load
because of charging of the HESS in mode 2, charging of EV in mode 3, charging of EV and
HESS in mode 4, and finally, HESS discharging in mode 5.

Figure 8d displays seven different transition modes for scenario D, during time interval
[09:30–15:00] the proposed algorithm operates in mode1, which indicates no change in
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the power load curve because of no charge/discharge of the EV and/or HESS. Modes
2–7 refers to change in the power load curve due to the HESS charge in mode 2 during time
interval [04:55–06:00], EV charging in mode 3 during periods [04:45–04:55] and [21:15–22:30],
charging of EV and HESS in mode 4 during time interval [00:00–04:45] and [22:30–24:00],
EV discharging in mode 5 during period [18:15–21:15], HESS discharging in mode 6 during
periods [06:00–07:00], [08:00–09:30] and [15:00–17:00], and discharging of the HESS and EV
in mode 7 during time intervals [07:00–08:00] and [17:00–18:15].

Figure 9 displays the SOC of the EV battery in the four developed scenarios. Figure 9a
illustrates the EV battery SOC in scenario A, Figure 9b shows the EV battery SOC in
scenario B, Figure 9c displays EV battery SOC in scenario C, and Figure 9d shows the EV
battery SOC in scenario D. Figure 9a,c prove that the battery of EV was in charging mode
only. It is also noticeable that the EV SOC level does not exceed the maximum state of
charge level.
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Figure 9b,d prove that the EV battery was in charging/discharging modes. It is
also observable that the EV battery SOC within the maximum and minimum SOC levels
during charging and discharging modes. Which confirms the effectiveness of the proposed
strategies in maintaining the SOC of the EV battery within the upper and lower limits
prevent the over-charge/discharge.

Figure 10 shows the HESS SOC in scenario C and scenario D. Figure 10a,b prove that
the HESS was in charging/discharging modes, as well as it is noticeable that the HESS
SOC within the maximum and minimum SOC levels during charging and discharging
modes which confirms the effectiveness of the proposed strategy to prevent the HESS from
over-charge/discharge.
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Figure 11a–d show the results of EV battery current curve for the four scenarios,
respectively. Negative current confirms the EV charging modes, while positive current
confirms EV discharging modes.
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Figure 12a,b, show HESS current curve results for scenario C, and D, respectively.
Moreover, positive currents confirm HESS discharging, and negative current confirms the
HESS charging modes.
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Figure 13 shows the EV power profile in the four proposed scenarios. Figure 13a,c
displays the EV power profile in scenario A and scenario C, respectively. The negative
power in time intervals [00:00–4:50] and [21:20–24:00] refers to electric vehicle is in the
charging mode, and period [08:00–17:00] indicates that the electric vehicle is outside the
house, so the electric vehicle is uncharged. The unchanged EV power profile in the period
[04:50–08:00] indicates that the EV SOC has reached the maximum SOC, so the EV is not
charged. While the unchanged electric vehicle power profile in the interval [17:00–21:20]
refers that the PL(t) is equal or higher than Pavg, and λ(t) is equal or higher than λavg, so
the electric vehicle is also uncharged.
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Figure 13b shows the power profile of the EV in scenario B. The negative power
in time intervals [00:00–04:50] and [21:20–24:00], and the positive power in intervals
and [17:00–18:30] indicate that the EV is in the charging and discharging mode, respec-
tively. The unchanged EV power profile in the interval [05:00–06:00] refers to the EV is
not in charge/discharge mode due to the EV SOC having reached its maximum SOC, and
the PL(t) is less than Pavg. The unchanged EV power profile in the interval [18:30–21:20]
refers that the EV is not in charge/discharge mode due to the EV SOC having reached its
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minimum SOC and power demand is equal or higher than the average load. While period
[08:00–17:00] indicates that the electric vehicle is outside the house, so the electric vehicle is
not charged or discharge.

Figure 13d shows the power profile of the EV in scenario D. The negative power in
time intervals [00:00–04:50] and [21:20–24:00], and the positive power in time intervals
[06:55–08:00] and [17:00–21:20] indicate that the EV is in the charging and discharging
mode, respectively. While period [08:00–17:00] indicates that the electric vehicle is out of
the house, so the electric vehicle is not charged or discharged. The unchanged EV power
profile in the interval [04:50–06:00] refers to the EV not charging/discharging due to the
EV SOC reaching its maximum SOC, and the demand was less than the average load. The
unchanged EV power profile in the intervals [06:00–06:55] indicates that the EV is not in
charge/discharge mode due to giving priority to discharge HESS and the demand is equal
or higher than the average load.

Figure 14a,b display the HESS power profile in scenario C and scenario D, respectively.
The negative power in time intervals [00:00–04:40], [04:50–06:00], and [22:35–24:00] indicate
that the HESS is in the charging mode, and intervals [06:00–09:35] and [15:00–18:20] indicate
that the HESS is in discharging mode. The unchanged HESS power profile in periods
[04:40–04:50] and [21:20–22:35] indicates that the HESS is not in charge/discharge mode
due to giving priority to charge EV and the demand was less than the average load. The
unchanged HESS power profile in the period [09:35–15:00] indicates that the HESS is not in
charge/discharge mode due to the price of electricity is equal or higher than the average
price and the household load was less than the average load. Finally, the unchanged in the
HESS power profile in the interval [18:20–21:20] indicates that HESS SOC has reached its
minimum SOC, the electricity price is equal or greater than the average price, and the PL(t)
is equal or higher than Pavg, so the HESS is not charge/discharge.
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Figure 15 shows the power load profile in the four proposed scenarios compared to
the original power load profile. From Figure 13 it can be noted that the power load profile
has been flattened in the four proposed scenarios by comparing it to the original power
load profile. Moreover, it can also be seen that the flatness level in scenario B is better than
the flatness level in scenario A, the flatness level in scenario C is better than the flatness
level in scenario A and scenario B, and the flatness level in scenario D is better than the
flatness level in scenario A, scenario B, and scenario C.

Figure 16 shows the electricity cost in the four proposed energy management scenarios
and the electricity cost before using proposed energy management in the smart home. From
Figure 16 noticed that the electricity cost has been reduced in the four scenarios, compared
to the electricity cost before using the proposed energy management. It is noticed from the
figure that the electricity cost in case of transferring valley electricity through V2H is less
than transferring valley electricity by HESS. Moreover, from the figure, it is clearly noted
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that transferring valley electricity by V2H and HESS reduces the electricity cost better than
transferring valley electricity through V2H or HESS.
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In order to evaluate the performance of the proposed strategy, Table 5 provide the
comparisons of the proposed strategy with other strategies in the existing literature. It is
worth noting that all the aspects that were not covered in the literature are considered in this
study. It is clear that the proposed strategy is more efficient for home energy management.
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Table 5. Comparison of the proposed strategy with the existing literature.

Ref.
Objectives Storage Technologies

Minimize
Peak Load

Smoothing
Load Curve Reduce Cost HESS EV

[16] X - - X -
[17] - - X X -
[20] X - X X -
[23] - - X - X
[26] X X - - X
[28] X - X - X
[31] - - X X X

This study X X X X X

5. Conclusions

In this study, an energy management strategy was proposed to control the quantities
of power during charging/discharging of the EV and HESS and detect the suitable time
for their charge and discharge in the smart home. The proposed energy management
strategy was operated in different modes based on various constraints: TOU electricity
price signal, power load curve, EV parameters, and HESS parameters, with aim of reducing
electricity bill and flattening the load curve while meeting the energy required for the
household load demand and EV. Four different scenarios have been investigated in terms
of cost reduction and load curve smoothing and compared them with smart home without
energy management strategy. The findings showed that the load curve was smoothed
in the different scenarios of the proposed strategy compared to the smart home without
energy management strategy. Moreover, the results showed that the electricity cost was
reduced by 12%, 15%, 14%, and 17% in scenarios A, B, C, and D, respectively. This work
also investigated the impact of V2H and/or HESS on electricity cost reduction and load
curve flattening. The following conclusions were drawn:

n Transferring valley electricity through V2H proved to be more effective in reduc-
ing household electricity costs compared to transferring valley electricity through
HESS alone.

n Transferring valley electricity by HESS flattens the load curve better than transferring
valley electricity through V2H.

n Combining the transfer of valley electricity through V2H and HESS led to improved
load curve flattening and reduced household electricity costs compared to either V2H
or HESS alone.

The results highlighted the advantages of incorporating V2H and HESS systems into
smart home. Thus, the research contributes to the creation of effective and sustainable
smart home energy management systems by offering valuable insights on how to optimize
energy usage, cut expenses, and achieve load curve smoothing.
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Abbreviations/Nomenclature

DOD Depth of discharge
DER Distributed energy resources
ESS Energy storage system
HESS Household energy storage system
EVs Electric vehicles
HEMS Home energy management system
SOC State of charge
TOU Time-of-use
V2H Vehicle-to-home
V2G Vehicle-to-grid
V2N Vehicle-to-neighbor
Parameters
BR HESS rated discharge power (kW)
CB HESS one-time installation cost ($/kWh)
CB

D Daily capital cost for HESS installation ($/day)
CEV EV battery replacement cost ($/kWh)
CEV

D Daily EV battery degradation cost ($/day)
CT

D Total daily energy consumption cost ($/day)
CT,SA

D Total daily energy consumption cost in scenario A ($/day)
CT,SB

D Total daily energy consumption cost in scenario B ($/day)
CT,SC

D Total daily energy consumption cost in scenario C ($/day)
CT,SD

D Total daily energy consumption cost in scenario D ($/day)
C f Number of possible full cycles during a battery lifetime
D Vehicle travel distance (km)
EEV

R Required energy for the EV travel distance in the typical day (kWh)
EVR Rated charge power of EV (kW)
N Lifespan (years)
Ndays Total number of days in the year
Pavg Daily average energy consumption by EV and household appliances (kW)
PBL(t) Power from the HESS to load (kW)
PEVL(t) Power from the vehicle to load (kW)
PGB(t) Power from the grid to HESS (kW)
PGEV(t) Power from the grid to vehicle (kW)
PL(t) Energy consumption of the household appliances at time interval t (kW)
PLn(t) New household power load curve (kW)
QB

rated Rated capacity of the HESS (kWh)
QEV

rated Rated capacity of the EV battery (kWh)
r Interest rate
SOCB

max HESS maximum SOC (%)
SOCB

min HESS minimum SOC (%)
SOCB(t) HESS SOC at a time interval t (%)
SOCB(t− 1) Previous HESS SOC (%)
SOCEV

max EV maximum SOC (%)
SOCEV

min EV minimum SOC (%)
SOCEV

R Required SOC for the EV trip distance (%)
SOCEV(t) EV battery state of charge at time t (%)
SOCEV(t− 1) EV battery state of charge at the previous interval (%)
SOCEV(t0) Initial SOC of the EV battery
ta Arrival time
td Departure time
WD Total energy consumption of household appliances throughout the day (kWh)
ηB

c HESS charge efficiency
ηB

d HESS discharge efficiency
ηEV

c EV battery charge efficiency
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ηEV
d EV battery discharge efficiency

ηV Vehicle efficiency (kWh/km)
λ(t) Price of electricity during different periods ($/kWh)
λavg Average electricity price ($/kWh)
λmid(t) Electricity price during mid-peak period ($/kWh)
λo f f (t) Price of electricity during off-peak period ($/kWh)
λon(t) Electricity price during on-peak period ($/kWh)
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