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Abstract

Malaysia’s National Energy Transition Roadmap (NETR) aims to accelerate
the shift towards a sustainable, low-carbon energy system. The effective inte-
gration of photovoltaic (PV) systems and battery energy storage systems (BESS)
is crucial for optimizing energy usage, reducing costs, and lowering carbon
emissions. To support these goals, Universiti Teknikal Malaysia Melaka (UTeM)
has deployed a 5 kW hybrid inverter integrated with a 4.62 kW PV array (12
panels) and a 10.24 kWh BESS at the FTKE Solar Laboratory. The hybrid in-
verter operates in three modes—general, peak-shaving, and economy—to en-
able flexible energy management. This study compared the energy consump-
tion of an FTKE building with and without the hybrid inverter PV-BESS sys-
tem, where fourteen 3 kW air-conditioning units served as the primary loads.
Over two months of testing in each mode, results showed that the General
mode achieved the highest energy savings of 441.94 kWh, while the Peak-
Shaving mode provided the greatest cost reduction of RM 256.43. These find-
ings indicate that operational mode selection can significantly influence en-
ergy and cost performance, with implications for supporting Malaysia’s NETR
objectives through improved energy efficiency and reduced carbon emis-

sions.
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1. Introduction

Renewable energy is energy derived naturally from sources that can be replen-
ished, such as sunlight, wind, biomass, waves, petroleum, and water. As the world
increasingly focuses on renewable energy, the use of solar photovoltaic (PV) sys-
tems together with battery energy storage systems (BESS) has become more prom-
inent in commercial building energy systems. Solar PV systems generate electric-
ity directly from sunlight [1]. Malaysia is fortunate to have abundant solar energy
due to its favorable climate for electricity generation. The country benefits from
strong solar radiation and plenty of sunshine throughout the year [2]. As a result,
solar PV systems are well-suited for homes, industries, and commercial buildings.
Commercial buildings, in particular, gain significant advantages from solar PV
systems as they help lower costs while reducing environmental impact.

Commercial buildings often have large rooftop spaces suitable for installing so-
lar PV systems. These systems can be connected to the grid, reduce reliance on
grid electricity, supply part of the building’s energy demand, and lower overall
energy costs. For the solar PV system to operate efficiently, both a hybrid inverter
and a battery energy storage system (BESS) are required. Unlike a standard in-
verter, a hybrid inverter offers multiple operating modes. It can store surplus en-
ergy from the solar panels in the battery and also export excess power to the grid,
depending on the selected mode and application. One useful feature is the peak
shaving mode, which activates when energy consumption exceeds a preset limit.
In this mode, the battery discharges to bring consumption back within the limit,
reducing peak demand and associated charges. The battery automatically charges
and discharges based on the configured settings.

Most electricity production relies on fossil fuels such as coal and natural gas.
The price of coal is rising steadily, exacerbated by fluctuating currency exchange
rates, further driving up costs for the energy sector [3]. According to the National
Energy Transition Roadmap, the goal is to transition from fossil fuel energy to
renewable energy. In line with developing a low-carbon economy, environmental
conservation, and resource efficiency through green growth, it is noted that 80
percent of greenhouse gas emissions come from the energy sector. By 2050, the
country aims to increase the target for renewable energy capacity installation to
70 percent, up from 40 percent in 2040, and achieve net zero emissions. One key
renewable and clean energy source is solar power, which harnesses sunlight [4].
There are various strategies to efficiently reduce power consumption and tackle
high energy tariff costs. The rising trend in solar energy adoption is driven by its
application across domestic, commercial, and industrial buildings [5]. Peak shav-
ing is employed to lower power consumption during peak hours, thereby avoiding
demand surges and reducing energy bills. Battery Energy Storage Systems (BESS)
play a crucial role in balancing renewable energy supply and electricity demand, as
they can release stored energy during periods of high demand. Most electricity gen-
eration still depends on fossil fuels such as coal and natural gas. Coal prices have
been steadily increasing, and fluctuating currency exchange rates have further
raised costs for the energy sector [3]. According to the National Energy Transition
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Roadmap, the country aims to shift from fossil fuel-based energy to renewable en-
ergy as part of efforts to build a low-carbon economy, protect the environment, and
improve resource efficiency through green growth. This transition is crucial because
about 80% of greenhouse gas emissions come from the energy sector. By 2050, the
target is to raise the installed renewable energy capacity to 70%, up from 40% in
2040, and achieve net-zero emissions. Solar power stands out as a major renewable
and clean energy source that harnesses sunlight [4]. Several strategies can help re-
duce energy consumption and tackle high electricity tariff costs. The adoption of
solar energy is rapidly growing across residential, commercial, and industrial build-
ings [5]. Peak shaving is one such strategy, used to reduce power demand during
peak periods, thereby avoiding surges and lowering energy bills. Battery energy stor-
age systems (BESS) are vital in balancing renewable energy supply and electricity
demand because they can release stored energy when demand is high [6].

Poor energy management in commercial buildings often leads to financial
losses and higher carbon emissions. Many solar energy systems are designed using
only average load profiles, without fully understanding the building’s actual load
patterns [7]. As a result, high maximum demand charges become a major source
of financial loss. To ensure optimal system performance, inverter parameter set-
tings must be carefully configured to match the building’s needs [8]. Key data such
as peak load, peak times, average energy consumption, and non-peak current load
are essential for selecting the appropriate inverter mode. Using this data allows
for better parameter settings and system specifications, helping to maximize cost
savings, reduce carbon emissions, and conserve energy.

The most promising renewable energy source for generating electricity is pho-
tovoltaic (PV), which is gaining popularity among power systems due to its af-
fordability and outstanding performance. PV is widely used in practical applica-
tions such as communication systems, space technology, autonomous lighting
systems, battery charging and domestic power applications [9]. Solar panels can
be installed on the roof of buildings or in nearby areas and can be installed to
generate clean energy from sunlight. In addition, if the building is in good condi-
tion, wind turbines can also be used to provide a continuous supply of clean elec-
tricity. This renewable energy source reduces dependence on fossil fuels and
greenhouse gas emission.

However, because it depends on the weather, the production of renewable en-
ergy is intermittent. Battery energy storage system is useful in this situation. BESS
makes it possible to store extra energy produced from renewable sources for later
consumption. When there is a low production of renewable energy or a large de-
mand for energy, the stored energy may be used to provide a steady and depend-
able power supply. Battery energy storage systems (BESS) are a valid complement
to renewable energy systems. By increasing the reliability of the entire supply sys-

tem, they minimize the need for emergency energy reserves [10].

2. Hybrid Inverter

This section discusses the hybrid inverter and battery energy storage system per-
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formance, detailing the components used and the system’s operation once acti-
vated. It also examines the evolution of technology and concepts since their in-
ception. Additionally, the discussion will be focusing on the various operating
modes of the inverter and their functionalities. A thorough understanding of each
concept and component function is essential for effectively analyzing the system’s
performance in the context of this research.

A hybrid inverter is a type of inverter used in grid-connected microgrid systems
that combine hybrid photovoltaic (PV) and battery energy storage systems
(BESS). Its purpose is to manage the flow of power between the main grid, battery
storage, and the PV system. Hybrid inverters facilitate the integration of renewa-
ble energy sources, like solar energy from PV systems, and the storage of excess
energy in batteries. They allow the system to operate in both grid-connected and
off-grid modes, enhancing the flexibility and reliability of the power supply. In
hybrid mode, the hybrid inverter can seamlessly switch between multiple power
sources solar, battery, and grid power to optimize energy output and consumption
[11]. A diagram solar power system with hybrid inverter and battery energy stor-

age is shown in Figure 1 [12].

Hybrid inverter Grid AC
solar system /—> b Power 4 Battery

“@ Home ﬁ DC
Appliance: Battery

Solar Hybri
>—0-

Panels  Inverter
Figure 1. Solar power system with hybrid inverter and battery energy storage [12].

Battery Energy Storage System (BESS) is a system that uses batteries to store elec-
trical energy for later use according to the user's needs. Energy storage systems pro-
vide a variety of technical options for managing power flows to build more durable
energy infrastructure, save money for consumers, reduce consumption and improve
energy efficiency [13]. BESS will often be used in renewable energy systems such as
wind energy and solar energy. This is because renewable energy is not constant or
intermittent because it depends on the weather. This battery system can link to the
grid and release the stored energy to reduce the grid demand [14]. Battery energy
storage systems must be appropriately kept there to release energy when needed or
in the scenarios desired by the customers. This is where energy management needs
to be implemented into BESS, the example such as state of charges (SOC), peak
shaving, load shifting, energy arbitrage, and solar PV generation [15].

3. Methodology

The flowchart as shown in Figure 2 presents a methodology for evaluating a hy-
brid photovoltaic (PV) and battery energy storage system (BESS). It begins with
understanding the PV-BESS setup and inverter modes, followed by selecting an

operation mode—Peak Shaving, General, or Economic—and collecting relevant
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data from the SEMS portal. The next steps involve calculating daily total energy
consumption and maximum demand, recording energy-related data in Excel, and
analyzing key parameters such as load consumption, cost savings, load factor,
maximum demand, and CO, reduction. The process is repeated for all selected
modes until complete, after which the findings from each mode are compared to
determine the optimal configuration, concluding the evaluation. The next subsec-
tion discusses each component related to this project such as solar panel, hybrid
inverter, BESS, electrical loads and GoodWe SEMS Portal.

Understand the hybrid PV and BESS and
inverter mode
1
Mode Selection (choose one either Peak

Shaving, General or Economic) and Data
C%)llection from SEMS Portal

Calculate the total energy consumption
and max demand for every day

Record the data in Excel:
-Energy consumption
-Load +PV+BESS

-Load +PV

-Load

1
Analyze the data terms of:

-Load Consumption
-Cost Saving

-Load Factor

-Max Demand
-CO, reduction

Complete
all modes?

Yes

Evaluate the optimal findings from
different modes

!
End

Figure 2. Flowchart of overall methodology.

3.1. Solar Panel

A solar panel is a type of device used to capture solar energy from the sun in the
form of irradiation, converting that energy to electricity then transferring it to the
loads or a battery system. The solar panels model used for this system is Sun Power
SPR-P19-385-COM, has the capability to produce up to 385 W. The number of
modules used for this setup is 12 pieces, totaling 4.62 kW of total power capacity.

3.2. Hybrid Inverter

A hybrid inverter functions similarly to a standard inverter, but it also supports
an uninterruptible power supply (UPS) that continually supplies power to the
load. In addition, this hybrid inverter includes five different modes that can be

chosen based on the user’s requirements. The inverter has five modes: general,
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peak shaving, backup, off-grid, and economic. The solar router is integrated into
the inverter. A solar router is a sort of technology installed in an inverter that
allows users to regulate, optimize, and manage the energy generated. This project
makes use of the GoodWe GWS5K-ET three-phase inverter type. The power out-
put of the inverter supports up to 5000 W of AC power.

3.3. Battery Energy Storage System

Battery energy storage is a device that stores energy in the form of electricity. In
this system, the stored energy comes from either renewable energy from the solar
panel or electricity from the grid. The battery may be utilized at any time, accord-
ing to the user’s requirements. This project uses the model Lynx Home S series
LX S10-H, the battery has rated energy of 10.24 kWh with usable energy of 9.22
kWh which is Li-Ion battery.

3.4. Electrical Load of Appliances

The electrical load connected to the solar energy system is 14 units of ceiling ex-
posed air conditioner. The model is York with a 3.0 hp ceiling type air conditioner
models’ system used in Solar PV system and Smart Grid Laboratory. Table 1
shows the specification of the model.

Table 1. Air conditioner model specification.

Data York Air Cond (YCE30CB)
Cooling (Btu/Hr) 30,000
Horsepower (HP) 3.0
Total Power (W) 3.238 W
Total Current (A) 13.6 A

Power Source 220 - 240V, 1 phase, 50 Hz
Dimension 235 x 1.553 x 680
Weight 56
Refrigerant R22

3.5. PV Master Application

The PV Master app is a configuration tool for GoodWe battery energy storage
inverter systems. It allows you to configure the storage inverter locally using a Wi-
Fi connection directly. The PV Master application assists the installer in complet-
ing the installation of an energy storage system. Several functions can be employed
inside the application, including energy modes, energy consumption monitoring,

energy production, and battery performance.

3.6. GoodWe SEMS Portal

SEMS portal is a website that serves as a comprehensive monitoring platform
for any power plant. The SEMS site allows you to manage organizations and

users, add power plants, and view operational data and information for the
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power plant. In this scenario, our plant is the solar energy system located at
FTKE laboratory. Figure 3 shows the interface used to collect data and analyze
the load profile, PV energy profile, and battery pattern for one day. Figure 4
shows the generation monthly report, which shows a large amount of data such
as energy consumption each, PV energy generated, self-consumption ratio, en-

ergy usage from grid etc.

e T Y
Plants Alarms Reports Management [ Lobby Dashboard | ogout  {Cy Settings

K2
) Please enter plant /SN / emal b

PV Generation Tod...
ow 09 0.00 kWh

Total Generation

12802.70 kWh

Crated: 09012022 ! shis 07262025

ficetion: Battery Storage 8- PV(W) @ Battery(W) 8- Grid (W) - Load(W) 8- SOC(%)

48240

y: 10kWh / e~ =

Location: Jalan Hang Tuah Jaya, 76100 Durian Tunggal, M.

Todey Fidy  Sotwday  Sundey  Monday
32 O sy owmr 4 233

o | 2 | 35 |
OB BB

Figure 3. Interface GoodWe SEMS Portal website.

GOODWe ‘ & Plants Alarms Reports Management @ togout {03 settings I
m Location  Organization

Select plant ©, [ZIF NI Statistics range 062025
W EP £624Wp - UTeM Melaka
PV(kWh) Income(MYR)

2 10

Generation Reports

Monthly Report

0
06012025 ~ 06042025 06072025 ~ 06102025 06132025 ~ 06162025 06192025 = 06222025 06252025 = 06282025

Monthly Report

Date Plant Clssifiation.  Capacity(kW)  PVOWH)  SelllWh)  Buy(kWH)  Consumption(KWh)  In-hous(@Wh)  Self-Cons. Ratio(%)  Contrbut
06012025 EPAG2Wp-UTeM.. BatleryStora.. 462 161 033 a3 6257 521 sra8 24

06022005 EP42Wp-UTeM.. BateryStora.. 462 1 0ss 653 coss 415 5692 23
06022025 EPASZWp- UTeM .. BateryStora.. 462 29 0 s oars 201 100 2
604225 EP4GAWp-UTeM... BatteryStora.. 482 22 0 s s 198 100 1308
06052025 EPASAWp-UTeM... BatteryStora.. 452 s 0 nos 12576 " 10 e
06062025 EP 4.62kWo - UTeM Battery Stora. 462 94 0 3218 4138 92 100 223 M

Figure 4. Data generation report of a month.

4. Result and Analysis

The main objective of this chapter is to analyze the load profile of the FTKE’s Solar
Laboratory with and without hybrid inverter of PV and BESS system using differ-
ent control modes. There are three (3) inverter control modes considered in this
study to find the opportunities for energy savings, cost savings, PV Generation,
maximum demand, load factor and CO, reduction. The significant findings from
the analysis can conclude the best option of control mode of hybrid inverter of PV

and BESS to maximize the energy and cost saving.
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4.1. Peak Shaving Mode

Peak shaving mode is a mode in which one of the techniques is used to reduce
energy consumption from the grid at peak times. In this mode, the setting that
will be used is that when the inverter detects energy consumption from the grid
exceeding 500 W, battery will be discharged the energy to reduce energy con-
sumption from the grid. The battery will be charged when the inverter detects
energy consumption from a load of less than 500 W. The battery will be charged
using energy from PV production as well as energy from the grid.

4.1.1. Energy Consumption
The Solar Laboratory’s usage of energy is measured using a hybrid inverter for the
PV and BESS systems. The data in peak shaving mode was collected for two
months, from October to November of 2023.

Figure 5 illustrates the monthly energy consumption in Peak Shaving mode.
The results indicate that November recorded higher energy usage compared to

October, showing some seasonal variation in load demand.

24455

Energy (kWh)

-
@
o
I
™
~

OCTOBER NOVEMBER
Month

Figure 5. Monthly energy consumption comparison in Peak Shaving mode.

4.1.2. Maximum Demand

Maximum Demand (MD) is the peak of energy consumption for 30 consecutive

minutes in kW. The charge rate is RM 30.3/kW for C1 tariff. The selected maxi-

mum demand value will be the day with the highest peak demand for 1 month.
Figure 6 presents the maximum demand recorded in October and November

under Peak Shaving mode. The data show that November experienced a higher

maximum demand than October.
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Figure 6. Maximum demand comparison for Peak Shaving mode.
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4.1.3. Consumption for Load, Load with PV and Load with PV and BESS

In this section, a comparison of energy consumption, maximum demand, cost,
and load factor will be stated by considering 3 conditions of resources and loads:
1) using a hybrid inverter of PV and BESS system, 2) load with PV system, and 3)
load only.

Table 2 shows the 3 conditions of resources and loads connected in November
2023 with energy consumption (kWh), MD (kW), bill (RM) and Load Factor.
Condition 3 consumes the highest energy, 2832.136 kWh, followed by Condition
1 and 2, 2445.5 kWh and 2412.336 kWh, respectively. PV production in Novem-
ber 2023 was 419.7 kWh. Condition 1 and 3 were chosen for comparative purposes
in terms of energy savings and consumption reduction. The findings from this
study show that:

Table 2. The difference between the comparison 3 conditions of resources and loads energy
consumption in November 2023.

Condition 1:

Condition 2: Condition 3:
Load with hybrid inverter of PV and ondition ondition

BESS L with PV L
ENERGY (kWh) 2445.5 2412.336 2832.136
MD (kW) 20.1437 20.7537 23.9492
Bill (RM) 1502.962 1509.34 1759.39
LOAD FACTOR 0.168615 0.161439 0.164244

PV Generation = 419.7 kWh

CO: Reduction: 386.636 * 0.758 = 293.07 kg CO»

1) Energy usage reduced to 386.636 kWh or 13.6% savings.

2) Max demand decreased from 23.9492 kW to 20.1437 kW, giving in a 3.8 kW
reduction.

3) The total bill can be saved by RM 256.43, or 14.6% saving cost.

4) The CO; reduction is 293.07 kg CO..

4.2. General Mode

General mode is the most basic mode available on all types of inverters, although
in this case, it is used with hybrid inverters. In this mode, the PV production will
go to the load first then if there is excess it will charge the battery. When the in-
verter detects more than 500 W of grid energy consumption, it discharges the bat-
tery and recharges it when the load demand is less than 500 W. The configuration

in this mode to charge the battery is using PV energy only.

4.2.1. Energy Consumption

The Solar Laboratory’s usage of energy is measured using a hybrid inverter for the
PV and BESS systems. The data in peak shaving mode was collected for two months,
from December 2023 to January 2024.
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Figure 7 shows the monthly energy consumption under General mode. Energy
usage in January was slightly higher than in December, consistent with varying

building operational patterns.

0
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Figure 7. Monthly energy consumption comparison in General mode.

4.2.2. Maximum Demand

Maximum Demand (MD) is the peak of energy consumption for 30 consecutive

minutes in kW. The charge rate is RM 30.3/kW for C1 tariff. The selected maxi-

mum demand value will be the day with the highest peak demand for 1 month.
Figure 8 displays the maximum demand for December and January in General

mode. The data indicate a small increase in maximum demand in January com-

pared to December.

16

Maximum demand (kW)
15.3308

DECEMBER JANUARY
Month

Figure 8. Maximum demand comparison for General mode.

4.2.3. Consumption for Load, Load with PV and Load with PV and BESS

In this section, a comparison of energy consumption, maximum demand, cost,
and load factor will be stated by considering 3 conditions of resources and loads:
1) using a hybrid inverter of PV and BESS system, 2) load with PV system, and 3)
load only.

Table 3 shows the 3 conditions of resources and loads connected in January
2024 with energy consumption (kWh), MD (kW), bill (RM) and Load Factor.
Condition 3 consumes the highest energy, 2583.378 kWh, followed by Condition
1and 2,2141.438 kWh and 2198.706 kWh, respectively. PV production in January
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2024 was 445.7 kWh. Condition 1 and 3 were chosen for comparative purposes in
terms of energy savings and consumption reduction. The findings from this study
show that:

Table 3. The difference between the comparison 3 conditions of resources and loads energy
consumption in January 2024.

Condition 1:

Condition 2: Condition 3:
Load with hybrid inverter of PV and ondition ondition

BESS L with PV L
ENERGY (kWh) 2141.438 2198.706 2583.378
MD (kW) 16 16 17
Bill (RM) 1266.42487 1287.32769  1458.03
LOAD FACTOR 0.18588872 0.1908599  0.21490713

PV Generation = 445.7 kWh
CO: Reduction: 441.94 * 0.758 = 335 kg CO»

1) Energy usage reduced to 441.94 kWh or 17% savings.

2) Max demand decreased from 17 kW to 16 kW, giving in a 1 kW reduction.
3) The total bill can be saved by RM191.6, or 13% saving cost.

4) The CO; reduction is 335 kg CO..

4.3. Economic Mode

Economy mode is another option that can be customized to the user’s preferences.
Users can set the charging and discharging times of the battery. In this case, the
battery is discharge from 11 a.m. to 6 p.m., and then charged from 6.01 p.m. to
10.59 a. The battery will be charged by solar production and the grid.

4.3.1. Energy Consumption

2822.08

2349.836

Energy (kWh)

APRIL MAY
Month

Figure 9. Monthly energy consumption comparison in Economic mode.

The energy consumption of the Solar Laboratory is measured with a hybrid in-
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verter of PV and BESS system. The intelligent inverter monitors and records all
the necessary data. The data in peak shaving mode was collected for two months,
from April 2024 to May 2024.

Figure 9 illustrates the monthly energy consumption under Economic mode.
The building’s energy use in May was higher than in April, which may reflect sea-

sonal cooling requirements.

4.3.2. Maximum Demand

Maximum Demand (MD) is the peak of energy consumption for 30 consecutive

minutes in kW. The charge rate is RM 30.3/kW for C1 tariff. The selected maxi-

mum demand value will be the day with the highest peak demand for 1 month.
Figure 10 shows the maximum demand for April and May under Economic

mode. May recorded a higher maximum demand compared to April.

20.9233

Maximum Demand (kW)
19.5057

APRIL MAY
Month

Figure 10. Maximum demand comparison for economic mode.

4.3.3. Consumption for Load, Load with PV and Load with PV and
BESS

In this section, a comparison of energy consumption, maximum demand, cost,
and load factor will be stated by considering 3 conditions of resources and loads:
1) using a hybrid inverter of PV and BESS system, 2) load with PV system, and 3)
load only.

Table 4 shows the 3 conditions of resources and loads connected in April 2024
with energy consumption (kWh), MD (kW), bill (RM) and Load Factor. Condi-
tion 3 consumes the highest energy, 2749.953 kWh, followed by Condition 1 and
2, 2349.836 kWh and 2338.232 kWh, respectively. PV production in April 2024
was 423.1 kWh. Condition 1 and 3 were chosen for comparative purposes in terms
of energy savings and consumption reduction. The findings from this study show
that:

1) Energy usage reduced to 400.117 kWh or 14.55% savings.

2) Max demand decreased from 20.329 kW to 19.5057 kW, giving in a 0.823
kW reduction.

3) The total bill can be saved by RM 171, or 10.55% saving cost.

4) The CO; reduction is 303.29 kg CO,.
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Table 4. The difference between the comparison 3 conditions of resources and loads energy
consumption in April 2024.

Condition 1:

Load with hybrid inverter of PV and Condition 2: Condition 3:

BESS L with PV L
ENERGY (kWh) 2349.836 2338.232 2749.953
MD (kW) 19.5057 18.6443 20.3291
Bill (RM) 1448.71285 1418.37697  1619.70458
LOAD FACTOR 0.16731833 0.17418431  0.18787744

PV Generation = 423.1 kWh
CO2 Reduction: 400.117 * 0.758 = 303.29 kg CO2

4.4. Comparison of Inverter Mode

This section will evaluate the differences in energy consumption, cost savings,
maximum demand, and energy savings for the three modes analysed: general
mode, economic mode, and peak shaving mode. Comparisons will be limited to a
single month per mode. If hybrid PV and BESS systems are not used, the months
chosen are nearly identical in terms of energy usage. So, the months chosen for
comparison are: November for Peak Shaving mode, January for General mode,
and April for Economic mode.

4.4.1. Energy Consumption
Figure 11 compares energy consumption across the three inverter modes. Peak
Shaving mode resulted in the highest consumption, followed by Economic mode,

while General mode achieved the lowest.
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Figure 11. Comparison of energy consumption across inverter modes.

4.4.2. Cost Saving

Figure 12 presents the cost savings for each inverter mode. Among the modes,
Peak Shaving provided the greatest cost savings, while Economic mode offered
the least.

4.4.3. Maximum Demand
Figure 13 shows the reduction in maximum demand for each inverter mode com-
pared to operation without the hybrid system. Peak Shaving mode achieved the

largest reduction, while Economic mode resulted in the smallest decrease.
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Figure 12. Comparison of cost savings across inverter modes.
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Figure 13. Comparison of maximum demand reduction across inverter modes.

4.4.4. Energy Saving
Energy savings are obtained from the reduction of energy consumption when us-
ing hybrid PV and BESS systems. So, in this section we will see which mode has
more reduction in terms of energy.

Figure 14 compares energy savings for the three modes. General mode achieved
the highest energy savings, followed by Economic mode, while Peak Shaving
mode provided the lowest savings.
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Figure 14. Comparison of energy savings across inverter modes.

5. Conclusions

This project demonstrates the optimal energy management of a hybrid photovol-
taic (PV) and battery energy storage system (BESS) inverter installed at the FTKE
Solar Laboratory. Three inverter control modes—Peak Shaving, General, and Eco-

nomic—were evaluated based on load profile, energy savings, cost savings, maxi-
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mum demand, and CO, emission reduction. Energy consumption was analyzed
for each mode with and without the hybrid inverter system.

The objectives of this project were successfully achieved, yielding significant
findings. Energy savings resulted from the reduction in grid energy consumption
when using the hybrid inverter PV-BESS system. The highest energy saving was
achieved in General mode (441.94 kWh), followed by Economic mode (400.12
kWh), while the lowest saving was recorded in Peak Shaving mode (386.64 kWh).
The results indicate that energy savings depend on PV generation and the fre-
quency of battery charging.

Overall, the hybrid PV-BESS inverter significantly reduces energy consumption
and costs while supporting sustainable energy management. Optimal results can
be achieved by selecting the inverter mode based on PV generation availability
and load profiles, ensuring flexible and efficient operation tailored to user needs.
For commercial buildings, building managers can select the General mode to
maximize energy savings, the Peak Shaving mode to reduce costs under high-de-
mand tariffs, or the Economic mode to balance both objectives according to their
utility tariff structure and sustainability goals. However, these findings are based
on a single building with a load profile dominated by air-conditioning in one cli-
mate location. As such, the results may vary for buildings with different load char-
acteristics, occupancy patterns, or in regions with differing solar resources and

tariff structures.
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