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Abstract. The rising energy demand and the limited availability of traditional energy sources have driven the
search for renewable energy alternatives. Over the past few years, more renewable energy sources and signifi-
cant efforts have been carried out around the World to decrease carbon emissions in the utility sector. To sup-
port this development, microgrids have emerged as a smart component of the future power grid. Microgrids,
powered by local energy resources, are the most effective for building the new power grid. In microgrids, an En-
ergy Management System (EMS) is an essential element in scheduling the local energy flows. This paper focuses
on the cost-effective design of home energy management in a grid-tied microgrid framework to reduce electricity
consumption and the dependency on the utility grid for residential consumers. This scheme is synthesized
through a simulator developed on a C++ platform to obtain the best energy management solutions. Three case
studies with 10 residential users are considered in this research. Simulation results are provided to demonstrate
the effectiveness of the proposed model. The proposed methods curtail the grid energy and cost up to 51% and
58%, respectively, in comparison to the current techniques.

Keywords: Home Energy Management (HEM), Solar PV system, Wind turbine, Battery storage system

(BSS), Utility grid, Electricity cost.

1 Introduction

The incorporation of alternate-source of energy (renewable
energy) into residential buildings is becoming increasingly
important to address rising energy demands and minimize
environmental pollution. Recent studies indicate that
energy consumption in the residential sector accounts for
over one-third of total electricity usage. To address these
high energy demands, many governments are promoting
the generation of renewable energy within households, ben-
efiting both consumers and utility providers. Residential
households consist of a Home Energy Management
(HEM) system, which is known as a smart home. The
HEM system is crucial in these smart homes, as it efficiently
manages the operation of all household appliances [1-4].
The successful development of smart homes requires

* Corresponding author: mrashid@students.federation.edu.au

advanced metering infrastructure, as well as two-way com-
munication, information, and control technologies [5—6].
For multi-objective home energy management, the refer-
ence [7] suggests a Robust Hybrid-Stochastic (RHS) opti-
mization strategy that takes user comfort into account
while resolving uncertainties in PV output, EV charging/
discharging behavior, and real-time pricing. The method’s
ability to balance comfort and economic objectives under
different levels of uncertainty is validated by case studies.
For further optimization, there is still a research gap in inte-
grating other developing distributed energy resources and
investigating more dynamic user behavior patterns. In
order to save expenses, improve grid reliability, and avoid
transformer overloading, a fuzzy logic-based real-time
energy management control system for smart homes is pro-
posed in [8]. It optimizes EV charging and discharging, PV
utilization, and grid power usage. The scalability and
adaptability of the suggested controller across various grid
topologies and locations with varied amounts of renewable
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integration remain unexplored. The reference [9] addresses
the issues of fluctuating renewable energy generation by
introducing a real-time optimal control technique for the
HEM system, combining Adaptive Dynamic Programming
(ADP) and predictive scheduling,.

Research in [10] aims to optimize energy and reduce the
total cost of distributed generators, curtail environmental
emission, and improve the penetration level of renewable
energy sources. A HEM controller was discussed in the lit-
erature [11] to reduce utility tariffs and minimize the peak-
to-average ratio. An advanced energy management system
for efficient microgrid operations was discussed in [12]. In a
smart grid framework, an energy and cost minimization
scheme was developed in [13] to optimize utility tariffs.
Authors in [14] established an energy management system
aiming to minimize the total operating cost of grid-con-
nected microgrids for academic buildings. A comprehensive
research work was carried out in [15] on a microgrid system
to share surplus power with neighboring microgrids to
achieve mutual cost-effective operation. Authors in [16]
studied an energy management system (EMS) to minimize
operational costs, peak load, and emissions. Researchers in
[17] established a power distribution system in the smart
grid framework to reduce peak loads and extreme power
line losses in the power network. An optimal energy man-
agement at the distributed level of a microgrid system is
achieved in [18] using multi-agent systems. For the best
industrial microgrid scheduling [19], suggested a revolution-
ary techno-economic risk-averse approach that takes into
account both technical and financial goals. Research in
[20] analyzed power and energy management for syn-
chronous microgrid operation that reduces energy losses
and operating costs. Authors in [21] developed an intelligent
scheduling plan for a hybrid microgrid to minimize the
energy cost. A bat algorithm is also proposed in this litera-
ture to minimize the nonlinearity and complex nature prob-
lem of renewable energy sources. In order to facilitate the
seamless functioning of interconnected microgrids, a hierar-
chical stochastic energy management system was presented
in [22].

Despite significant advancements in Home Energy Man-
agement (HEM) systems for grid-tied microgrid frame-
works, several critical research gaps remain unaddressed.
Many existing studies fail to integrate emerging Distributed
Energy Resources (DERs) and adequately model dynamic
user behavior patterns, both of which are essential for opti-
mizing HEM performance. Additionally, the scalability and
adaptability of these systems across various grid configura-
tions and renewable integration levels are not sufficiently
explored. While predictive modeling techniques, such as
Gated Recurrent Unit (GRU) neural networks, have shown
promise, their accuracy in forecasting photovoltaic power
generation can be further enhanced by incorporating addi-
tional environmental variables like temperature and radia-
tion intensity. Furthermore, the design of ideal power-
sharing algorithms to effectively balance energy resources
and minimize operational costs has received limited atten-
tion. Lastly, economic and environmental considerations,
including strategies to reduce operational costs, peak loads,
emissions, and power line losses, are not comprehensively

addressed in current research. Addressing these gaps is
essential for developing efficient, cost-effective, and sustain-
able HEM systems.

This paper makes significant contributions to advancing
Home Energy Management (HEM) systems in grid-tied
microgrid frameworks. It proposes a robust and cost-effec-
tive power-sharing algorithm to reduce dependency on grid
electricity. By effectively utilizing RES and storage systems,
the proposed method minimizes utility tariffs and reduces
grid energy consumption, enhancing energy efficiency and
economic savings for residential customers. Unlike previous
works, this research evaluates the combined impact of solar,
wind, and BSS with multiple microgrid parameters, provid-
ing a comprehensive approach to energy optimization. Sim-
ulation results demonstrate a substantial reduction in grid
electricity usage, achieving a decrease of up to 51% and
58% compared to existing methods. This study not only
addresses critical gaps in energy management for residential
applications but also sets a foundation for future research to
incorporate advanced planning parameters and improve
integrated component models in microgrid systems.

This article is organized as follows. The proposed micro-
grid architecture is explained in Section 2. Microgrid com-
ponents modeling, mathematical modeling of a microgrid
system, and simulation and proposed algorithm are out-
lined in Section 3. The simulation results and analysis of dif-
ferent scenarios are given in Section 4. Finally, the
conclusion of this research is presented in Section 5.

2 Problem description

Aiming to lower the electricity bills, this study represents
an energy management scheme for home users integrating
alternative sources of energy (PV-Wind) and battery stor-
age systems. The system includes a residential photovoltaic
(PV) and wind turbine installation that generates power for
household appliances. Energy from the PV-Wind system is
stored in a Battery Storage System (BSS) for household
appliances. The main objectives of this research are to
reduce residential electricity expenses and secure the opti-
mal design of the HEM system. Figure 1 represents the pro-
posed microgrid architecture.

The size of a battery, solar system, and wind turbine is
designed based on the load profile of a group of residential
users. The main grid performs as a utility operator that sup-
plies electric power to the consumers according to their
demands. Renewable energy produces clean and green
energy, aiming to reduce excessive carbon emissions. More-
over, efficient use of Renewable Energy Sources (RES)
reduces the burden on the main grid in grid-connected oper-
ations. Moreover, RES integration with the main grid con-
firms a more sustainable energy flow. With the presence of
sufficient sunlight, a PV solar system can produce a good
amount of electricity throughout the day.

Meanwhile, with proper wind velocity wind generator
generates sufficient electricity during the day as well as dur-
ing the night. To minimize sudden electrical shutdown
throughout the network Battery Energy System (BES) pro-
tects against the faults. The average load of this MG system
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Fig. 1. Proposed microgrid architecture.
is 2.0 kWh for 24 h duration. Moreover, to prolong the bat-
tery lifetime we consider the battery discharge rate is 60%, 200
and the nominal battery capacity is 8 kWh [23, 24]. To sup- 800
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forms better assuming the power from the PV panel is
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Renewable Energy (RE) from solar and wind sources is key
to achieving sustainable power generation for a microgrid.
Solar energy output depends on solar irradiation, with
higher sunlight intensity leading to greater energy produc-
tion. Wind energy generation relies on wind speed, as tur-
bine efficiency and power output increase with stronger
and steadier winds. The variability of solar irradiation
and wind speed necessitates effective forecasting and grid
integration to ensure a stable energy supply. Figure 2 shows
typical solar irradiation variation over time. Solar power
generation can be expressed in terms of equation (1):

Poolar = AX1yp0e X H X PR, (1)
where A is the total area of the solar panel in square
meters, Hq1ar 1S the percentage efficiency of the solar panel,
H is the average solar irradiation on the solar panel with-
out shading, and PR is the performance ratio 25, 26].

3.2 Wind turbine

Wind energy is a sustainable and eco-friendly source of
power, harnessed directly from natural wind flows. The pro-

Fig. 2. Solar irradiation over a period of 24 h.

duction of wind energy is inherently variable, as it relies on
the unpredictable nature of wind patterns [27, 28|. The
mechanics involve converting kinetic energy from the wind
into electrical energy using wind turbines. The turbine’s
blades generate lift, causing them to rotate, and this rota-
tional energy is transferred via a shaft to a generator, pro-
ducing electricity. The energy output is typically
determined by the turbine’s power curve, which relates
wind speed to the corresponding power generation capacity.
Figure 3 visualizes wind speed variation over time. The
equation (2) describes the power output (Pyiuq) of a wind
turbine as a function of wind speed (vyinq). The turbine gen-
erates no power when the wind speed is below the cut-in
speed (vey) or above the cut-off speed (v,g). Between the
cut-in speed and the rated speed (thateq), the power output
increases with the cube of wind speed, while at and above
the rated speed, the turbine operates at its maximum rated
power (Prieq) until the cut-off speed.
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3.3 Battery storage system

In this research, we have considered a bank of lead-acid bat-
teries to store energy. The reason behind this is due to high
availability and low price [29]. Many researchers state that
the lead acid battery has a charging efficiency of almost 65—
85%, whereas the discharging efficiency is 100%. To sustain
the lifespan of the battery, a minimum discharge capacity of
50% has been shown. The appliances under consideration
are expected to be able to use no more than 50% of the
household’s full power at any given time ¢ [30].

3.4 Load and utility grid

In this section, we explain the load and utility grid. Figure 4
outlines three typical daily load profiles of a microgrid sys-
tem. Peak load is around 3.0 kW, whereas the average and
minimum load is 2.0 kW and 1.0 kW, respectively.

The essential household appliances include items such
as fans, lights, televisions, washing machines, refrigerators,
and computers, among others. The load pattern continu-
ously varies with time [31]. This study simplifies the load
model by aggregating identical loads. Adopting a grid-con-
nected community microgrid structure in an area where
renewable energy systems are encouraged by the govern-
ment allows for smooth energy exchange with the grid with-
out transmission limitations. Stakeholders in the area can
help keep energy costs down by putting money into renew-
able energy systems that power local homes and businesses.

3.5 Mathematical modelling of an MG system

Mathematical modelling means how the microgrid system
copes with the power grid, home appliances, energy con-
sumption, user preferences, and finally, home user comfort
level understanding. We have considered here as an alterna-
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Fig. 4. Hourly average electricity use profile of MG users.

tive source of energy, a photovoltaic solar system, and a
wind turbine. Additionally, we have also considered a bat-
tery storage system for energy storage facilities for future
use while all generation is blacked out. We can define
renewable energy generation by the given equation:

PRE _ PSolar 4 }3\’Vind7 (3)

where P represents renewable power, P indicates the
solar power, and PV describes wind power.

PUser — PR,E + PBATT7 (4)

where PU* defines the total user power allocation for the
residential consumers. In addition, pBATT represents the
battery power storage.

pload _ Z(PL + Pp + Py +Pc + Py + Pg), (5)

where P*°*! indicates the total load power, and P, Py Py,
Pc, Py, and Ppg represent the lighting power, power con-
sumed by a fan, television, computer, washing machine,
and refrigerator, respectively.

Pextra = (Perip + Pre + Ppar) — Proap, (6)

Prxcost = ((Perip + Pre + Ppar) — Proan)
- Prarirr, (7)

where PrpxTra represents the extra power taken from the
utility grid, Pry is the power of renewable energy, Ppat
is the battery power, and Ppoap is the load power. Simi-
larly, Prx cost defines the extra power cost, and Prarirr
illustrates the utility tariff. Equation (14) outlines the
hourly power consumption.

PTNH _ Z-PH7 (8)
=1

where P"™™ accounts for the total number of hours. P sig-

nifies power consumption by the microgrid user per hour.
Daily power consumption and relevant cost are detailed
using equation (6) below:
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PP= 3PP, (9)
=1

where PP accounts for the power usage made by the user on
a daily basis, and n is the total number of days. Weekly
power consumption can be formulated by the given
equation:

P =3%"P", (10)
=1

where P" accounts for the power usage made by the user
over a week, and n is the total number of weeks. Monthly
power consumption can be estimated by the given equation:

pPY=3"p" (11)
i=1

where PM accounts for the power usage made by the user
over a month, and n is the total number of months. Yearly
power consumption can be estimated by the given equation:

P =>"r" (12)
=1

where P accounts for the power usage made by the user
over a year, and n is the total number of years.

3.6 Proposed algorithm

In this section, we describe the simulation and the proposed
power-sharing algorithm for a grid-connected microgrid.
A detailed and effective algorithm is proposed, which outli-
nes the step-by-step simulation execution process among
the home users through the community microgrid.

3.6.1 Proposed power allocating flowchart

In this section, a power allocating flow chart is outlined
with a step-by-step approach on how power is shared for
the household loads for the whole community of the micro-
grid. The aim of this process is to reduce the grid energy
usage among community users. Power grid, renewable
energy sources, and battery storage systems are the key ele-
ments of this energy flow process. Figure 5 represents the
power allocation flow chart for the whole simulation pro-
cess. The main goal of this process is to indicate the power
allocation for the residential consumers, both from renew-
able energy sources, considering battery storage, and from
the power grid. This power allocation process effectively uti-
lizes the renewable energy generation and battery storage
system along with the power supplier (grid power) [32].

1. When the household loads become greater than or
equal to the renewable energy generation, then house-
hold loads or home appliances will receive power from
the battery storage system. Otherwise, the home user
will take power from the renewable energy sources.

2. If the home appliances load becomes greater than or
equal to the renewable energy generation and battery
storage system, then the home user will receive power

Start Simulation

> Number of iteration (I)

Y

If False Receive power from the
« Load > Renewable | Renewable generation to
generation support household loads
¢ True
Take power from the Battery

storage system

Y

If
Load > Renewable . False
generation & Battery
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Take power from the grid
power

Y
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period Battery storage to support
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¢ True

Discharge battery storage power
to support household loads

Y

False

If iteration > [

Stop Simulation

Fig. 5. Optimal power allocation flow chart.

from the power grid. Otherwise, the home user will
take power from the renewable energy sources and
battery storage.

3. If the power grid is in the off-peak periods, then charge
battery storage from the power grid. Otherwise, the
home user will receive power from the renewable
energy sources and battery storage.

4. If the power grid is in the on-peak periods, then dis-
charge battery storage power to support the house-
hold loads. Otherwise, the home user will receive
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power from the renewable energy sources and battery
storage.

5. If iteration > I, then stop the simulation process.
Otherwise, continue the iteration process until I.

4 Simulation results and discussion

This section presents the results analysis based on the sim-
ulation. Three scenarios have been considered for this
research. Each scenario has an individual power manage-
ment ability. Figure 6 illustrates the flow chart of the result
analysis methodology of this research. In the existing sce-
nario, the consumers are supplied with electrical energy
through the utility grid only. However, proposed 1 scenario
supplies energy through wind, solar, and the local utility
grid. Moreover, the proposed 2 scenarios ensure energy con-
tinuity through wind, solar, utility grid, and battery storage
systems. If the number of iterations meets the simulation
iteration numbers, then stop the simulation process. Other-
wise, continue the simulation to execute and output the
results. Simulation parameters are depicted in Table 1.
Figure 7 illustrates the hourly electricity use profile of a
residential consumer in kWh. To present a more realistic

Table 1. Simulation parameters [33, 34].

Parameters Value Unit
Home users 10 -
Electricity tariff 0.072 €/kW
Battery storage 20 kWh
Voltage (rated) 12 Volt
Output voltage 220 Volt
Simulation hour 24 H
Simulation day 7 D
Solar panel 20 kW
Wind turbine 15 kW
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Fig. 7. Hourly electricity consumption profile of MG users
within three scenarios.
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Fig. 8. Comparison of hourly electricity use between existing
and proposed 1 scenario.

way the graph shows an hourly basis electricity consump-
tion profile. Three different line graphs indicate individual
significance. For example, the blue line presents the lowest
electricity consumption whereas the red line shows the high-
est consumption. Moreover, the green line indicates the
average electricity use profile.
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Table 2. Percentage of less grid electricity consumption
and cost profile among two scenarios.

Table 3. Percentage of less grid electricity consumption
and cost profile between two scenarios.

Scenarios Energy Cost (€) (%) Less grid ~ Scenarios Energy Cost (€) (%) Less grid
(kWh) energy (kWh) energy
Existing 4.382 0.315 0 Existing 4.382 0.315 0
Proposed 1 2.160 0.156 51 Proposed 2 1.847 0.133 58
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Fig. 9. Comparison of hourly electricity use between existing
and proposed 2 scenarios.

Figure 8 illustrates the comparison between grid elec-
tricity use and grid electricity, along with renewable elec-
tricity use such as wind and PV solar systems. Grid
electricity is supplied by several utility operators, and con-
sumers can use it according to their demand. However,
renewable energy sources such as small-scale wind turbines
and photovoltaic solar systems can generate electricity to
support residential users along with grid electricity. In this
way, users can minimize grid electricity use and save on
excessive utility costs. According to the above Figure 8,
the proposed 1 scenario uses 51% less grid electricity and
cost compared to the existing scenario, which is reported
in Table 2.

Figure 9 outlines the comparison of the hourly electric-
ity use profile between the existing scenario and the pro-
posed 2 scenarios. The existing scenario consumes
electricity from the utility grid only. However, the proposed
2 scenario receives electricity from the utility grid, renew-
able energy, and battery storage systems. For this reason,
proposed 2 can save more energy and money for residential
customers. From Figure 9, the proposed 2 scenario con-
sumes 58% less grid electricity and cost compared to the
existing scenario, which is reported in Table 3.

Figure 10 describes the daily electricity consumption
patterns of community microgrid users over a period of
one week. Here, the user takes maximum electricity from
the power grid; consequently, solar and wind generators
support the home user to minimize the electricity tariffs.
Moreover, a bank of battery storage systems relates to all
users as backup and continuous support while all other
sources are unable to meet the energy requirements. In such
a way, we can estimate the daily electricity use profile that

Fig. 10. Daily electricity consumption profile for microgrid
users within three scenarios.

is only grid cuts the highest electricity consumption, besides
the grid with PV-wind consumes a bit lower electricity due
to renewable generation. However, the grid with PV-wind-
battery takes the lowest electricity because of additional
battery storage.

Figure 11 illustrates a graphical representation and
comparative analysis between electricity and cost to get a
clear idea of how electricity consumption and cost can be
curtailed by utilizing renewable energy sources and battery
storage devices. The line graph goes down gradually due to
a significant reduction in electricity consumption and a low-
ering of the electricity prices. The aid of renewable energy
and battery storage systems in the proposed microgrid sys-
tem reduces the grid electricity use a lot. The numerical
value is 51% and 58% compared to the existing scenario
reported in Tables 4 and 5.

The above Figure 12 explains the daily, weekly, and
monthly electricity consumption patterns of microgrid users
and presented in Table 6. Based on the use of home appli-
ances and electric devices, the utility operator prepares the
electricity bills. The standard billing procedure is weekly or
monthly around the globe. To get a clear idea of microgrid
users’ billing, we fix a graphical representation. Over the
line graph, there are three different lines bearing individual
meaning, such as grid energy, grid with Renewable Energy
Sources (RESs), and grid energy, RESs, and battery storage
System.

Figure 13 describes the daily, monthly, and annual elec-
tricity consumption profile to get a clear concept of how
utility tariffs impact our daily expenditure as well as
monthly and annual which is reported in Table 7. Without
electrification, human civilization would never possible;
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Table 4. Percentage of less grid electricity use and cost
profile among three scenarios.

Scenarios Energy (kWh) Cost (€) (%) Less grid energy
Existing 4.382 0.315 0
Proposed 1 2.160 0.156 51
Proposed 2 1.847 0.133 58

Table 5. Comparison of average electricity consumption
and cost profile among three scenarios.

Scenarios Energy (kWh) Cost (€)
Existing 4.382 0.315
Proposed 1 2.160 0.156
Proposed 2 1.847 0.133

Table 6. Comparison of daily, weekly, and monthly
electricity use within three scenarios.

Scenarios Daily Weekly Monthly
electricity electricity electricity
use (kWh) use (kWh) use (kWh)

Existing 4.382 30.674 131.46

Proposed 1 2.160 15.120 64.80

Proposed 2 1.847 12.929 55.41

Table 7. Comparison of daily, monthly, and yearly
electricity use within three scenarios.

Scenarios Daily Monthly Yearly
electricity electricity electricity
use (kWh) use (kWh) use (kWh)

Existing 4.382 131.46 1577.52

Proposed 1 2.160 64.80 777.60

Proposed 2 1.847 55.41 664.92

thus, energy optimization is essential to curtail the total
utility tariffs.

4.1 Discussion

This section describes the complete energy and cost reduc-
tion capabilities for residential microgrid users, along with
less grid dependency based on several case scenarios. The
Existing scenario cannot minimize energy and cost because
of the lack of renewable energy sources and battery storage
facilities. On the other hand, proposed 1 and proposed 2
scenarios reduce the grid electricity usage at a significant
level, considering solar, wind, and battery storage systems.
The percentage of less grid energy usage is tabulated in
Table 8 and depicted in Figure 14.

Figure 14 represents the comparison of electricity con-
sumption from different sources for three scenarios. The
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Table 8. Percentage of less grid electricity use among
three approaches.

Scenarios (%) Less grid energy
Existing 0
Proposed 1 51
Proposed 2 58
58%
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=> Series| 0% 51% 58%

Fig. 14. Comparison of % less grid energy use within three
scenarios.

most important and vital issue is to find a cost-effective
solution by comparing three scenarios in the microgrid
framework.

Moreover, it is also our great concern in this research to
minimize the dependency on the grid electricity use and
maximize the use of renewable energy sources. Because
renewable energy is most likely free and environmentally
friendly, it requires some initial investment. Currently, roof-
top solar panels are popular and can produce sufficient elec-
tricity to power small household appliances. Proposed 1
scenario can reduce 51% grid energy usage, and proposed
scenario 2 can 58%, respectively.

5 Conclusion

This paper presents a cost-effective home energy manage-
ment system for a grid-tied microgrid. The proposed system
successfully reduces electricity consumption from the utility
grid while maximizing the utilization of PV-Wind systems
and battery storage, thereby minimizing the total cost for
residential customers. The performance of the microgrid,
including the contributions of solar, wind, and battery stor-
age systems, was thoroughly evaluated under various
parameters. The results demonstrate that by efficiently uti-
lizing renewable energy sources and storage systems, the
dependency on grid electricity can be significantly reduced.
The proposed methods achieved reductions in grid energy
consumption by up to 51% and 58% compared to the exist-
ing approaches. Future work will focus on improving the
accuracy of key planning parameters for the microgrid

and enhancing the models of integrated components to fur-
ther optimize the system’s performance.
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