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A B S T R A C T

Identifying a cost-effective pathway to achieve net zero energy in remote Australian communities is crucial for 
meeting the country’s net zero target by 2050. Hybrid Renewable Energy Systems (HRES) offer a sustainable and 
economical alternative to traditional power sources by lowering capital costs and improving renewable energy 
efficiency. This paper presents a sustainable HRES modelling and theoretical framework for designing and 
optimizing net-zero communities with emerging energy technologies. It examines a PV-Wind hybrid system with 
various storage technologies to meet energy demands in remote areas of Broken Hill, New South Wales, 
Australia. Multiple future scenarios are evaluated based on technical, economic, and environmental criteria. The 
results show that the hybrid system, consisting of PV, wind, battery and hydrogen energy, is the most viable, 
achieving net zero energy (NZE) with a cost of energy (COE) of $0.0957/kWh and zero CO2 emissions. The 
results obtained over time underscore that COE, carbon emission reduction and renewable integration play a 
crucial role in sustainable energy development and economic growth enhancing energy security and lowering 
operational costs. Overall, this study highlights the potential of optimized HRES configurations for diverse lo
cations and climates, supporting Australia’s transition to a cleaner, more sustainable energy future.

1. Introduction

Energy consumption has increased significantly in recent years as the 
globe is going through constant economic development toward 
improving survival standards. About 65 % of energy is still supplied by 
conventional resources in Australia [1]. Conventional energy sources 
can meet the electricity demand; however, they have several disad
vantages, such as harmful gas emissions and a high life cycle fuel cost. 
Renewable energy sources (RES) provide a sustainable way to meet 
power demand and cut emissions. Hybrid PV-wind systems with storage 
enhance reliability and support rural electrification. Their integration 
reduces dependence on fossil fuels and promotes cleaner energy solu
tions. This approach helps achieve net zero emissions (NZE) and 
long-term energy sustainability. Since these hybrid systems can produce 
consistent and economical energy, their installation as well as research 
are getting growing interest [2]. Fast-tracking rural electrification also 
appears to be an effective way of decreasing carbon dioxide emissions. 
Currently, electricity generation from PV and wind technologies is one 
of the leading RES [3]. Zhang et al. [4] deduced that incorporating PV 

and wind energy may help reduce CO2 emissions. Moreover, combining 
RES with energy storage systems (ESS) is thus potentially a good way to 
improve the consistency of RES due to its variability [5]. Presently, 
electrochemical energy storage systems come into prominence; exam
ples include lithium and lead-acid (LA) batteries [6]. Such electro
chemical ESS are not appropriate for long-term storage required by RES, 
as it is economically viable only for short-term storage. Also, the 
hydrogen storage system is the most popular substitute available today 
since it is environmentally beneficial and does minimum harm to the 
environment.

Abbreviations

BESS battery energy storage 
system

Nhub hub height (m)

CRF Capital recovery factor NBat Number of batteries
DG Diesel generator NEZ Number of 

electrolyzers
DoD Depth of discharge. NFC Number of fuel cell
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(continued )

ESS Energy storage system NPV Number of solar 
panels

EV Electric vehicle NWT Number of wind 
turbines

FC Fuel cell Nanem Anemometer height
GHG Greenhouse gas emission Npv Capacity of the PV 

[kW]
HOMER Hybrid optimization 

model for electric 
renewable

PEZ electrolyzer’s 
electrical power

HRES Hybrid renewable 
energy systems

Pch Power charging the 
battery

HT Hydrogen tank Pdistch Power discharge from 
the battery

COE Cost of energy Pinv,out inverter’s output 
power

Li-ion Lithium-ion Prec,out rectifier’s output 
power

LOCH Levelized cost of 
hydrogen

prated Rated power [kW]

NASA National aeronautics and 
space administration

LH2 Hydrogen load

TNPC Total net present cost SOCH2 State of charge of the 
HT

NZE Net zero energy TCell PV cell temperature 
[◦C]

PV Photovoltaic TCell,NOCT Nominal operating 
cell temperature [◦C]

REF Renewable energy 
fraction

Tamb Ambient temperature 
[◦C]

RES Renewable energy 
sources

UT Solar radiation (kW/ 
m2)

TAC Total annualised cost v Wind speed [m/s]
WT 

GHG 
LCE

Wind turbine 
Greenhouse gas 
Life cycle emissions

vrated Rated speed [m/s]

​ ​ vcut− in Cut-in speed [m/s]
Nomenclature ​ vcut− off Cut-off wind speed 

[m/s]
CoefH2,n Hydrogen tank 

multiplication factor
Greek 
symbols

​

CH2− unit Nominal capacity of the 
hydrogen tank [ kWh]

αp Temperature 
coefficient of power

P(t)DGgenerated Generated power of DG β Power law exponent
PDG,rated Rated power the DG γDG Consumption 

coefficients of DG
Ech Energy charged into the 

battery
ηinv inverter’s efficiency

Edistch Energy discharged from 
the battery

ηrec rectifier’s efficiency

Hhub Wind speed at the hub 
height [m/s]

ηc Panel efficiency

HH2 Heating value of 
hydrogen fuel [MJ/kg]

ηI Battery efficiency

Hanem Anemometer height [m/ 
s]

ηEZ Electrolyser efficiency

Ipv Derating factor of PV 
[%]

ηFC Fuel cell efficiency

ir Project lifespan σ Self-discharge rate
LH2 Hydrogen load τα Solar transmittance 

and absorptance

Optimizing the design of the hybrid renewable energy systems 
(HRES) is essential to enhance its efficiency, reliability, and capacity to 
meet external load requirements, while also reducing energy costs, net 
present cost (NPC), and greenhouse gas (GHG) emissions [7]. Designing 
an optimized HRES for countryside areas presents several challenges. 
Factors, for instance, site selection, costs (including installation, oper
ation, and maintenance), load management, reliability, battery aging, 
environmental impact, and technology availability complicate the pro
cess [8]. To tackle these challenges, scholars have proposed several 
models and optimization techniques aimed at improving system 
efficiency.

Several previous studies have modeled and optimized grid- 

connected HRES, incorporating hydrogen and battery storage options 
with numerous configurations and methodologies. Dhundhara et al. [9] 
analyzed a hybrid energy system (HES) combining PV, wind, diesel, and 
biodiesel with Li-ion and LA batteries in both standalone and 
grid-connected configurations. Their study found that Li-ion batteries 
were more technically and economically viable than LA batteries. 
Another study [10] optimized a grid-associated PV system to minimize 
costs and enhance reliability by balancing power purchases from the 
grid and PV system sizing. However, due to high electricity prices in 
Iran, the PV system was not deemed cost-effective. Another study [11] 
conducted a bi-objective optimization of a grid-connected HES, 
including PV, diesel generator (DG), and FC, revealed that lower elec
tricity prices increased the cost of energy (COE) but decreased the grid 
factor, though the study omitted environmental considerations. This 
paper [12] proposed an economic model for a grid-related hybrid system 
combining solar, wind, and FC technologies for residential use. The 
optimization focused on minimizing operational and maintenance costs, 
with results showing that such systems are the most economical option 
for residential energy shortly. Gonzalez A. et al. [13] studied the opti
mum sizing of a grid-associated hybrid PV-wind system, demonstrating 
its economic profitability, though without considering energy storage. 
Ramli M. et al. [14] explored PV system optimization in Saudi Arabia, 
achieving zero unmet load and reduced CO2 emissions with an optimal 
inverter size ratio of R = 1. Reducing the inverter size to 68 % of the PV 
capacity further lowered system costs. Jahjangiri M. et al. [15] assessed 
a wind-solar-hydrogen storage system and found an average NPC of $48, 
164 and an COE of $0.573/kWh, proposing cost-effective hybrid con
figurations for electricity and hydrogen production. Akram U. et al. [16] 
studied a grid-connected wind/solar/battery hybrid microgrid, finding 
that the optimal configuration was both economical and reduced CO2 
emissions. In Ref. [17], grid-connected and stand-alone hybrid system 
were the most economical, with an NPC of $28,041 and an energy cost of 
$0.069/kWh, but it emitted the highest CO2 levels 26,609 kg/year. Basu 
et al. [18] compared three configurations using HOMER, identifying the 
optimal setup as including PV, wind, HS, and a converter, with a COE of 
$0.3387/kWh.

Despite the significant contributions of previous studies, several 
research gaps remain unaddressed. For instance, Ma et al. [19] focused 
solely on a single load profile for a specific site, while Ali and Shahnia 
[20] analyzed a single load without considering grid connectivity. 
Similarly, Uddin et al. [21] addressed a single load and storage system 
for the studied area. Furthermore, these works primarily concentrated 
on techno-economic and environmental aspects, neglecting sustain
ability criteria. Crucially, none of these studies considered hydrogen 
storage system as backup solutions. Sustainability also plays a signifi
cant role because global science and technology (S&T) efforts are 
collaborative initiatives aimed at tackling shared challenges like climate 
change, health crises, energy transitions, and sustainable development. 
These efforts span governments, academia, industry, and civil society, 
and often align with international frameworks such as the UN Sustain
able Development Goals (SDGs). Moreover, in Australia, the target is to 
cut CO2 emissions by reducing dependence on diesel generators and grid 
power, while increasing the use of renewable energy sources based on 
their sustainability projection. This represents a major move towards 
cleaner energy in the coming decades. To address these limitations, this 
study conducts a comprehensive analysis of a grid-connected HRES that 
integrates PV/wind/battery/DG/HT/electrolyser/FC technologies. By 
adopting a multi-criteria approach, this work evaluates the system’s 
techno-economic, environmental, and sustainability performance for 
rural electrification in Australia, aiming to deliver an optimized and 
future-ready energy solution. This study plays a pivotal role in guiding 
governments and key stakeholders toward fulfilling the Paris Agreement 
and advancing the global agenda for Sustainable Development Goal 7. It 
promotes bold, forward-looking strategies to tackle pressing energy is
sues, aiming to deliver universal access to clean, affordable energy by 
2030 and fast-track the shift to net-zero emissions by 2050.
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This study investigates four potential grid-connected HRES config
urations for a regional area in Australia, aiming to achieve zero CO2 
emissions by 2050 in line with national renewable energy targets—38 % 
by 2024, 50 % by 2030, 70 % by 2040, and 90 % by 2050. This research 
evaluates a range of energy sources, storage technologies, and economic 
factors to identify the most cost-effective, technically feasible, and 
environmentally sustainable solution. A unique aspect of this work is the 
integration of hydrogen storage and Li-ion batteries into a hybrid energy 
storage system (HESS), designed to support both daily load balancing 
and long-term energy needs. The study also incorporates electric 
mobility loads, including electric vehicles (EVs) and hydrogen fuel cell 
vehicles, to reflect evolving energy demand profiles. Unlike prior studies 
focused on isolated technologies, this research offers a holistic, future- 
oriented modeling approach across 2024–2050, accounting for local 
renewable resource availability, policy-driven transitions, and realistic 
load growth assumptions. The contributions of this research are outlined 
as follows. 

• Develop a future-oriented scenario-based evaluation (2024–2050) of 
a net-zero pathway for regional communities based on the avail
ability of local renewable energy resources, emphasizing optimal 
sizing and system design.

• Develop an integrated modelling of EVs, H2 production, and grid 
interactions.

• Design a hybrid energy storage system (HESS) that combines 
hydrogen and Li-ion batteries to meet daily load demands and pro
vide long-term energy storage reliably.

• Develop an optimized HRES framework delivering a reliable, 
affordable, and environmentally sustainable energy solution for local 
communities, with a specific focus on minimizing energy costs, 
reducing carbon footprints, and maximizing renewable fraction (RF).

• Analyze the developed energy system performance from the tech
nical, economic, environmental, and sustainability perspectives.

2. System architectures and modeling

This section outlines the system configurations and mathematical 
models that define the various components of the HRES.

2.1. System components and configurations

The system aims to meet energy needs for a regional community in 
developing countries (Australia), targeting cleaner energy use. Austral
ia’s renewable energy roadmap, per IEA projections, plans to hit 38 % by 
2024, 50 % by 2030, 70 % by 2040, and 90 % by 2050 [22]. The sys
tem’s goal is to cut CO2 emissions by reducing diesel and grid reliance 
while increasing RESs. This marks a major shift toward cleaner energy in 
the coming decades. Four grid-connected HRES configurations (2024, 
2030, 2040, 2050) are modeled to support this shift. The primary 
components of these systems potentially include PV, WT, BESS, DG, HT, 
FC, electrolyzer, and converter. A further goal is hydrogen production 
using RES, which aids in reducing CO2 emissions and addressing RES 
intermittency. As shown in Fig. 1, the four configurations share com
ponents to support electrical and EV loads, with the hydrogen load 
profile added for the 2050 scenario.

This study explores the feasibility of an integrated HESS using 
hydrogen and Li-ion batteries to ensure a reliable electricity supply 
while reducing CO2 emissions and managing peak loads efficiently. 
Fig. 2(a) outlines the techno-economic validation process, assessing 
operational, technical, economic, and environmental factors. The study 
considers geographic, meteorological, and economic conditions to 
confirm the system’s viability. Fig. 2(b) illustrates the methodology to 
achieve NZE in alignment with Australian RF Policy.

2.2. Modelling of PV module

The efficiency of a PV panel is primarily affected by solar irradiance 
and ambient temperature and is determined by the temperature of the 
PV cell. The actual temperature of the PV cell is calculated using Eq. (1)
[23]. 

TCell =Tamb(t) + HT

(
TCell,NOCT − Tamb,NOCT

HT,NOCT

)(
1 −

ηc

τα

)
(1) 

Where, TCell is the cell temperature of PV [◦C], Tamb(t) ambient tem
perature [◦C], TCell,NOCT cell temperature at NOCT [25 ◦C], Tamb,NOCT 
ambient temperature at NOCT [20 ◦C], HT,NOCT solar radiation at NOCT 
[0.8 kW/m2], ηc panel efficiency [%], and τα solar transmittance and 
absorptance [0.9].

The PV array’s power output is calculated using Eq. (2) [23]. 

PPV(t) = NpvIpv

(
UT

UT,STC

)
[
1 + αp

(
Tcell − Tcell,STC

) ]
(2) 

Where, Npv is the PV array capacity [kW], Ipv a derating factor [%], UT 
solar radiation (kW/m2), UT , STC standard test radiation [1 kW/m2], αp 

power temperature coefficient [%/◦C], Tcell,STC cell temperature under 
standard test conditions [25 ◦C].

2.3. Wind turbine system

The turbine’s power output is calculated using Eq. (3) [24]. Where 
prated is the rated power [kW], v(t) wind speed [m/s], vrated rated speed 
[m/s], vcut− in cut-in speed [m/s], and vcut− off cut-off wind speed [m/s]. 

PWT(t)=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

prated

(
v3(t) − v3

cut− in

v3
rated − v3

cut− in

)

, vcut− in < v(t) < vrated

prated, vrated < v(t) ≤ vcut− off

0, v(t) ≤ vcut− in or v(t) ≥ vcut− offi

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(3) 

The wind speed at the height of the turbine’s hub is calculated using 
the following Eq. (4) [25]. Where, Nhub is the hub height (m), Nanem 

anemometer height [m/s], Hhub wind speed at the hub height [m/s], 
Hanem anemometer height [m/s], and β power law exponent which varies 
from 0.10 to 0.25 [24]. 

Hhub =Hanem.

(
Nhub

Nanem

)β

(4) 

2.4. Battery storage modeling

In a hybrid system, integrating a battery enhances overall system 
reliability. A Li-ion is chosen to store and release electrical energy, 
ensuring a stable power supply. During the charging process, the charge 
level of the battery bank at a specific time t is determined using Eq. (5)
[26]. 

PBat(t)=PBat(t − 1)× (1 − σ)+
[

PGen(t) −
PL(t)

ηI

]

× ηBat,C (5) 

The battery bank’s discharge level at time t is calculated using Eq. (6)
[26]. 

PBat(t)=PBat(t − 1)× (1 − σ) −
[
PL(t)

ηI
− PGen(t)

]

× ηBat,D (6) 

The battery bank charges at time t − 1 and t is denoted by PBat(t − 1)
and PBat(t), σ is the self-discharge rate, ηI efficiency, PL(t) load demand, 
ηBat,C charge efficiency, ηBat,D battery’s discharge efficiency and PGen(t)
total energy production from renewables which is given by Eq. (7) [27]. 

PGen(t)=NPVPPV(t) + NWTPWT(t) (7) 
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Fig. 1. The schematic diagram of the suggested energy system (a) for cases 2024, 2030, and 2040, and (b) for case 2050.
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Where, PPV(t) and PWT(t) are the hourly energy generated by PV and 
wind and NPV and NWT are the number of PV module and WT. The 
battery charges and discharges within its defined maximum and mini
mum limits, Eq (8). PBat,min and PBat,max is determined using Eqs (9) and 
(10) [27]. 

PBat,min ≤PBat(t) ≤ PBat,max (8) 

PBat,min =DOD×Pnominal (9) 

PBat,max =Pnominal (10) 

Where, Pnominal represents nominal capacity and DOD depth of discharge.

2.5. Electrolyzer

The mass flow rate of hydrogen production via electrolyzers can be 
estimated using Eq. (11) [28]. 

Fig. 2. (a) Block diagram of the hypothesis of the study, and (b) Strategy to achieve NZE in alignment with Australian RF Policy.
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Fig. 2. (continued).
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MassH2 =
ηEZ PEZ

HH2
(11) 

Where, ηEZ denotes the electrolyzer efficiency, HH2 heating value [MJ/ 
kg], and PEZ electrical power.

According to Ref. [28], the electrical power of the electrolyzer is 
defined by Eq. (12), and its nominal power is calculated using Eq. (13). 

PEZ(t)=
Psurp(t)

ηinv
(12) 

PEZ,n =
max

{
Psurp(t)

}

ηinv
(13) 

Where, Psurp(t) = PPV(t) + PWT(t) − PL(t) is the excess power delivered 
by the PV and wind, being sent to the storage system. ηinv is the inverter 
efficiency.

2.6. Hydrogen tank

In the proposed system, RES first meet the load demand. Any surplus 
electricity is used to charge the battery, and if additional excess remains, 
it is directed toward hydrogen production and stored in a hydrogen tank 
(HT). The tank’s capacity is determined using Eq. (14) [28]. Where 
LH2(t) denotes the hydrogen load. 

SOCH2(t)= SOCH2(t − 1) + mH2(t) − LH2(t) (14) 

The SOC of the hydrogen tank at a given time t is determined using 
Eq. (15) [28]. 

SOCH2(t)= SOCH2(t − 1) +
PEZ(t).Δt.ηEZ

CH2,n

−
PFC(t).Δt
ηEZ .CH2,n

(15) 

When in operation, the hydrogen tanks must follow the constraints 
specified in Eq. (16) [29]. 

SOCH2 − min ≤ SOCH2(t) ≤ SOCH2 − max (16) 

Given that 1 kg of hydrogen equals 39.41 kWh [28], the hydrogen 
tank’s nominal capacity is calculated using Eq. (17). Where, CH2− unit de
notes the storage unit capacity of 1 kg and CoefH2,n is the hydrogen tank 
multiplication factor. 

CH2,n= CoefH2,n×CH2− unit × 39.41 (17) 

2.7. Fuel cell

In a scenario where the total energy generated from PV, WT, battery 
storage, and DG is inadequate to meet the needed load demand, such as 
PPV(t)+ PWT(t)+ PDG(t)+ Pbat(t) < Pload(t), the FC, generated the further 
power needed to satisfy the energy necessity for instance 
PFC(t) = Pload(t) − PPV(t) − PWT(t) − PDG(t) − Pbat(t).

According to Ref. [28], the instantaneous power output of the FC and 
the nominal electrical power of the FC are determined by Eqs. (18) and 
(19). Where, Pdeficit(t) = Pload(t) − PPV(t) − PWT(t) − PDG(t) − Pbat(t) is 
the power produced by the FC when PV, wind, battery, and diesel are 
unable to meet the load demand; ηFC is the efficiency. The fuel cell 
generates electricity for the system, while the electrolyzer uses surplus 
power to produce hydrogen. 

PFC(t)=
Pdeficit(t)
ηFC.ηinv

(18) 

PFC,n(t)=
max

{
Pdeficit(t)

}

ηFC.ηinv
(19) 

2.8. Converter system

Bidirectional power converters in hybrid systems manage energy 
flow between DC and AC buses, functioning as both rectifiers (DC to AC) 
and inverters (AC to DC). The inverter efficiency (ηinv) is determined by 
the ratio of its output power to its input power, as expressed in the 
corresponding equation [30]. 

ηinv =
Pinv,out

PDC
(20) 

Where, Pinv,out refers the inverter’s output power [kW], and PDC denotes 
DC input power [kW].

Similarly, the rectifier’s efficiency (ηrec) is calculated as the ratio of 
rectifier output to its input power, as shown in Eq. (21) [30]. Prec,out 

represents the rectifier’s output power [kW], and PDC denotes its AC 
input power [kW]. 

ηrec =
Prec,out

PAC
(21) 

2.9. Grid modelling

The proposed system is able to buy or sell electricity to the grid. 
When the PV system and WT fail to meet the electricity demand and the 
batteries cannot cover the shortfall, the grid steps in to provide the 
necessary power. The revenue generated from selling spare energy to the 
utility is calculated using a specific formula [31]. 

Rgrid =
∑8760

t=1
ratefeed− in tariff .Pgridselling(t) (22) 

Where, ratefeed− in tariff denotes the feed-in tariff rate.
The cost of purchasing electricity from the grid is determined using 

(23) [31]. 

Cgrid =Cp ×
∑8760

t=1
Pgridbuying(t) (23) 

Where, Cp refers to the cost per unit of electricity bought from the grid.

2.10. Diesel generator modelling

DG is essential in the hybrid system as a backup source. The hourly 
fuel consumption of the DG, FDG(t) [L/h], can be expressed linearly 
relying on the required output power by the load [32]. 

FDG(t)= γDG × P(t)DGgenerated + μDG × PDG,rated (24) 

Where, PDG,rated (kW) and P(t)DGgenerated (kW) represents the rated power 
and power generated by the DG, and the fuel consumption curve is 
determined by coefficients μDG (L/kWh), and γDG (L/kWh). Typical 
values for μDG, and γDG are 0.246 and 0.08145 (L/kWh) [32].

The DG efficiency (kW h/L) can be described by the following Eq 
[32]. 

ηDG =

[P(t)DGgenerated

FDG(t)

]

=

⎡

⎢
⎢
⎣

1
γDG + μDG ×

PDG,rated
P(t)DGgenerated

⎤

⎥
⎥
⎦ (25) 

The efficiency percentage based on the lower heating value of gas oil 
can be represented by the equation [32]. Where, LHVGas− oil range be
tween 10 and 11.6 kWh/L. 

ηDG%=

⎡

⎢
⎣

P(t)DGgenerated(kW)

FDG(t)
(

L
h

)

× LHVGas− oil(kWh/L)

⎤

⎥
⎦ (26) 
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3. Optimization framework

This paper focuses on designing an optimized HRES system based on 
economic, environmental, and sustainability aspects. This study con
siders the energy management strategy, objective functions, decision 
variables, and constraints.

3.1. Energy management strategy

The suggested model manages the energy distribution of various 
technologies PV, Wind, diesel generator, BES, FC, and power grid to 
effectively satisfy load requirements. It determines the optimal size for 
each component and ensures effective power flow management. Fig. 3
illustrates the energy and power management flowcharts for grid- 
connected systems. The control strategy balances energy supply and 
demand while managing the charging of batteries and hydrogen storage. 
The operational strategies are founded on the subsequent scenarios. 

Case 1. when the total power produced by PV and wind exceeds the 
load demand (PPV(t) + PWT(t)> Pload(t)), they first meet electricity 
needs. Excess energy charges the battery, and any leftover power gen
erates and stores hydrogen in the HT. The FC and diesel generator 
remain inactive in this scenario.

Case 2. If the electricity from PV and wind exceeds the load, the sur
plus energy is used to fully charge the BES and hydrogen storage. Any 
leftover energy is then sent to the grid.

Case 3. If the demand is higher than the PV and wind output, the BES 
discharges to meet the load. The system prioritizes using PV, wind, and 
BES to supply electricity.

Case 4. When the combined output from PV, wind, and BES is insuf
ficient to meet demand PPV(t) + PWT(t) + Pbat(t) < Pload(t), the FC can 
generate the additional power needed to satisfy the load, i.e., PFC(t) =
Pload(t) − PPV(t) − PWT(t) − Pbat(t).

Case 5. If the combined power output from PV, wind, BES, and FC is 

Fig. 3. Flowcharts outlining the energy management strategy for the grid-connected system.
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still inadequate [PPV(t) + PWT(t)+Ebat(t)+PFC(t)< Pload(t)], the DG can 
supply the remaining power, i.e., PDG(t) = Pload(t) − PPV(t) − PWT(t)−
Pbat(t)− PFC(t)

Case 6. If PPV(t) + PWT(t) + Pbat(t) + PFC(t) + PDG(t) < Pload(t), the 
system will draw the remaining power from the grid.

Below are the abbreviations used in the flowcharts: 

PPV(t) : Solar panel power 

PWT(t) : Power of wind turbine 

Pch(t) : Power available for charging the battery 

Pdistch(t) : Battery discharge power 

ηconv(t) : Converter efficiency 

Pload(t) : Power demand 

Ech(t) : Battery charging energy 

Edistch(t) : Battery discharging energy 

Ebmax : Battery maximum capacity 

Eb(t) : Battery state of charge 

Egrid s(t) : Energy supplied to the grid 

3.2. Objective functions

The objective is to design an optimized HRES system that prioritizes 
cost efficiency and environmental sustainability. To do so, economic, 
environmental, and sustainability aspects are evaluated as follows.

Economic aspect:
The first objective function, COE, is calculated using Eq. (27) [26], 

where TNPC represents the total net present cost, and CRF is the capital 
recovery factor. 

Min COE=
TNPC × CRF(ir ,N)

∑T

t=1
Eloadserved

(27) 

The TNPC is calculated in Equation (28), which sums the initial (Cint), 
operational and maintenance (CO&mai), replacement (Crep), fuel (Cfuel), 
and salvage (Csalv) costs of the system. More details on these parameters 
can be found in Ref. [26]. 

TNPC=Cint + Crep + Cfuel + Csalv + CO&mai + Cgrid − Rgrid (28) 

The CRF depends on the actual interest rate (ir) and the project 
lifetime (N), determined by Eq. (29) [33]. 

CRF(ir ,N) =
ir(1 + ir)N

(1 + ir)N
− 1

(29) 

The actual interest rate is derived from Eq. (30) [26]. i∼r and f are the 
nominal interest rate and annual inflation rate. 

ir =
i∼r − f
1 + f

(30) 

Environmental aspect:
The total life cycle emissions (LCE) of the HES over a year are 

evaluated by Eq. (31) [34]. Here, jn represents the lifetime equivalent 
CO2 emissions, and En denotes the energy stored in batteries or con
verted by system components like PV, WT, Bat, DG, grid, FC, EZ, and 
Conv to meet demand over T (8760 h). 

LCE=
∑

n

∑T

t=1
jnEnt, n∈{PV,WT,Bat,DG, grid, FC, EZ,Conv} (31) 

Sustainability aspect:
The renewable fraction (RF) represents the share of renewable en

ergy used to meet demand, as defined by Eq. (32) [34]. Here, Enonren 
refers to non-renewable energy used, while Eloadserved is the total energy 
supplied. 

RF=1 −
Enonren

Eloadserved
(32) 

3.3. Constraints and decision variables

In this research, the decision variables include the number of PV 
modules (NPV), wind turbines (NWT), batteries (NBat), electrolyzer (NEz), 
hydrogen tank (NHT), and fuel cell (NFC). These variables must adhere to 
the following constraints. 

NPV,min≤ NPV ≤ NPV,max (33) 

NWT,min≤ NWT ≤ NWT,max (34) 

NBat,min≤ NBat ≤ NBat,max (35) 

NEZ,min≤ NEZ ≤ NEZ,max (36) 

NHT,min≤ NHT ≤ NHT,max (37) 

NFC,min≤ NFC ≤ NFC,max (38) 

The total hourly energy produced by all system components must 
meet the hourly load demand. 

PPV(t) + PWT(t)+Pbat(t) + PFC(t) + PDG(t) − Pgridbuying(t) + Pgridselling(t)

= Pload(t)
(39) 

The capacity of the storage systems must comply with the following 
constraints. 

PBat,min ≤PBat(t) ≤ PBat,max (40) 

SOCH2 − min ≤ SOCH2(t) ≤ SOCH2 − max (41) 

4. Result and discussion

This study seeks to determine the appropriate solution for delivering 
energy to a regional community. The RESs utilized in this study include 
PV, WT, FC. Additional components such as electrolyzers, HT, batteries, 
and converters are utilized for storage or energy conversion purposes. 
The HS is considered due to its growing popularity as an energy storage 
solution (ESS), offering advantages like higher energy density, greater 
efficiency, longer lifespan, and quicker refuelling times, which make it 
suitable for long-term energy storage solutions. To determine the 
optimal combination with the available RESs, the study also in
corporates the national grid and a DG into the HES. The analysis will 
explore and discuss the results of the optimal modelling for four sce
narios: case 1 (2024), case 2 (2030), case 3 (2040), and case 4 (2050), 
with a focus on techno-economic, environmental, and sustainability 
criteria. The simulation and optimization focus on assessing the feasi
bility of different system configurations, comparing their economic ef
ficiency and environmental impact. To do so, a linear programming 
framework [35] has been incorporated. The case study presents the 
system configurations and includes a detailed description below.
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4.1. Case 1: Techno-economic evaluation of HES for 2024

In this case, a system integrating PV-WT-DG–HS–LIB-Grid-Converter 
is modeled and simulated. This configuration includes 33 kW PV, 15 kW 
WT, 25 kW DG, 32 kWh Li-ion, 20 kW FC, an electrolyser and HT, and a 
70-kW converter. The total COE is $0.299/kWh, and the NPC of the 
system is $960,610. This system has the maximum COE of other systems, 
which is not optimal among the four case studies. Fig. 4 shows the en
ergy production output of each component during the first seven days of 
the warmest month (January) and the coldest month (June). The results 
indicate that most of the time, the grid supplies the load demand rather 
than renewable sources. When the grid is unavailable, the battery, diesel 
generator, and FC step in to meet the demand. The DG primarily oper
ates at night when energy consumption peaks. The LIB charges in the 
morning when there is extra power from the PV and WT, and discharges 
at night when additional power is needed. According to the simulation 
result, the developed model has a total consumption of 249,861 kWh/yr, 
broken down as follows: electric loads for 227,478 kWh/yr, EV load is 
16,425 kWh/yr, grid sales amount 99 kWh/yr, and electrolyser con
sumption 5858 kWh/yr. This system purchased electricity from the grid 
at 148,142 kWh/yr and sold it to the grid at 99 kWh/yr.

In Fig. 5 (a), most of the energy demand is met by the power grid, 
with the leftovers supplied by the PV system, WT, DG, and FC. The 
simulation results indicated an overall annual energy generation of 
253,22 kWh/yr, distributed as follows: PV 56,921 kWh/yr, WT 41,599 
kWh/yr, DG 4294 kWh/yr, FC 2271 kWh/yr, and grid purchases 
148,142 kWh/yr. As presented in Fig. 5 (b), the system’s initial instal
lation cost is $342797, while the salvage value is estimated at $221565. 
The analysis also highlights necessary component replacements: Li-ion 
batteries after 15 years, WT after 20 years, and PV panels after 25 
years. Fig. 5 (c) illustrates that the largest capital investment is needed 
for the FC module and, afterwards the PV system. Nevertheless, 
throughout the project, the power grid experiences greater operational 
expenses than its initial capital outlay.

4.2. Case 2: Techno-economic evaluation of HES for 2030

A HES consisting of PV-WT-DG–HS–LIB-Grid-Converter is designed 
and simulated for this case study. The system includes a 53 kW PV, 24 
kW WT, 25 kW DG, 48 kWh Li-ion, 20 kW FC, an electrolyser and HT, 
and an 85-kW converter. The system’s COE is $0.262/kWh, with an NPC 
of $1.02 M. The operating cost is $55,102 and the capital cost is 
$293,831 of the system. Fig. 6 shows the electricity generation for the 
first seven days of January and June, with 50 % of the load met by the 
grid and 50 % from renewable sources, ensuring a balanced energy 
supply. The simulation results indicate an annual energy consumption of 
316,674 kWh/yr, distributed as follows: 242,911 kWh/yr for electric 
loads, 46,538 kWh/yr for EV charging, 7137 kWh/yr for grid sales, and 
20,089 kWh/yr for electrolyzer consumption. The system experiences 
no excess electricity, unmet load, or capacity shortages. Additionally, it 
purchases 154,759 kWh/yr annually from the grid while selling 7137 
kWh/yr back to it. The analysis demonstrates that solar and wind sys
tems contribute more to the energy mix during summer, due to 
favourable weather and increased wind availability. Consequently, grid 
electricity purchases are higher in winter, while grid exports peak in the 
summer and decrease in the winter. The DG, FC, and battery storage 
systems mainly function as backup power sources. Notably, the DG is 
used more frequently in winter because of the decreased renewable 
energy production, underscoring the seasonal reliance on backup power 
sources when renewable availability is diminished.

Fig. 7 (a) shows that the load demand was equally met by the power 
grid and renewable energy, with each contributing 50 % to the total 
power supply. Fig. 7 (b) shows that the overall capital cost of the project 
is $296,831, with a salvage value of $158,761 at the end of its lifespan. It 
is also evident that certain components will require replacement over 
the project’s lifespan. Fig. 7 (c) highlights that the FC module requires 
the most significant capital investment, closely followed by the PV 
module. However, for the project’s lifespan, the operating costs of the 
power grid system surpass its initial capital expenditure.

Fig. 4. Output power curve for case 2024 in January (Summer) and July (winter) for a week.
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Fig. 5. (a) Monthly energy production from each system component (b) cash flow over 26 years for the current scenario, and (c) summary of annualised costs 
for 2024.
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4.3. Case 3: Techno-economic evaluation of HESs for 2040

Case 3 is considered the second most optimal system among the four 
studied due to its lowest COE of $0.144/kWh and an NPC of $1.10 M. 
The system’s ideal configuration consists of 151 kW PV, 79 kW WT, 25 
kW DG, 54 kWh Li-ion, 20 kW FC, an electrolyzer and hydrogen tank, 
and a 120-kW converter. The developed model’s total annual con
sumption is 643,346 kWh/yr broken down as follows: 270,993 kWh/yr 
for electric loads, 136,875 kWh/yr for EV loads, 170,663 kWh/yr for 
grid sales and, 64,815 kWh/yr for electrolyser consumption. The system 
generates 13,425 kWh/yr of spare electricity, with zero unmet load or 
capacity shortage. It purchases 168,335 kWh/yr from the grid and ex
ports 170,663 kWh/yr. The output power curve of each component 
during the first week of the warmest month (January) and the coldest 
month (June) is illustrated in Fig. 8.

In Fig. 9 (a) most of the power is produced by the PV module and WT, 
with the remaining power supplied by the grid, FC and diesel generator. 
Fig. 9 (b) shows that the primary cost of the developed system is 
$408203 and the salvage cost of the $203070 over the project’s lifetime. 
Replacement costs for the battery, converter, PV, and WT occur in the 
10th, 15th, 20th and 25th years, totalling $24,408, $35,040, $118,026 
and $95,050 respectively. Fig. 9 (c) illustrates that the largest capital 
cost is needed for the WT and, subsequently, the PV module. Conversely, 
the power grid system and WT incur higher operating costs throughout 
the project. Fuel costs are minimal, which suggests that fuel-dependent 
components like the DG are not heavily relied on in this scenario. The 
negative SC suggest the possibility of recovering value from various 

components once they are decommissioned.

4.4. Case 4: Techno-economic evaluation of HESs for 2050

Case 4 stands out as the most efficient system among the four case 
studies, featuring the lowest COE of $0.0957/kWh, an NPC of $1.18 
million, and producing zero CO2 emissions. The system is designed with 
a combination of PV, WT, DG, FC, an electrolyzer, HT, battery storage, a 
bi-directional converter, and grid integration. It includes a 510 kW PV 
array, 263 kW WT, a 25 kW DG, a 20 kW FC and electrolyzer, a 20 kW 
HT, a 70-kWh battery, and a 143 kW converter. Peak demand occurs 
between 6 and 10 p.m. when solar energy is unavailable, and the load is 
met by WT, battery storage, and the FC. During the day, excess solar 
energy is first used to charge the battery. If any additional surplus re
mains, it is directed to hydrogen production, and any further excess is 
fed into the grid. The total overall consumption of the system is 
1,006,473 kWh/yr, distributed as follows: 302,322 kWh/yr for electric 
loads, 180,675 kWh/yr for EV charging, 68,637 kWh/yr for electrolyzer 
operation, and 454,840 kWh/yr sold to the grid. The system achieves an 
excess electricity rate of 42.2 %, with no unmet load. It purchases 
106,218 kWh/yr from the grid while selling 454,840 kWh/yr. In sum
mary, Case 4 (2050) offers a reliable, cost-effective, and environmen
tally friendly solution to meet energy needs. Fig. 10 (a) demonstrates 
energy production during the hottest month, January, and the coldest 
month, June. Fig. 10 (b) shows the hydrogen production and con
sumption profile for Case 2050 in January (summer) and July (winter) 
for a week. Hydrogen production occurs mainly during the day when 

Fig. 6. Output Power Curve for case 2030 in January (Summer) and July (winter) for a Week.
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excess solar energy is converted into hydrogen and stored for nighttime 
electricity generation through the fuel cell.

Fig. 11 (a) illustrates that most of the energy demand is met by the PV 
and WT, while the leftover demand is provided by the power grid, FC, 
and DG. In Fig. 11 (b), it is noted that the initial installation cost of the 
system is $963,004. Additionally, replacement costs for the WT and 
solar panel are incurred in the 20th and 25th years of the project, 
amounting to $384,506 and $255,350, respectively. In years 6th, 12th, 

17th and 23rd the Li-ion battery must be replaced, and 14th and 15th 
also must be replaced FC and converter. Fig. 11 (c) shows the WT and PV 
modules have the highest capital costs, while the power grid and WT 
face higher operating costs. Minimal fuel costs indicate limited reliance 
on fuel-dependent components like the DG. Negative SC suggests po
tential value recovery from decommissioned components.

Fig. 11 (d) shows COE and NPC for the HRES configuration based on 
different years. The analysis evaluates four time periods (2024, 2030, 

Fig. 7. (a) monthly energy production from each system component (b) cash flow over 26 years for the case of 2030, and (c) summary of annualised costs for 2030.
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2040, and 2050) to assess their effect on the COE and NPC. From the 
figure, it is evident that while the NPC fluctuates slightly over time, the 
COE decreases significantly, especially after 2030. The results show a 
significant reduction in energy costs, with the COE decreasing from 
$0.299/kWh in the current scenario to $0.0957/kWh by 2050, 
demonstrating a highly cost-effective system. Therefore, this study 
highlights the economic benefits of adopting renewable energy over 
time, despite the slight increase in NPC. Lod profiles and meteorological 
resource descriptions including study area, electrical load, electrical 
vehicle load, and hydrogen vehicle load have been provided in the 
Supplementary File.

4.5. Sensitivity analysis of economic parameters

A comprehensive sensitivity analysis was conducted to assess the 
impact of capital cost variations on system economics. The capital costs 
of PV systems, electrolyzers, wind turbines, and fuel cells were indi
vidually varied by ±10 % and ±20 % across all future scenarios. The 
results (summarized in Table 1) show that both LCOE and NPC are 
moderately to highly sensitive to these changes, especially in the 2040 
and 2050 scenarios where hydrogen infrastructure is more dominant. 
For example, in the 2050 scenario, a 20 % reduction in component costs 

leads to a 14.9 % decrease in LCOE (from 0.0957 to 0.0815 $/kWh), 
while a 20 % increase results in a 14.9 % LCOE rise (to 0.110 $/kWh). 
Similarly, NPC fluctuates by ±15.3 %, from 1.00 M to 1.36 M AUD. 
These findings underscore the importance of financial incentives and 
technology cost reductions in achieving economically feasible 
hydrogen-based hybrid energy systems, particularly in long-term net- 
zero pathways.

4.6. Environmental and sustainability analysis

The combustion of fossil fuels releases pollutants such as CO2, CO, 
SO2, NOx, particulate matter, and unburned hydrogen, contributing to 
air pollution and environmental degradation. The environmental 
assessment of the HRES focuses on two key factors: CO2 emissions and 
RF. A primary goal of the system is to reduce CO2 emissions by mini
mizing reliance on diesel generators and grid power while maximizing 
the use of RES. Fig. 12 (a) presents a radar chart depicting the projected 
emissions of various pollutants (kg/year) across four time periods: 2024, 
2030, 2040, and 2050. The highest CO2 emissions occur in 2024 
(97,952 kg/year) and 2030 (96,997 kg/year). However, emissions 
decline sharply to 601 kg/year by 2040 and reach zero by 2050, 
reflecting the increased adoption of renewable energy. Similarly, NOx 

Fig. 8. Output Power Curve for case 2040 in January (Summer) and July (winter) for a Week.
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emissions decrease from 245 kg/year in 2024 to 232 kg/year in 2030, 
dropping significantly to 90.1 kg/year by 2040 and reaching zero by 
2050. SO2 emissions, which remain steady in 2024 (416 kg/year) and 
2030 (414 kg/year), also fall to zero by 2040 and 2050, indicating a 
transition away from fossil fuel-based power generation. The chart 
highlights the progressive decline in all pollutant emissions by 2050, 
demonstrating a shift toward cleaner energy technologies. The most 
significant reductions are observed in CO2, NOx, and SO2 emissions, 
which are nearly eliminated by 2050. This analysis confirms that the 
2050 scenario represents the most environmentally sustainable energy 

system, achieving zero CO2 emissions and a higher reliance on RES. 
However, Negative emissions in HOMER software typically occur when 
a system generates more low-emission electricity than it consumes and 
sells the excess to the grid. This reduces the overall grid emissions, and 
HOMER credits the system with these reductions. If the system’s grid 
sales outweigh its purchases, the net grid emissions can be considered 
zero, offsetting emissions from conventional grid power sources.

The RF is quite low at the beginning. In 2024, it is approximately 38 
%, and by 2030, it grows to around 50 %. Later, the renewable fraction 
grows even more until it almost reaches 70 % in 2040. By 2050, the RF 

Fig. 9. (a) monthly energy production from each system component (b) cash flow over 26 years for the case 2040, and (c) summary of annualised costs for 2040.
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Fig. 10. (a) Output Power Curve for case 2050 in January (Summer) and July (winter) for a Week (b) hydrogen production and consumption profile for case 2050 
case in January (Summer) and July (winter) for a Week.
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Fig. 11. (a) monthly energy production from each system component (b) cash flow over 26 years for 2050 (c) summary of annualised costs for 2050, and (d) COE and 
NPC for the HRES configuration based on different years.
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will reach 90 %, indicating that RES almost entirely powers the energy 
system. Such correlation with a steep fall in CO2 emissions shows that 
renewables replace a large proportion of fossil fuel in the energy gen
eration mix. Fig. 12 (b) shows the inverse relationship between CO2 
emissions and the RF over time. As the share of renewable energy in
creases, CO2 emissions drastically decrease. An essential decrease hap
pens between 2030 and 2040, when the RF increases significantly, and 

CO2 emission dramatically falls. By 2050, the RF will be almost 90 %, 
while CO2 production will be eliminated, reflecting the success of the 
transition to a low-carbon energy system. Comparative analysis has been 
discussed in the Supplementary File.

5. Conclusion

This study conducts a techno-economic analysis of a grid-connected 
HRES to decide the most suitable configuration for the selected location. 
The study focuses on the Broken Hill region in far-west New South 
Wales, Australia. The feasibility assessment was carried out using 
HOMER software, evaluating four different HRES configurations. A 
system optimization analysis has been executed to judge technical 
adaptability, economic viability, and environmental issues for all four 
configurations. For economic analysis, key parameters included the 
COE, TNPC, ICC, and operation and maintenance expenses. From a 
technical perspective, factors such as annual energy generation, con
sumption, surplus energy, unmet demand, and the renewable energy 
fraction in kWh per year were considered for each system setup. Since 
the goal of the research is to look for the best configuration due to 
environmental impact, the calculation for the emissions of each 
configuration had to be considered. The key results of this research are 
outlined here. 

• Economic aspect: From the economic perspective, the total COE is 
$0.299/kWh, and the NPC of the case 2024 year is $960,610. In the 
case of the 2030 year, the total COE is $0.262/kWh, and the NPC of 
the system is $1.02 M. In the case of the 2040 year, the COE is 
$0.144/kWh, and NPC is $1.10 M of the suggested system. In addi
tion, in the last case of the 2050 year, the COE is $0.0957/kWh 
whereas the NPC is $1.18 M respectively.

• Environmental aspect: From the environmental consequences, the 
annual equivalent avoided CO2 emissions tend to occur in 2024 
(97,952 kg/yr) and the 2030 scenario (96,997 kg/yr). There is esti
mated to be a sharp decline of (601 kg/year) in 2040 and (0 kg/yr) in 
2050 suggesting a significant decrease in their CO2 emissions over 
time.

• Sustainability aspect: From the sustainability perspective, the 
renewable fraction is quite low at the beginning. In 2024 year, it is 
approximately 38 %, and by 2030, it grows to around 50 %. Later, 
the RF grows even more until it almost reaches 70 % in 2040. By 
2050, the RF will reach 90 %, indicating that RES almost entirely 
powers the energy system.

Based on the above explanation, we found that the case 2050 year is 
optimal system from the technical and economic perspective, and is the 
superior configuration from the environmental and sustainability 

Table 1 
Sensitivity analysis of LCOE and NPC to ±20 % Capital Cost Variations.

Year Technology Base Case Scenario 1 Scenario 2 Scenario 3 Scenario 4

PV No change − 10 % − 20 % +10 % +20 %

Electrolyzer No change − 10 % − 20 % +10 % +20 %

wind No change − 10 % − 20 % +10 % +20 %

FC No change − 10 % − 20 % +10 % +20 %

Case 2024 NPC ($) 960,610 934,882 909,126 986.352 1.01 M
LCOE ($/kWh) 0.299 0.291 0.283 0.307 0.315

Case 2030 NPC ($) 1.02 M 1.0 M 979923 1.04 M 1.06 M
LCOE ($/kWh) 0.262 0.257 0.251 0.266 0.273

Case 2040 NPC ($) 1.10 M 1.07 M 1.03 M 1.13 M 1.16 M
LCOE ($/kWh) 0.144 0.140 0.136 0.149 0.153

Case 2050 NPC ($) 1.18 M 1.09 M 1.00 M 1.27 M 1.36 M
LCOE ($/kWh) 0.0957 0.0885 0.0815 0.103 0.110

Fig. 12. (a) comparison of pollutant emission for the HRES configuration 
across different years (b) CO2 emission and RF for the HRES configuration 
across different years.

K. Parvin et al.                                                                                                                                                                                                                                  International Journal of Hydrogen Energy 160 (2025) 150559 

18 



aspect. In the case of 2050 year, more energy can sell to the grid than in 
other cases. Based on that analysis, Australia can achieve a cost- 
effective, NZE community by 2050.

In brief, the theoretical contributions are to assess and compare the 
configurations of the HRES system. By analyzing key parameters such as 
TNPC, COE, ICC, energy generation and consumption, excess and unmet 
energy, RE fraction, and GHG emissions, we assessed the economic 
feasibility, technical performance, and environmental impact of each 
configuration. The results identified the optimum clean energy genera
tion design, enhancing knowledge in renewable power generation. It 
also provides relevant insight to decision-makers and other stakeholders 
who are interested in implementing viable and low-cost energy systems 
in other regions. Identifying the most efficient and cost-effective HRES 
setup provides valuable insights for designing and implementing 
renewable energy projects in the target region. Practical consequences 
of the paper include its contribution to the wider perspective of sus
tainability and the decrease of GHG emissions. Integrating HRES with 
conventional generators and energy storage offers a practical approach 
to diversifying energy sources by reducing reliance on fossil fuels. This 
strategy enhances energy security and promotes a more sustainable 
power supply.
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