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ARTICLE INFO ABSTRACT
Keywords: Hybrid renewable energy systems offer a cost-effective solution for meeting the energy demands of educational
Hybrid renewable energy system institutions, particularly when both academic and non-academic loads are considered. Unlike most existing

Renewable energy sources
Homer Pro
Net present cost

studies that focus only on academic buildings, this research incorporates a comprehensive campus load profile,
including hostels and faculty housing, enabling a more realistic assessment of university energy demand. The
Educational institutes study develops and evaluates different hybrid energy system configurations mixing grid power, photovoltaic
Carbon emission solar, wind, battery energy storage systems, fuel cells, electrolyzers, and hydrogen storage. Seven system con-
Techno-economic analysis figurations are developed and analysed using detailed techno-economic, environmental, and robustness assess-
ments to identify an optimal solution that balances, sustainability, reliability and cost. The results indicate that a
hybrid system that integrates grid supply, solar PV, battery storage, fuel cells, an electrolyzer, and hydrogen
storage (Scenario VII) provides the most economically viable solution. This configuration has the lowest net
present cost of $32.18 million and a levelised cost of energy of $0.0751/kWh, and it reduces the COz emissions by
64.37% as compared to base-line gird-based scenario. Robustness analysis confirms that Scenario VII can
effectively manage the load variations and ensure a reliable energy supply. Furthermore, hydrogen-based sce-
narios VI and VII demonstrate the potential for low-cost hydrogen production, with the levelised hydrogen costs
of $5.15/kg and $2.59/kg respectively. Notably, the achieved LCOH of $2.59/kg in Scenario VII serves as a
benchmark for economically viable green hydrogen production in campus-scale hybrid systems in developing
countries. Overall, the findings demonstrate the potential of hybrid renewable energy systems to provide a
reliable, affordable, and low-carbon energy solution for educational institutions.

1. Introduction and to meet the global energy consumption due to acceleration in Al
race, robotics, and rapid automation, distributed energy resources
To achieve the goals of Paris agreement of 2015, COP 28, COP 29, (DERs) and renewable energy sources (RES) are being widely adopted

Abbreviations: HOMER, Hybrid optimization of multiple energy resources; HRES, Hybrid renewable energy system; RES, Renewable energy sources; HES, Hybrid
energy systems; DERs, Distributed energy resources; WTs, Wind turbines; PV, Photovoltaics; BESS, Battery energy storage systems; LOCE, Levelised cost of energy;
NPC, Net present cost; LCOH, Levelised cost of hydrogen; EMS, Energy management system; GHG, Greenhouse gas; DG, Diesel generator; HT, Hydrogen tank; FC,
Fuel cell; UETT, University of engineering and technology taxila; CC, Cycle charging; SAIDI, System average interruption duration index; LF, Load following; IESCO,
Islamabad electric supply company; IC, Investment cost; TNPC, The net present cost; F;C, Fuel cost; O&M, Operation and maintenance; i, Is the interest rate; Ty, Time
in years; CRF, Capital recovery factor; i', Nominal discount rate; f, Inflation rate; Epg, Emission of gases; UL, Unmet load; STP, Standard temperature and pressure;
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worldwide. The main goals of this transformation towards renewable
resources based energy systems are to reduce carbon emissions and
promote sustainable energy systems [1-3]. In addition to this, fossil fuel
resources are depleting at higher rates, and are estimated to reduce
significantly in the next 50 to 100 years [4,5]. HRESs are now a more
appealing and practical option both technically and economically as a
result of the recent significant decline in the cost of RESs and BESS. Wind
turbines (WTs) and PV systems are being accepted and utilized to meet
the load demands as a substitute for fossil fuel-based energy systems.
Recent reports have indicated a very fast pace in the deployment of WTs
and PV systems across Europe, Australia, and other developed nations to
combat with endangering climate issue [6-8].

Increasing population, techno-economic and social development put
further strain on developing countries to meet the rising energy demand.
In Pakistan’s energy mix, there is still a considerable share of fossil fuels.
Until the 1980s, Pakistan was able to meet its energy demand using
hydropower; however, as the population kept growing, coal and natural
gas-based power plants were established. Dependence on imported oil
and natural gas has persistently grown. Even today, the share of
renewable-based energy sources is very low, as depicted in Fig. 1 [9,10].
Moreover, for this case study in the selected location in Pakistan, there is
much work to be done on the distribution and transmission sector to
enhance its energy-carrying capacity. As a result, developing countries
face severe energy outages, which necessitate exploration of other
feasible solutions to fulfil the energy deficits [11-13]. Conventionally,
diesel generators (DGs) are deployed for contingency situations in both
off-grid and on-grid configurations to meet the energy demands. The
recent surge in inflation has increased the prices of fuel, making
diesel-based energy solutions expensive and non-feasible for energy
generation. Moreover, the diesel-based energy system releases hazard-
ous pollutants, degrading the quality of the air and polluting the envi-
ronment. Severe and scheduled energy outages disturb the academic
activities in educational institutions [14-16]. Educational institutions,
especially large universities, are unique energy consumers because they
integrate different types of loads within a single connected facility.

In addition to classrooms, laboratories, libraries, and administrative
offices that mainly operate during the day, universities also provide
accommodation for students, housing for faculty, and services available
on campus, such as cafeterias, sports complexes, and medical centres,
which generate a significant and continuous residential load. This
combination generates an intricate and a mixed load profile that entails
notable fluctuations between day and night, seasonal variations, and
high peak demands [17-19]. It becomes necessary to ensure the smooth
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availability of power in those environments, as even a brief outage can
affect the daily life of thousands of residents, halt research in labora-
tories, damage sensitive equipment, and affect classroom activities.
Pakistan's historical dependence on diesel generators, due to high fuel
prices and frequent and prolonged blackouts, is harmful to the envi-
ronment and economically unsustainable [20-22]. Although BESSs are
effective for short-term energy balancing and intra-day load shifting,
their economic and technical feasibility declines when
extended-duration or seasonal storage is required. University campuses
exhibit variable demand patterns and experience seasonal fluctuations
in renewable energy generation, particularly due to high summer solar
output and comparatively lower winter availability. In such cases, bat-
teries are primarily suited for hourly cycling and peak shaving but are
not economically optimal for storing large quantities of surplus energy
over extended periods. Hydrogen storage, produced through electrolysis
using excess renewable energy, offers a viable long-duration storage
solution with higher energy density and minimal self-discharge over
time. By integrating hydrogen storage with fuel cell conversion, the
system enables seasonal energy shifting, reduces renewable curtailment,
and enhances overall energy security. Therefore, the inclusion of
hydrogen storage in the proposed campus hybrid system addresses
limitations inherent to battery-only configurations. To fill the
above-mentioned gaps in the literature review, the specific objectives of
this study are to:

e Design and model a campus-scale hybrid renewable energy system
integrating PV arrays, wind turbines, BESS, and auxiliary backup
units to meet residential and educational load demands.

e Optimize the system configuration to achieve minimum LCOE while
satisfying predefined reliability constraints.

e Utilize excess solar generation for hydrogen production and evaluate
hydrogen storage as an alternative long-term energy storage
solution.

e Assess the techno-economic feasibility of using stored hydrogen in a
fuel cell for additional electricity generation.

e Evaluate the system’s performance in terms of reliability enhance-
ment, fossil fuel reduction, and economic viability in a developing-
country context.

Recent exploration of the literature review has unveiled that there
are various configurations of HRESs that have been adopted by the re-
searchers to find a feasible solution to diminish both costs and envi-
ronmental impacts. Solar PV, Wind, and BESS have been found to be the
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most common configuration that is embraced by researchers for
designing energy systems for remote areas, buildings, and communities
[23-25]. There are a few articles that are available that have targeted
the educational institutions and designed energy systems for educational
institutions for different locations around the World for meeting the load
demand of campuses [4,26-30].

Given the high rate of power outages, rising inflation, and fuel costs,
an HES is a more feasible option for university campuses in developing
nations. Nevertheless, a few studies have been conducted on HRES de-
signs for such contexts that take into account a variety of factors,
including sensitivity analysis, net metering, planned energy outages,
skyrocketing inflation rates, decreased LCOE, NPC, and the role of
campuses in environmental degradation [31-33]. In ref [34], the au-
thors designed an HES consisting of solar panels, BESS, and grid energy
for an AJK university located in Muzaffarabad, Pakistan. The region
faces severe weather conditions and frequent outages, which cause
financial losses and hinder educational activities. Therefore, the authors
designed an HES to reduce LCOE as well as deal with the outage issue.
The designed system reduced LCOE owing to better usage of solar en-
ergy. The results showed that the system consisting of PV/BESS/Grid
was more stable, cost-efficient, and effective. However, this study did
not integrate net metering into the system and only evaluated a portion
of the load, and it ignored a comprehensive analysis.

In the investigation [35], an EMS system is designed that integrates
PV panels, WTs, and BESS for university microgrid. The simulations are
performed in MATLAB which reduced LCOE and COy emissions. How-
ever, the study ignored a detailed sensitivity analysis to study the effects
of different parameters. Reference [36] designed a hybrid solar photo-
voltaic-wind system for a university campus in Sumatra with tsunami
risk using HOMER, including grid backup for lower renewable genera-
tion. Initially, battery storage was included, but it was removed after
being proven economically inefficient. The final combination (62% PV,
20% wind) reduced the LCOE by 25% and supplied 82% of the campus
demand. However, no sensitivity analysis was performed for the LCOE
and NPC. Reference [37] designed a PV + BESS microgrid connected to
the grid for Ripah International University (Lahore) using HOMER to
reduce costs. The optimal system achieved 99.3% renewable energy
penetration, with an NPC of $0.483M, and showed better performance
compared to grid-only/diesel options. However, it ignored the sensi-
tivity analysis (capacity reduction) and did not assess the effects of a grid
blackout on the LCOE and NPC.

Reference [38] modelled in HOMER two standalone options and two
grid-connected ones for the JNTUK-UCEV campus, selecting as the best a
grid-connected PV-wind-diesel generator hybrid. This system generates
1,127,549 kWh of energy, with an energy mix coming from PV (64.5%),
wind (1.07%), and the grid (34.4%), and emits 245,423 kg/year of CO2
and 1,064 kg/year of SO.. However, it did not include sensitivity anal-
ysis or grid blackout evaluation. Reference [39] designed a cost-effective
DC microgrid for a rural school in Ethiopia, achieving a 51% cost
reduction by using standard and high-efficiency devices. But it did not
include sensitivity analysis or key factors (such as the proportion of
renewable energy, capacity shortfall, or the effects of inflation on
LCOE/NPC), nor did it evaluate environmental impacts. In ref [40],
HOMER Pro was used to evaluate an off-grid solar-battery system with
diesel backup for a remote site in northern Bangladesh (~10 kWh/day).
The results showed that the LCOE decreased by more than 29% and GHG
emissions were reduced by more than 69%. However, the
techno-economic assessment did not adequately include the NPC and
sensitivity effects.

In ref [41], a PV-Wind-BESS microgrid was evaluated for an urban
university campus in order to improve reliability and reduce the NPC. By
combining renewable energies with grid backup, the LCOE was reduced
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by approximately 50%. A sensitivity analysis (e.g., solar tracking) was
included, but only a limited number of parameters were considered.
Reference [42] designed a hybrid PV-wind-biomass HES for a university
in Cyprus, comparing cases with and without BESS, and optimizing the
size of the pumped hydro/BESS using a generalized reduced gradient
algorithm. This system provided a renewable share of 99% and an en-
ergy supply of 98%, with an LCOE of $0.1626/kWh. However, it did not
perform a sensitivity analysis or consider capacity shortage. Reference
[43] proposed an EMS for a university campus in Pakistan using solar
PV, diesel generator, and BESS to reduce LCOE and costs. This config-
uration showed a daily LCOE reduction and significant GHG cuts.
However, it lacked a detailed technical-economic sensitivity analysis on
NPC and LCOE.

Reference [44] analysed PV-grid-BESS options in the Aligarh
Muslim University to reduce the LCOE using HOMER and found that PV
+ grid is the most economical option. The inclusion of BESS increased
the LCOE by more than 60% compared to the existing system, while PV
+ grid significantly reduced environmental pollution (COz, SOz, NOx).
However, grid outages and electricity interruptions were not considered.
Reference [45] evaluated solar/wind-based systems for university sys-
tems in the states of Nigeria using 24 years of NASA resource data and
found that hybrid renewable energies generally perform better than
individual options, depending on the location. The LCOE and NPC vary
with changes in resources, but this study ignored capacity shortages,
limits on the proportion of renewable energies, and electricity outage
conditions. Reference [46] designed microgrids consisting solely of solar
panels (1.5 megawatts), solely of wind, and hybrid solar-wind for the
University of Medina. In the best case, an LCOE of approximately
$0.051/kWh was achieved (with a payback period of 18.6 years), while
the wind and hybrid cases had paybacks of 23.6 and 20.7 years,
respectively, with approximately $0.064 and $0.061/kWh. A significant
reduction in emissions was achieved, but lack of capacity and grid
failure conditions were not considered (Table 1).

1.1. Contributions of the study

The basic purpose of this study is to develop a sustainable and cost-
efficient Hybrid Energy System. Considering the gaps in the literature
review and the purview of the current study, the major contributions of
the study are given as;

e In the study of educational institutes, usually, academic load is
considered in literature, while the other associated loads with the
university, consisting of hostels and faculty housing, are ignored. In
this study, both loads are considered and calculated for precise load
estimation.
In this work, hybrid energy systems including PV/Wind/Grid/BESS/
FC integrated with electrolyzer and HT are developed, and a detailed
techno-economic, environmental, social, and robustness analyses are
conducted for determining optimal configuration for sustainable and
cost-efficient energy supply considering Pakistani Energy Supply and
frequent grid outages. Seven configurations consisting of various
energy sources are developed, and the most optimal configuration is
determined based on the sustainable and clean energy supply, reli-
ability of the configuration in case of usual load variations, and
related expenses with each configuration. Though some systems are
found to be highly environmentally feasible, an optimal configura-
tion is determined based on a trade-off between costs, the system’s
robustness, and environmental feasibility.
e Once the optimal configuration is determined, a comprehensive
sensitivity analysis is conducted to assess how variations in multiple
parameters influence NPC and LCOE.
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Table 1
Major findings and limitations of previous studies.
Ref Type of Application Software Grid DG PV Wind BESS Electrolyzer HT FC Connected Load Type Sensitivity Parameters Investigated Results
Area Area Commercial Residential Solar Inflation Project Solar Discount Temperature Capacity Peak PV LCOE NPC Emission
Load Load Irradiance Rate Life Reserves Rate Shortage Load Derating analysis
Time Reserves Factor
[34] University  Grid HOMER v x v x v x x x v x x x x x x x x x x v v v
campus Connected
[35] University  Grid MATLAB v x v v x x x v x x x x x x x x x v v v
campus Connected
[36] University  Grid MATLAB v x v ¢ v x x x v x x x x x x x x x x v v v
campus Connected
[371 University ~ Grid HOMER v vV v x v x x x v x x x x x x x x x x v v v
campus Connected
[86] Hospital Grid HOMER v v v x v x x x v x x x x x x x x x v v v v
Area Connected/
Off-Grid
[65] Residential Grid HOMER v v v v x x x  x X v v x x x x v x x x v v v
Area Connected
[871 Microgrid ~ Off-Grid HOMER x x v v v v v x x v v v x v x v x x v v v
[88] University  Grid HOMER v v v v v x x x v v v x x x x x x x x v v v
campus Connected/
Off-Grid
[89] University  Grid HOMER v v v v v v v o x x x x x x x x x x x x v v v
campus Connected/
Off-Grid
[90] Microgrid ~ Off-Grid HOMER x vV v v v x x  x x v x x x x x x x x x v v v
[91] Microgrid ~ Off-Grid HOMER v x v x v v v ox x x x x x x x x x x x v v v
[92] Microgrid  On-Grid HOMER v x v x v v v Vv x x x x x x x x x x v v v v
MATLAB
[93] Microgrid  On-Grid HOMER v x v x x x x  x x x v x x x x v x x x v v v
Present University On-Grid HOMER v v v v v v v v v v v v v v v v v v v v v v

Study Campus
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The rest of the article is presented in the following manner. Section 3
describes the methodology adopted in the study. Section 2 included a
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implications for concerned authorities, and an optimal system is also
selected based on the analysis in Section 3. Section 5 provides the

detailed evaluation of available resources; a comprehensive calculation conclusion, limitations of the conducted study, and future

of load was performed along with mathematical modelling of different recommendations.

components. Section 3 presents result of the study. It describes the

different types of analysis that have been undertaken in this study for

detailed analysis. Section 4 provides a detailed discussion and policy
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2. Methodology

This work aims to present an HRES for the load profile of a university
campus. Therefore, the methodology of this study consists of multiple
steps. To benefit from the available energy sources, the HRES must be
designed with techno-economic perspectives and with a framework for
hybrid configuration of the energy systems. Fig. 2 presents the meth-
odological approach that has been undertaken to conduct this study.
This study consists of three major phases. The first stage is called the
preliminary stage, and it aids in determining the load demand of the
selected location and available energy resources.

In the preliminary stage of the study, the University of Engineering
and Technology, Taxila (UETT) was chosen as the site to be studied for
this study. At the initial stage, daily load data was collected from the
university management, and a comprehensive load assessment was
converted into observable load data. The University campus is located in
a far-flung location from the main city, where there are no significant
topographical or urban obstacles, thereby reducing local variability.
Owing to non-availability of long-term specific solar irradiance, wind
speeds, and temperature data, the NASA ground meteorology and solar
energy databases were chosen, as they provide an averaged datasets
over 22 years, that are reliable and have proven to be useful in global
coverage studies and hybrid energy systems. This approach ensures the
assessment of resources to be consistent and comparable while keeping
the implementation within the scope of the study. The search space
constraints used for different components and energy resources in
different scenarios are presented in Table A14 in the appendix section.

A DG is also chosen as a non-renewable energy source. The HRES
model was designed using the components available in the Homer Pro
software. Detailed data regarding the cost of the individual components,
their technical specifications, and economic values are also utilised for
designing an optimised HRES. The modelling of the HRES was carried
out using the prices of components from literature, which are cited in the
subsequent sections, with an age of 25 years, a nominal discount rate of
8%, an expected inflation rate of 8% estimated by the State Bank of
Pakistan (SBP), and a BESS lifetime of 5 years. Variations in the esti-
mates of the LCOE and NPC were adjusted based on alternative prices to
provide a real economic assessment.

The assumptions undertaken for this study are presented in Table D
in the appendix section. In this method, both load following (LF) and
Cycle charging (CC) strategies are employed to optimise different hybrid
energy systems based on LCOE, NPC, and CO, emissions. The CC max-
imizes the generator's production during operation to quickly charge the
batteries, increasing autonomy during low renewable cycles. LF em-
phasizes renewable generation for the immediate supply of load, which
reduces fuel use. These strategies allow for a sensitivity analysis of the
effects on the technical and economic performance of control decisions,
and reflect general and conflicting methods in the operation of hybrid
systems. It should also be noted that PV capacity is not sized solely to
match campus electricity demand. Instead, the optimization considers
the campus as an integrated energy hub, where excess PV generation can
be directed toward battery storage, electrolyzer operation, and grid
export. Therefore, the resulting PV capacities reflect techno-economic
optimization under multi-objective criteria (cost minimization, renew-
able integration, hydrogen production, and reliability enhancement),
rather than simple load-matching design.

After the HRES modelling, in the optimization phase, sensitivity and
optimization analyses are performed for a comprehensive evaluation. To
ensure the techno-economic viability of the designed system, HOMER
software takes into account both technical and economic aspects,
including factors such as sizing of components involved in the design,
energy generation, costs, miscellaneous expenses, and various financial
parameters. In the decision-making phase, the results are verified, and
the best energy systems are identified. At this stage, all analyses related
to the sustainability of the design for the selected area are carried out,
including power supply, costs, expenses, efficiency, and sensitivity
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assessments.

2.1. Calculation of resource availability, spatial analysis, load estimation,
and description of the hybrid energy system framework

This section covers resource availability, spatial analysis, and load
estimation calculations for the hybrid energy system. It presents a
scheme of the methods used to estimate renewable energy capacity and
load demands. The hybrid energy system framework is then described,
detailing its components and their integration.

2.1.1. Assessment of solar irradiance, wind speeds, and temperature

For the correct simulation and analysis of hybrid renewable energy
systems, reliable information on solar and wind resources is needed.
This study uses HOMER software to estimate average solar radiation and
wind speed, which includes integrated datasets from the NASA database
[47]. Since on-site measurements are often not available, NASA satellite
data can make resource modelling in different locations consistent and
reliable. HOMER Pro collects average monthly values of solar radiation,
wind speed, temperature, and clearness index. For the selected site, the
average annual solar radiation is approximately 4.89 kWh/m?/day, and
the average wind speed is about 3 meters per second. The monthly
variations of these factors are shown in Fig. 3 (a) and (b).

During the summer, solar radiation reaches its peak, providing the
best conditions for solar energy generation, while wind speed remains
constant throughout the year. Temperature variations are greater in
June and smaller in January, indicating favourable conditions for hybrid
energy systems. Although the NASA POWER dataset is widely used to
assess renewable resources, its spatial resolution (~0.5° x 0.5°) cannot
fully capture local factors such as shading, temperature, and seasonal
irregularities. Without local on-site measurements, the results may have
moderate biases.

2.1.2. Load assessment

The electrical load is monitored hourly for the university's de-
partments and residential areas, including dormitories. For analysis, the
loads of the residential areas and dormitories are combined into a single
load profile. The maximum load for the university departments is 901.7
kilowatts, while the average daily consumption is 5,165 kilowatt-hours.
In comparison, the maximum load for the combined residential areas
and dormitories is 750.65 kilowatts, and the average daily consumption
is 8,550 kilowatt-hours. During the summer months (June, July, and
August), the maximum load is recorded due to increased air condition-
ing use. During the winter months (October to January), higher con-
sumption is also observed due to heating needs.

In the academic departments, energy consumption occurs from 8:00
a.m. to 4:00 p.m. due to laboratory equipment, which includes com-
puters, projectors, and specialized lab equipment. In auditoriums,
electricity is required for lighting, multimedia systems, and air condi-
tioning in the summer, and for heating in the winter. Administrative
offices contribute to the load due to computers, printers, and other office
equipment. In residential areas and dormitories, the highest load shifts
to the afternoon (from 5:00 p.m. to 12:00 a.m.) when students return
from their educational activities. Along with lighting and personal
electronic devices, the load in dormitories and residential areas also
includes kitchen appliances such as microwaves and electric stoves.

During the winter months, heating systems significantly increase
energy demand, as during the peak of winter, the temperature can drop
to 10°C. These heating systems, along with water heaters and other
appliances, increase energy consumption, especially in the afternoon
when residents use them the most. This seasonal change contributes to
the campus's variable load profile. Detailed calculations of the load of
various components and operating schedules are presented in Tables A3,
A4, and A5 of the appendix.
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2.1.3. Spatial analysis

This research is based at the UETT located in the city of Taxila,
Pakistan (33°46'01.46"N, 72°49'25.71"E). The main campus includes
academic faculties, student dormitories, and residential colonies. With
the ongoing construction of new departments and residences, a signifi-
cant increase in energy demand on campus is expected by 2027.

AC BUS

Overall Load of Campus

Academic Load

Currently, electricity is supplied by the Islamabad Electric Supply
Company (IESCO), and in the event of power outages, a 600-kW DG is
available as backup [48]. As shown in Fig. 3, the average solar irradi-
ance ranges from approximately 2.5 to 7.1 kWh/m?/day, with peak
values observed during May and June. The clearness index reaching
nearly 0.65 further indicates high solar availability throughout the year.
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Such solar intensity is sufficient to generate substantial daytime power
from PV arrays, particularly during peak summer months when gener-
ation can exceed instantaneous campus demand. This seasonal and
diurnal surplus energy creates a practical opportunity for hydrogen
production via electrolysis. By converting excess solar energy into
hydrogen and storing it for later use in a fuel cell, the system can reduce
renewable energy curtailment while enhancing reliability. Therefore,
the strong solar resource characteristics of UETT directly support the
technical feasibility of integrating hydrogen production within the
proposed hybrid system.

2.1.4. Description of hybrid energy system framework

The proposed study includes several components, such as PVs, WTs,
BESS, FCs, DG, electrolyzers, and a HTs, which are organized into
different hybrid renewable energy systems. In various scenarios, these
components are systematically incorporated or excluded to create a
unique system. This flexible and modular approach helps comprehen-
sively assess the technical performance, economic feasibility, and
environmental impacts of each configuration. By changing the presence
of the components in different scenarios, the study identifies the best
configuration for a reliable, cost-effective, and sustainable energy sup-
ply. The switching logic that manages the inclusion of each component
in each scenario is described in Table Al and Fig. 4 presents visual
representation of the system.

2.2. Theoretical framework (Key Performance Indicators)

The objective function that defines the problem formulation and the
constraints remain constant and unchanged. The main goal of this
research is to design a configuration with a lower LCOE, NPC, and
emissions. HOMER evaluates all renewable energy system configura-
tions and analyzes the NPC during the simulation.

2.2.1. Net present cost

This NPC represents the total cost of the project, including the initial
investment, operational and maintenance expenses, and calculates all
cash flows over the system's useful life. HOMER calculates the NPC for
each component and the overall system [49].

The Net Present Cost (TNPC) = IC + F,C + O&M + R,,C 1)

Eq. 1 defines IC as the investment cost, F;C as fuel cost, O&M as
operation and maintenance cost, and R;C as replacement cost [49].

2.2.2. Levelised cost of energy

The Levelized Cost of Energy (LCOE) represents the average cost of
usable energy per kilowatt-hour over the system's life, indicating the
minimum price to recover project costs. It compares the cost efficiency
of different energy systems. HOMER calculates LCOE by relating the
annual energy cost to the usable electricity generated, using the net
annual cost divided by the total annual electrical energy Eio(t) . This
metric reflects the per-unit price of energy from different sources [50].

Ctotal
Z?Z?O Etotal (t)

Eq. Al in the appendix section can be used to find the total annual
energy cost of the system. The capital recovery factor can be determined
from Eq. A2 in the appendix section [51-53].

LCOE = 2)

2.2.3. Unmet load

The unmet load is calculated using Eq. 3, where total energy supplied
to the consumer is divided by the total required load. It is one of the
imperative key parameters because there is a huge parity between the
load supply and demand, this can jeopardize the system reliability,
therefore determining this for each designed system is necessary.
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Total supplied load in a year

Unmet Load (UL) = Total Required Load

3)

2.2.4. Real discount rate

The real discount rate is used to convert one-time costs into equiv-
alent annual costs, allowing for accurate economic comparisons over
time. In HOMER Pro, it is calculated according to the following formula
using the nominal discount rate (i') and the inflation rate (f).

i—f
i= —— 4
! i+f “)
2.2.5. Emission

Eq. 5 is used to calculate the emission of gases. For the DG, the

emission of gases can be calculated as
Epg = Fpg. EFpg 6))

In Eq. 5, Epg is the emission of gases from the generator unit (in kg/
year), The total amount of fuel consumed by the DG unit is presented by
Fpg, and the factor of gas released by the generator (kg of gas /per liter of
fuel) is represented by EFpg. The Eq. A3 in the appendix section shows
the formula for calculating the total emission of gases emitted by the
generator.

2.3. Mathematical modelling of grid energy export and import

The major source of energy to meet the demand of the university is
the utility network, which is supplied by the Islamabad Electric Supply
Company (IESCO). The university relies heavily on grid energy to meet
its consumption needs. Although there is a net metering system that
allows the university to sell excess energy back into the grid. The total
energy consumption can be calculated using the following equation
[47].

12 12
TAEC = Z Z (Ebuy,r.m- Cbuy,r) - Z Z (Esell.r‘m- Csell.r) (6)

rates r m=1 rates r m=1

Tarc is the total annual energy charge of electricity. Epuyrm is the
energy purchased (kWh) from the grid at rate r in the month m, and Cpyy
is the cost of per unit energy ($/kWh), which is purchased from the
grid. Egrm is the energy export to grid (kWh) at rate r during the month
m, and Cgy; is the cost per unit energy ($/kWh), which is exported back
to the grid. Eq. A4 in the appendix section is used to calculate the annual
demand cost from the grid.

Total annual grid cost can be calculated by Eq. A5 in the Appendix
section, where Pgemandrm 1S the power purchased from grid (kW) at rate
(r) in month (m) and Cgemandr i the demand charge ($/kW). Eq. A7 in
the Appendix section calculates total energy cost using peak and off-
peak rates. Table 3 indicated various techno-economic parameters of
the grid [54].

2.4. Mathematical modelling of solar PV

The energy produced from PV panels depend upon available solar
resources. The power generated from PV array is calculated using
equation 7 [55,56].

Prve (6 = Pt % fger < (2] % (1 + (T — Terc)] )

Sstc

In equation 7, the term Py,eq is the rated power of solar PV array (kW).
The term.

"liger" Stands for the derating factor of the PV panels, while " Sy (t)"
represents the hourly average solar irradiation. "Sgrc" is the solar irra-
diation under standard test conditions (STC). "frgyp" is the temperature
coefficient of the PV panels measured in (%/°C), "Tpnoq" represents the
module temperature, "Tsrc" is the temperature of the module under
standard temperature conditions in°C, and "P,,q" is the rated power of
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the solar PV panel. At night, the temperature of the PV cell Tyoq(t) is
equal to the ambient air temperature Tamp()-

During the day, the temperature of the PV cell Ty0q(t) is calculated
using the formula given in Eq. 14 [56]. Eq. 8 defines Tpoq(t) as the
module temperature, Tamp(r) as the ambient air temperature, and Tamp ref
as the ambient temperature under nominal conditions. S, is the irra-
diance, and ¢, is the PV system efficiency at maximum power. ¥ and ¢
are dimensionless solar transmittance and absorptance factors, typically
calculated as 0.9. The new equation for the PV cell temperature is
derived accordingly. The techno-economic parameters of the solar PV
model used in the study are presented in Table A2 in appendix section
[55,56].

Sn(t) Sm
Tmod(t) = Tamb(t) + (Tmod.ref - TambIef) X <§ref> X (1 - TS)
(€©))

2.5. Mathematical modelling of two-way power converter

To avoid any failure, the converter is designed to meet the maximum
load demand Pyax 10ad(t). The size of the converter is calculated based on
the Eq. 9 [57,58].

P conv (t) _ Pload. max(t) (9)

Nefii
In the Eq. 9, 5 represents the efficiency of the converter. Table A2
in appendix presents the detailed techno-economic details of converter
[571.

2.6. Mathematical modelling of wind turbine

The wind turbine (WT) has a rated power termed as Peq, which is
generated at a particular wind speed termed as vyom. The output power
of a wind turbine is P gen, wr as given in the formula in Eq. 10 [57,59,
60]. The techno-economic parameters of WT are presented in Table A2
in appendix section.

00< V(t) < Vstart V(t) > Vstop

P P

_ 3 rated 3 rated

Pgenwr= 4 V(1) 3 w3 ) Vsat|\ 3 3
v ~ Vstart

3 3
nom Viated — Veutin

> Vstart < V(t) < Vnom
Prated Vnom < V(t) < Vstop

10
2.7. Mathematical modelling of battery energy storage system (BESS)

Batteries are used to store extra energy when the RES's output sur-
passes the needs of the current load. The batteries then provide the
stored energy when the generated energy is not enough to meet the
demands of the system. The batteries effectively store and provide the
system with alternating current (AC) voltage. The battery utilized in this
investigation is the Li-lon model. The Eqgs. 11 and 12 describe how the
battery charges and discharges [61,62].

SOCbat(t) = SOCbm(t — l) X (1 — ‘[)
_PLoad(t)>

+ (P Gen, WI X Tlegi + Ppvoy (1) — Pdemand(t) p
effi

X nchg
an

SOCpa(t) = SOCh(t — 1) x (1 — 7)

Proad (V)
Neffi

~ Pa ()~ Pru () — P gen wrlt) n)

Ndch
12)
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The behavior of the battery is determined by self-discharge z,
charging efficiency 7, discharging efficiency 74, and converter effi-

ciency . it depends on the minimum state of charge SOCT" depth of
discharge (DOD pqtt), and the battery capacity Cp pa, as represented Eq.
A8 in appendix section [63]. The techno-economic parameters of the
BESS are summarized in Table A2 in the appendix section [64].

2.8. Mathematical modelling of diesel generator

The slope of the generator's fuel curve indicates how much fuel is
consumed for each extra unit of power produced. The slope is deter-
mined by drawing a line on a graph connecting power output and fuel
consumption, which is further used to calculate hourly fuel usage based
on electrical output, as given in Eq. 13 [65].

PDG (t) = PLoad(t) + PLosses (t) (13)

In Eq. 13, Ppg(t) is the generator's output (kW) at time (t), which
supplies the load Piqq(t) while also accounting for system losses
Pposses(t). Fuel consumption is calculated using equation A9, and costs
are calculated using Eq. A10 in the appendix section.

2.9. Mathematical modelling of electrolyzer

An electrolyzer uses electrolysis to separate water into hydrogen and
oxygen, powered by electrical energy. Types include PEM, solid oxide,
phosphoric acid, direct methanol, and alkaline electrolyzers. PEM
electrolyzers, with a practical efficiency of 85% (theoretical max of
94%), are ideal for rural applications. This study assumes an 85% effi-
ciency for the PEM electrolyzer, with the required energy and hydrogen
production rate calculated using Eqs. 14 and 15.

Ig = Ag.mH, + Bg.my,, a4
(N
Q. =1 () as)

2.10. Mathematical modelling hydrogen tank

Hydrogen produced by the electrolyzer is stored in a tank using a
compressor, with energy requirements calculated by Eqs. 16. Eq. A1l
(appendix) calculates the pressure of the hydrogen tank, while Eq. A12
(appendix) estimates hydrogen production from electrical energy using
the lower heating value of hydrogen [66].

v
Thiei ) ( Y ) (th ) <V*71 >
Peomp = R -2 BN B . -1 16
' (ﬂhm O r—1 Pry 16

2.11. Mathematical modelling fuel cell

This research uses PEM fuel cells, which are ideal for autonomous
power systems due to their high efficiency, long lifespan, lightweight
design, low temperature, low maintenance, quiet operation, high ca-
pacity, and low emissions. The performance and power of the fuel cell
were calculated using Eqs. 17 and 18 [66]. The PEM electrolyzer was
modeled in HOMER Pro using a capital cost of $1,100/kW, a replace-
ment cost of $850/kW, and fixed annual O&M of $10/yr. The nominal
electrolyzer efficiency was set to 85%.

Prc

= — 1
Mec My, HHV,y, 17)

Prc = Vstacklre = VscNeenlre (18)
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3. Results of study

This study assesses the ability of HRES to ensure that they can
adequately meet the load demand. The effectiveness of renewable en-
ergy projects depends on their technical and economic feasibility. While
economic opportunities attract investors and offer affordable prices,
technical feasibility ensures a stable energy supply. Energy production
profiles are analysed throughout the year to verify the robustness of the
system.

3.1. Techno-economic results

An initial assessment is necessary to ensure that the proposed energy
system efficiently meets energy needs. Many energy projects in devel-
oping countries fail due to an insufficient understanding of load de-
mand. This study examines the available energy resources, the
socioeconomic environment, and the load demand of the selected area,
which helps in the accurate modelling of HRES. Techno-economic
analysis optimizes system component sizing without compromising en-
ergy cost and reliability. HOMER generated multiple scenarios, and only
those feasible in terms of cost, net present cost, and reliability were
selected.

3.1.1. Scenario I: base case: grid and diesel generator

The base case consists of a utility grid and a DG. DG is used as a
backup energy source during load shedding or any other contingency
situation. In the base case, the entire energy is imported from the grid,
which is 5,005,975 kWh/yr. There is no excess energy available in this
system, and there are no capacity shortages as well. Two cases are
considered in this scenario: one with DG and the other without DG. The
LCOE is different for both cases. The LCOE for the system of grid-only
system is $0.0856/kWh with an NPC of $9.51M, while the LCOE of
the system containing DG is $0.0838/kWh with an NPC of $9.32M. The
LCOE of the system containing DG is lower compared to other systems
due to the salvage cost that is obtained from the DG. The other costs
associated with the base scenario are presented in Table A7 in the ap-
pendix section.
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3.1.2. Scenario II: solar PV with BESS

The second scenario obtained from optimization contains Solar PV
and BESS. This system is a 100% renewable energy-based system con-
sisting of 25000 KW of solar panels, 11,728 kWh of Li-Ion BESS, and a
converter size of 1404 kW. Solar farm produces a total of 38,997,768
kWh/yr of energy, fulfilling the load demand of 5,003,586 kWh/yr.
Since this system is isolated from the grid, the BESS fulfils the load de-
mand when the solar energy is not available.

The batteries remain fully charged during the daytime when there is
an availability of solar energy and are utilized from evening and during
the whole night from 6 PM to 6 AM. The LCOE for this system is
$0.2008/kWh with an upfront cost of $22.3M, as shown in Fig. 5. The
capital cost of PV panels is $6,475,000 with an O&M cost of
$1,870,539.50. The capital cost of BESS is $2,345,600 with an O&M cost
of $2,603,879, and a replacement cost of $8,363,754.03. The costs
associated with this Scenario are presented in Table A8 in the appendix
section. The major driver of higher LCOE in this system is BESS, since the
lifetime of BESS is 5 years, and they need to be replaced after 5 years,
which drives the cost of energy higher in this system.

3.1.3. Scenario III: solar PV, grid with BESS

In the third scenario, along with Solar PV and BESS, the grid is also
integrated. This system is also 100% renewable energy-based system
consisting of 25000 kW of solar panels, 28,128 kWh of Li-Ion BESS, and
a converter size of 1353 kW. Solar farm produces a total of 38,997,768
kWh/yr of energy, fulfilling the load demand of 5,003,586 kWh/yr.
Since this system is grid-connected, the excess amount of energy is sold
back to the grid.

The total amount of energy sold back to the grid is 2,724,533 kWh/
yr, and nothing is imported from the grid. During the daytime, when
solar energy is available in excess, the excess energy is sold back to the
grid. Batteries are also charged during the daytime during excess
availability of solar energy, which are discharged at night from midnight
to 6 AM. The total amount of energy in for BESS is 3,841,119 kWh/yr,
and the value of energy out is 3,465,912 kWh/yr, with total losses of
384,594 kWh/yr. A total of 3516 strings in parallel are connected, with
each string containing 8 batteries.

The LCOE for this system is $0.215 with an NPC of around $37M as
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presented in Fig. 5. Table A9 in the appendix section shows the different
types of costs associated with this system. The capital cost of PV panels is
$6,475,000.00 with an O&M cost of $1,870,539.50. The capital cost of
BESS is $6,475,000.00 with an O&M cost of $6,245,048.68, and a
replacement cost of $20,059,317.31. The capital cost of the system
converter is $202,950.00, the O&M cost of is $300,396.43, and the
replacement cost is $176,518.16.

3.1.4. Scenario IV: solar PV, wind with BESS

The optimization results of this Solar PV, Wind, and BESS system
include 15 MW solar PV, 726 WTs (each turbine has a capacity of 10
kW), 1418 kW power converter, 16 kWh Li-Ion BESS (string size 8 with
2000 strings in parallel). The system provides a total amount of
25,384,496 kWh/yr of energy, out of which 23,398,661 kWh/yr of en-
ergy (92.2%) is generated from PV panels, while 1,985,835 kWh/yr
(7.82%) is produced from WTs. This system is also 100% renewable
energy-based system.

The capacity factor for PV panels is 17.8% with an LCOE of 0.00964
$/kWh. The capacity factor for WTs is 3.12% with an LCOE of 0.332
$/kWh. The Energy in of the BESS is 2,021,085 kWh/yr, and Energy out
is 1,824,512 kWh/yr with total losses of 202,408 kWh/yr. Similar to
previous systems in scenarios II and III, in this scenario, the BESS are
charged during the excess availability of solar energy and discharged
when solar energy is not available from 8 PM to 6 AM.

The capital cost for wind turbines is $10,890,000 with a replacement
cost of $7,534,372, and an O&M cost of $1,611,883. The BESS costs
$3,200,000 in terms of capital cost, $11,410,305 as in replacement cost,
and $3,552,359.88 in O&M expenses. The PV system has a capital cost of
$3,885,000 with a replacement cost of $1,122,323. The power converter
incurs a capital cost of $212,639, a replacement cost of $184,945, and an
O&M cost for the power converter of $314,738. Table A10 in the ap-
pendix section represents different costs associated with Scenario IV.
The overall LCOE for this system is $0.346 with an NPC of $38.5M as
shown in Fig. 5.

3.1.5. Scenario V: solar PV, wind, and grid with BESS

Scenario V consists of Solar PV, Wind, BESS, and Grid. This system is
also 100% renewable energy-based system consisting of 15 MW of solar
panels, 32,000 kWh of Li-Ion BESS, 1798 WTs (each turbine is 10 kW),
and a converter size of 1305 kW. PV panels produce a total of
23,398,661 kWh/yr of energy with an 82.2% of contribution to the
energy mix, and rest of 17.4% is generated from wind turbines.

Though this system is grid-connected, energy is not imported from
the grid; however, some energy is sold back to the grid after fulfilling the
load demand of 5,003,586 kWh/yr. The total amount of energy sold
back to the grid is 5,901,295 kWh/yr, and nothing is imported from the
grid. During the daytime, when solar energy is available in excess, the
excess energy is sold back to the grid. Batteries are also charged during
the daytime, during excess availability of solar energy, which are dis-
charged at night from midnight till 6 AM. The total amount of Energy in
for BESS is 3,630,092 kWh/yr, and the value of Energy out is 3,275,808
kWh/yr with total losses of 363,481 kWh/yr.

A total of 4,000 strings in parallel are connected, with each string
containing 8 batteries. The capacity factor for PV panels is 17.8% with
an LCOE of 0.00964 $/kWh. The capacity factor for WTs is 3.12% with
an LCOE of 0.332 $/kWh. The capital cost of PV panels is $3,885,000.00
with an O&M cost of $1,122,323.70. The capital cost of BESS is
$6,400,000.00 with an O&M cost of $7,104,719.77, and a replacement
cost of $22,820,611.27. The capital cost of the system converter is
$195,752.40, the O&M cost is $289,742.90, and the replacement cost is
$170,257.96. WTs have a capital cost of $26,970,000.00, a replacement
cost of $18,659,506.1, and an O&M cost of $3,991,964.42. The costs
associated with this scenario are shown in Table Al11 in the appendix
section. The overall LCOE for this system is $0.289 with an upfront cost
of around $70.1M, as depicted in Fig. 5.
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3.1.6. Scenario VI: solar PV, fuel cell, BESS, electrolyzer, and hydrogen
tank

The optimization results of Scenario VI include 28 MW Solar PV,
2100 KW FC, 4000 kWh Li-Ion BESS, 8000 kW electrolyzer, 15000 kg of
HT, and 1311 kW power converter. Considering simulation results, the
optimized Solar PV, Fuel Cell, BESS, Electrolyzer, and HT, this HRES
provides 44,959,939 kWh/yr of total electrical energy with a 100% RF.
The solar PV generates 43,677,500 kWh/yr of energy, a mean energy
output of 119,664 kWh/d, a capacity factor of 17.8%, and a levelized
cost of solar PV is 0.00964 $/kWh.

The FC operates frequently, approximately 2,162 h/yr with
1,282,440 kWh/yr of electrical production. The capacity factor of FC is
6.97 %, and it operates along with BESS when solar energy is not
available. The yearly optimized hydrogen production by electrolyzer is
371,626 kg/yr, and the overall LCOH is $5.15/kg. The hydrogen pro-
duction from the electrolyzer is shown in Fig. 6. The amount of hydrogen
at the beginning of the year is 4500 kg, which is 30% relative to the total
size of the tank, while at the end of the year, the amount of hydrogen
that remains in the tank is 6296 kg, which is 42% relative to the total
tank size.

Fig. 5 shows the hydrogen tank level in the first week of January. The
capacity of the energy storage system is 8 in one string and 500 strings in
parallel. The energy storage system has a capacity of 1,385,767 kWh/yr
(energy in) and 1,249,874 kWh/yr (energy out) with a lifetime
throughput of 6,587,415 kWh. The yearly energy losses of the storage
system stand at 138,722 kWh/yr. Fig. 5 demonstrates the NPC and LCOE
of this scenario. The optimized hybrid system has an operating cost of
551,620 $/yr, total NPC of $42.5 million, and LCOE of 0.383 $/kWh.
Table A12 in the appendix section contains different costs of compo-
nents associated with this Scenario.

3.1.7. Scenario VII: grid-solar PV, fuel cell, BESS, electrolyzer, and
hydrogen tank

The optimization results of Scenario VII include 30,000 KW, Solar
PV, 2100 KW FC, 4000 kWh of BESS, 11,898 kW power converter, 8000
KW electrolyzer, and 10,000 kg HT. Considering simulation results,
Scenario VII generates 50,838,592 kWh/yr of total electrical energy
with an RF of 90.6%. The solar PV generates 46,797,321 kWh/yr of
energy with a mean energy output of 128,212 kWh/d, a capacity factor
of 17.8%, and the LCOE of solar PV is 0.00964 $/kWh. The FC operates
frequently, approximately 1,144 hrs/yr, with 2,234,570 kWh/yr of
electrical production and a capacity factor of 12.1 %.

The monthly optimized hydrogen production by electrolyzer is
560,078 kg/yr, and the overall LCOH is $2.59/kg with 3,000 kg of
hydrogen inside the tank at the beginning of the year, compared to its
10,000 kg of storage capacity. Fig. 6 illustrates the hydrogen production
from the electrolyzer. Almost all of the hydrogen is consumed, and only
213 kg of hydrogen is left at the end of the year, which is only 2.13%
compared to the overall hydrogen storage capacity of the tank. Fig. 7
shows the HT level in the first week of January. The capacity of the
energy storage system is 8 in one string and 500 strings in parallel.

The energy storage system has a capacity of 217,635 kWh/yr (energy
in) and 195,872 kWh/yr (energy out) with a lifetime throughput of
1,032,335 kWh. The storage system’s annual energy losses are 21,764
kWh. Since this system is connected to the grid, the annual amount of
energy purchased from the grid is 1,806,700 kWh, while the energy
exported back to the grid is 14,293,184 kWh. Energy is sold back to the
grid during the daytime when solar energy is abundantly available,
while it is imported from the grid between 6 PM to 6 AM, along with
energy from BESS and FC. In the overall energy mix, PV panels
contribute 92.1%, FC contributes 4.40%, and 3.55% of energy is im-
ported from the grid. The capital cost of BESS is $800,000 with an O&M
cost of $888,089.97, and a replacement cost of $2,852,576.41.

The capital cost of the system converter is $1,784,691.56, the O&M
cost is $2,641,611.13, and the replacement cost is $1,552,256.56. PV
panels incur a capital cost of $7,770,000.00, and O&M cost of
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$2,244,647.40. The capital cost of FC is $4,200,000.00 with an O&M
cost of $1,600,160.51. Fig. 5 demonstrates the NPC and LCOE for Sce-
nario VII. The optimized hybrid system has an operating cost of 127,332

Table 2
Emission of pollutants from various energy sources.

$/yr, a total NPC of $32,181,749.41, and an LCOE of 0.07511 $/kWh. Emissions Grid (g/ Fuel Cell (g/kg of DG (g/kg of
Table A13 in the appendix section presents a breakdown of the costs kwh) fuel) fuel
associated with each component in this scenario. Carbon Dioxide 632.00 0 13.9
Carbon Monoxide 0.00 - 0.75
Unburned 0.00 - -
. . Hydrocarbons
3.2. Environmental analy Sis Particulate Matter 0.00 - 0.12
Sulphur Dioxide 2.74 - -
HOMER is used to assess the environmental performance of energy Nitrogen Oxides 1.34 0 2.66

systems. In many cases, DG is combined with renewable energy sources
to ensure a continuous supply of electricity throughout the year.
HOMER has a preset emission for different components involved in the
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system. Then, the reduction of greenhouse gas emissions is estimated by
comparing all the scenarios. Table 2 shows the emission of different
gases from various components of HRES. The emissions assessment in
this study considers operational CO: emissions associated with grid
electricity consumption as modelled in HOMER Pro. Lifecycle emissions
from manufacturing, transportation, installation, and end-of-life treat-
ment of PV panels, batteries, electrolyzers, and hydrogen storage sys-
tems are not included. Therefore, the reported zero-emission scenarios
refer to operational emissions only and do not imply full lifecycle carbon
neutrality. A constant grid emission factor of 632 g CO2/kWh was
applied as a representative annual average. Time-dependent variations
in marginal grid emission intensity were not modelled, which may affect
the precision of avoided-emission estimates.

In environmental analysis, the emission of pollutants across all sce-
narios is considered over the project lifetime. Since some hybrid systems
also contain DG, therefore, emissions of carbon dioxide (CO5), carbon
monoxide (CO), unburned hydrocarbons (UH), particulate matter (PM),
Sulphur oxide (SOx), and nitrogen oxide (NOx) are taken into account
for each system and presented in Table 2. Scenarios II, III, IV, and V are
100% renewable energy-based scenarios; hence, there is no emission
from them.100% renewable scenarios eliminate operational grid-related
CO2 emissions under the defined modelling boundary. Scenario I con-
tains DG as a backup source; however, energy is imported from the grid,
this system has the highest emission of CO2, Scenario VI also does not
emit any CO, which depicts an environmentally friendly Scenario,
while Scenario VII emits lesser CO, compared to Scenario I due to in-
clusion of FC and Solar PV, lesser amount of energy is imported from the
grid. Compared to the base case, Scenario VII (Optimal Solution) is a
better alternative, as during frequent grid outages, this system has very
low emissions at a reasonable LCOE. Table 3 provides the emission de-
tails of different gases among all scenarios.

The emission reduction of hydrogen systems varies significantly due
to regional energy resources and technical configurations in different
climate zones. In arid areas where the potential for solar energy is high,
such systems can achieve significant emission reductions, mainly
because of the abundance of renewable energy. On the other hand, in
temperate regions that continuously rely on wind and solar energy, a
smaller decrease is often observed, as the need for additional storage or
backup systems increases emissions. In warm regions that harness both
solar and wind energy, significant reductions can even be achieved,
although infrastructure and maintenance costs may be higher.

Furthermore, the reductions also depend on the size of the system
that is designed, as depicted by the Fig. 8, which clearly shows that the
designed system has significantly reduced the carbon emission
compared to systems across the globe. The Emissions reductions also
depend on the size of the hydrogen system, particularly the electro-
lyzers, storage facilities, and fuel cells. Large electrolyzers are more
efficient and cost-effective, leading to greater savings. Large storage
systems enable better integration of renewable energies, reducing
dependence on fossil fuels. Smaller systems may face efficiency chal-
lenges, limiting their ability to reduce costs.

3.3. Social parameters analysis

When renewable energy parameters are installed, people from

Table 3
Emission of gases in different scenarios.
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different backgrounds are employed throughout the whole lifetime of
the project, from its construction to operation till its decommissioning.
Therefore, in this article, a social aspect assessment criterion is consid-
ered to quantify the number of jobs created during the projects. Table 4
provides information on the employment potential of different scenarios
[66].

This study examines the relationship between employment oppor-
tunities and their social impacts. According to the study, the creation of
employment opportunities has a positive and significant effect on local
communities and individuals. The results particularly show that
employment opportunities increase income and financial stability,
which improves quality of life and reduces poverty. Table 5 highlights
the significant impact of social aspects on community well-being, pro-
vides a comprehensive summary of the social assessment for all pro-
posed systems, and clarifies the social outcomes.

3.4. Robustness analysis

This study evaluated the reliability of HRES, which determines
whether it is suitable or not to meet the demand in the proposed region.
Techno-economic feasibility plays a key role in the successful imple-
mentation of energy projects. The energy system must be economically
viable for initial users and investors interested in investing in energy
projects. At the same time, it is also essential to ensure a reliable and safe
electricity supply. Therefore, robustness is analysed and verified
through energy generation profiles.

The robustness analysis for all scenarios has been carried out based
on three main parameters: (a) Excess energy in the system, (b) Unmet
load, and (c) Capacity Shortage. Table 6 presents the robustness analysis
of all energy scenarios, evaluating additional energy in the system,
Unmet load, and capacity deficiency under different configurations.
Each scenario represents the balance between energy supply and de-
mand, and shows how well each configuration performs in terms of
energy reliability, cost-effectiveness, and the ability to handle load
fluctuations. The objective is to determine which scenario provides
sufficient energy for emergencies while minimizing unnecessary costs
associated with additional generation.

Scenario I functions as a baseline, where there is no additional en-
ergy, unsatisfied demand, or insufficient capacity. Although in practice,
this is almost unattainable, this ideal condition reflects a system that is
fully balanced. It describes a situation in which the energy supply always
matches the demand, leaving no room for unexpected loads or system
failures. Scenario II shows the highest amount of additional energy
(33,197,099 kWh/year, or 85.1%), along with a lack of capacity and
inaccessible demand. The additional energy allows the system to handle
any change, but it also indicates overproduction, which could increase
costs without benefit. While this ensures reliability, excessive additional
energy may not be economically suitable for most applications, as the
system’s production is much higher than necessary, resulting in
inefficiencies.

In Scenario III, there is no unmet load, but the additional energy is
slightly lower (30,033,108 kWh/year or 77.0%). Although the system
generally operates efficiently, there are small-scale performance risks
during peak high-demand periods, as indicated by its slight capacity
shortfall (0.0012%). While this scenario is more balanced compared to

Emission Species (kg/yr) Scenario I Scenario IT Scenario III Scenario IV Scenario V Scenario VI Scenario VII
Carbon Dioxide 3,163,776 0 0 0 0 0 1,127,240
Carbon Monoxide 0 0 0 0 0 6,102 9,287
Unburned Hydrocarbons 0 0 0 0 0 266 405
Particulate Matter 0 0 0 0 0 37.0 56.3
Sulphur Dioxide 13,716 0 0 0 0 0 4,950
Nitrogen Oxides 6,708 0 0 0 0 5,732 11,145
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Table 4
Employment potential of different energy sources.

Sr. Energy Supply Jobs Created (10 ~7 jobs/ Jobs creation (jobs/
No. System kWh/year) TWh/year)

1 Solar Energy 0.27549 28

2 Wind Energy 0.27549 28

3 Fuel Cell System 0.27549 28

4 Genset 0.27549 28

Scenario II, it may require further improvements to ensure full coverage
during infrequent demand peaks. In Scenario IV, there is a small,
incomplete load and a capacity shortfall of 0.0989%, but the additional
energy is minimal, 19,761,553 kWh/year (77.8%). This scenario pro-
vides room for unforeseen conditions and provides a sufficient amount
of additional energy to cover normal fluctuations. The system can still
meet maximum demand, as the available additional energy is adequate,
even reducing the risk of overproduction.

is prioritized by reducing the production of additional energy. Although
this strategy reduces costs, it also makes it difficult to manage large
fluctuations in system demand, thereby increasing the likelihood of a
capacity shortfall during periods of exceptionally high demand.

In Scenario VII, there is a small unmet load, with a slight decrease in
capacity (0.0382%), and the minimum amount of additional energy is
35,552.16 kWh/year (6.99%). Although the capacity to store additional
energy in this scenario is quite limited, it is still sufficient to cover
normal demand fluctuations. It is a very economical solution, as the
amount of additional energy is low, which reduces costs related to
additional production. However, if faced with particularly high demand,
the additional 6.99% reserve may not be enough during a sudden spike
in demand, which could cause capacity shortages.

Scenario VII is the most coherent and precise option in terms of

Table 6
Robustness analysis of different scenarios.

For applications that want to be reliable without unnecessary energy Scenarios Parameters
waste, this is a complete and effective option. In Scenario V, the decrease Excess energy Unmet Load Capacity Shortage
in capacity is minimal, just 0.003%, but it stands out with 16,284,942
kilowatt-hours/year (57.5%) of additional energy and no unmet de- (kwh/¥1) % 5{1;\)/\111/ % g{l;\)/vh/ %
mand. In this more conservative scenario, cost efficiency is prioritized
by reducing the production of additional energy. While this strategy Scenariol 0 0 0 0 0 0
. . e T Scenario I 33,197,099 85.1 2,389 0.0477 4,881 0.0975
lowers costs, it also makes it more difficult to manage large variations in Scemario Il 30,033.108 77.0 0 0 61.6 0.00120
system demand, increasing the likelihood of capacity shortfalls during Scenario IV 19,761,553 77.8 3,535 0.0706 4,951 0.0989
extraordinary demand peaks. Scenario V. 16,284,942 575 0 0 152 0.00300
In Scenario VI, there is a small capacity shortfall of 0.003%, but it Scenario VI 22,018,841 49.0 2,157 0.0431 4,106 0.0820
shines with 22,018,841 kWh/year (49%) of additional energy, and there Sc‘e/?f o 3,555,216 6.99 1,556 0.0311 1,912 0.0382
is no unmet demand. In this more conservative scenario, cost efficiency
Table 5
Job creation in different scenarios.
Jobs Scenario I Scenario Scenario Scenario IV Scenario V Scenario VI Scenario VII
Creation/ I 11
Yr
No Job is 1.074 1.074 Solar PV Wind Solar PV Wind Solar PV Fuel Cell Solar PV Fuel Cell
created jobs/year Jobs/Year creates Energy creates Energy creates creates creates creates
0.644 jobs/  creates 0.645 jobs/  creates 1.203 jobs/  0.035 jobs/  1.289 jobs/  0.062 jobs/
Year 0.0547 Year 0.135 jobs/ Year Year Year Year
jobs/Year Year
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reliability, especially in a university setting. It offers an effective balance
between reliability and cost savings, in addition to providing an extra
7% of energy. This additional amount of energy is sufficient to manage
normal load changes in a university environment without generating
unnecessary excess production, which could lead to additional expenses.
Scenario VII minimizes unmet loads and lack of capacity through the
integrated operation of the grid, BESS, and FCs. Grid connection plays a
key role in absorbing the remaining demands, especially during long
periods in the afternoon and evening when photovoltaic production is
zero, and stored hydrogen levels are low.

BESS reduces short-term fluctuations and peaks and ensures that the
short-term imbalance between PV production and demand is balanced
without resorting to imports from the grid. For long-term bottlenecks,
particularly during multi-hour periods of low sunlight, the fuel cell
powered by hydrogen generated through electrolysis from excess PV
production offers an attractive backup power supply. This multi-layered
approach allows view VII to maintain a high level of reliability, even
though it has the smallest margin for surplus energy among all views
(6.99%). The grid serves as a last safety net for rare and highly
demanded situations, while hydrogen and battery storage control most

@
@
o

0.090
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of the internal variables. As a result, the capacity shortfall is limited to
0.0382%, and unmet demand remains low, so small that practical dis-
ruptions can be avoided in a university setting. This synchronization
between multiple supply sources ensures a repair without the need for
excessive expansion of the generation or storage systems. In fiscal year
(FY) 2022-23, the reliability performance of IESCO indicates substantial
deviation from regulatory benchmarks. Under Rule 4(b) of the Perfor-
mance Standards (Distribution) Rules 2005 [67], the System Average
Interruption Duration Index (SAIDI) must not exceed 14 min annually;
however, IESCO reported a SAIDI value of 1,006.34 min, reflecting
prolonged outage durations experienced by consumers during the year.
Additionally, IESCO recorded a fault rate of 4.63 faults per kilometer,
indicating frequent infrastructure-related disturbances within the dis-
tribution network. These figures demonstrate that despite compara-
tively better performance than several other DISCOs, the conventional
grid supply under IESCO remains prone to interruptions and reliability
limitations [68]. In contrast, Scenario VII of the proposed hybrid system
exhibits a capacity shortage of only 0.0382% and an unmet load of
0.0311%, signifying a substantially higher level of supply continuity and
system robustness. The comparison clearly shows that the hybrid
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configuration provides enhanced reliability by minimizing outage risk
and reducing dependence on grid-induced interruptions, thereby offer-
ing a more resilient energy solution for the campus.

3.5. Sensitivity analysis

Sensitivity analysis examines how key parameters affect the NPC and
the LCOE in hybrid renewable energy systems. Based on the energy
sector of Pakistan and economic conditions, key variables include the
nominal discount rate, inflation rate, project lifetime, solar radiation,
load demand, etc. Of these, the inflation rate has the greatest impact
because its consistently high prices significantly affect the cost of im-
ports. Understanding the impact of these variables helps to interpret the
results from the investor's perspective, supporting more informed de-
cisions in the context of renewable energy development. The effects of
these sensitivity parameters are observed on Scenario VII (Grid-Solar
PV, FC, BESS, Electrolyzer, and HT), which is considered the most
optimal scenario among all others.

Solar irradiance is varied by (& 1) in the reference value of 4.89
kwh/m?/day to observe the effects of variation on NPC and LCOE for the
optimal scenario (Scenario VII). Fig. 9 (a) explains that as solar irradi-
ance increases the NPC and LCOE dwindle down. The value of NPC and
LCOE decrease from $33.2 M to around $30.7M and LCOE decreases
from 0.0868 $/kWh to $0.0682 as the value of irradiance increases from
4.69 to 5.09 kwh/m?/day. NPC and LCOE decrease as the value of
irradiance increases from reference value and decreases as the solar
irradiance decreases down.

Fig. 9 (b) shows the variation in NPC and LCOE as the discount rate
varies from reference value of 8%. NPC of the optimal scenario is lower
at the lower discount rates and as the discount rate increases, however,
the LCOE increases with the increase in discount rate as evident from the
figure. The LCOE increases from 0.0751 $/kWh to 0.0941 $/kWh with
increase in discount rate from reference value to 10% and decreases to
0.0584 $/kWh as the discount rate decreases to 6% from reference
value. NPC decreases from $32.2 M to $32M as the discount rate hits at
6% and is $32.1M at 10% discount rate.

Fig. 9 (c) shows the impact of variation in inflation rates from its
reference value of 7% on NPC and LCOE. As the inflation rate decreases
from reference value to 6% there is no impact on NPC, however, as the
inflation goes to 5%, the NPC decreases to $32.1 M. However, the LCOE
drastically reduces from 0.0751 (LCOE at reference value) to 0.0586
$/kWh and increases to 0.0946 $/kWh as the inflation rate lessens to 5%
from 7%.

Fig. 9 (d) elucidates how change in project life time impacts NPC and
LCOE for the optimal Scenario. LCOE increases with the decrease in
project life time, however, NPC increases with the increase in project life
time. LCOE increases from 0.0751 $/kWh (at reference life time of 25
years) to 0.114 $/kWh (at project life time of 5 years). On the other
hand, the NPC decreases from $32.2 M (at reference life time of 25
years) to $10.7M (at the project life of 5 years).

Fig. 9 (e) shows the variations in solar reserve and its impacts on NPC
and LCOE on scenario VII. Solar reserve is varied by 5% from 80% to
70% and 90% to observe the impacts of both increment and decrement.
When the solar reserve decreases from its reference value (80%), the
LCOE increases to 0.0951 $/kWh from 0.0751 $/kWh and NPC also
decreases from $32.2 M to $31.7 M at 70% of solar reserve.

The temperature is varied by (+ 0.05 C) from reference value of
around 22.80. Fig. 9 (f) depicts the impact of temperature on NPC and
LCOE. The increase in temperature does not affect the NPC at all and it
remains constant $32.2M, however, as the temperature increases to
22.90 C, the LCOE increases 0.0752 $/kWh.

Fig. 9 (g) shows the impacts of variation of annual peak load on NPC
and LCOE. There is no effect of changes in annual peak load on both
LCOE or NPC due to access energy available in the system, these vari-
ations can be easily manipulated. Fig. 9 (h) shows the changes in ca-
pacity shortage and its impacts on both LCOE and NPC of the system. It is
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evident that as the capacity shortage increases both NPC and LCOE
reduce. The NPC decreases from $32.2M to $29.6M and LCOE also de-
creases from $0.0751 to $0.0699.

Fig. 9 (I) elucidates the impacts of derating factor of solar panels. As
the derating factor decreases from its reference value of (80%) to 70%,
NPC increases to $36.6M from $32.2M and LCOE increases to 0.159
$/kWh from 0.0751 $/kWh. However, as derating factor increases to
90% from 80%, the NPC decreases to $29.2M from 32.2M and LCOE
decreases to 0.0599 $/kWh from 0.0751 $/kWh.

To address uncertainty in stack life and replacement timing, a
sensitivity check is also performed by reducing the electrolyzer lifetime
to 20 years and 15 years, as depicted in Fig. 9 (J). The resulting LCOH
values exhibited only a modest change across Scenario VII, indicating
that under the optimized operating strategy (high PV-driven utilization
and use of excess generation), the LCOH remains relatively stable with
respect to reasonable lifetime variations. This provides additional con-
fidence that the reported LCOH is not solely dependent on an optimistic
lifetime assumption.

4. Discussion and policy implications

This section describes the optimization strategies adopted for
different scenarios and explains their impacts on sustainability, profit-
ability, renewable energy integration, and hydrogen production capac-
ity. It also presents a comparative analysis of various systematic
scenarios, with a particular focus on Scenario VII, considered the best
HRES and the most sensitive in terms of solar resource availability,
technical performance, and economic conditions. This section also
evaluates the role of hydrogen integration in Scenarios VI and VII, and
estimates the impacts on the campus's energy sustainability, infra-
structure needs, and practical implementation.

Additionally, this scenario presents a detailed analysis of the eco-
nomic performance of Scenario VII, including its NPC, LCOE, and LCOH,
and compares these results with global standards and future cost targets.
Finally, the discussion highlights the broad economic and practical
impacts of implementing such systems, emphasizing the competitive-
ness of green hydrogen under favourable conditions and the practical
challenges required to replicate the model's performance in the real
world. Two types of strategies were employed in the optimization pro-
cess: LF and CC.

To remain reliable during extended periods with limited resources,
LF prioritizes meeting the demand for PV energy and FCs while keeping
storage at a minimum level. This approach can direct additional solar
production toward low-cost hydrogen generation and generally reduces
grid energy purchases and operating costs. In contrast, CC charges the
battery whenever additional solar energy is available (and grid energy if
necessary), keeping it in a state of overcharge. This increases autonomy,
reduces the risk of incomplete charges, decreases battery cycle depth
and stress from transitions, and maintains fuel cell readiness. Therefore,
the choice between LF and CC requires a balance between reliable
outcomes, cost-effectiveness, renewable energy integration, and
hydrogen generation capacity. The inclusion of a comprehensive
campus load profile, incorporating both academic facilities and resi-
dential hostels, represents a critical modelling strength of this study.
Unlike academic-only loads, which are predominantly daytime-oriented
and closely aligned with solar PV generation patterns, the mixed-load
profile introduces significant evening and night-time demand due to
hostel consumption. This temporal mismatch between renewable gen-
eration and demand increases the need for both short-term (BESS) and
long-term (hydrogen) storage solutions. If only academic loads were
considered, the system would demonstrate improved solar-load align-
ment, reduced storage requirements, and potentially lower hydrogen
utilization. However, such a simplification would underestimate real
storage needs and overestimate renewable integration performance. By
incorporating hostel loads, the model captures realistic campus energy
behavior, thereby providing a more robust assessment of storage sizing,
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hydrogen production capacity, and long-term reliability.

The overall results show that in scenarios VI and VII, hydrogen
integration plays an important role in improving long-term energy
reliability, as it provides seasonal storage capacity and supports
continuous supply during extended periods of low renewable genera-
tion. Based on the simulation results, scenario VII, with a lower NPC
($32.18 million) and LCOE ($0.0751/kWh), offers clear practical ben-
efits. This system integrates PV, BESS, hydrogen storage, fuel cells, and

Scenaria | (Full Scale)

™
1504

Dot G 1]

Powee ()

Results in Engineering 30 (2026) 111083

grid connectivity, resulting in a multidimensional energy supply strat-
egy. During grid outages or extended periods of low solar radiation, the
BESS provides immediate short-term backup power, while the fuel cell,
powered by on-site generated hydrogen, ensures a continuous energy
supply. This capability increases reliability compared to other scenarios
that rely only on short-term BESS or intermittent renewable energy.
The great strength of Scenario VII lies in its hydrogen fusion. An 8
MW electrolyzer produces 560,078 kgs of hydrogen annually from the
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additional PV production. The produced hydrogen is stored in a 10,000
kg HT and then reconverted into electricity during periods of low pro-
duction. This provides long-term and even seasonal storage capacity to
meet energy demand that cannot be covered by batteries. By the end of
the year, almost all of the hydrogen will have been used, indicating
effective use of stored energy and a reduction in waste.

Scenario VII also maximizes the use of renewable energy and mini-
mizes costs. As shown in Fig. 10, the PV system dominates the energy
mix in all scenarios, providing the largest share compared to all other
sources. This accounts for more than 90% of the annual supply, and the
electrolyzer operates as a flexible load to absorb the additional pro-
duction that would otherwise go unused in the pure BESS. This system
exports 14.29 GWh annually to the grid while importing only 1.81 GWh
per year, increasing energy autonomy and generating revenue oppor-
tunities through grid sales.

By balancing long-term and short-term storage, Scenario VII reduces
the pressure and need for changes in BESS while maintaining high
operational availability. Due to its ability to provide stable and contin-
uous energy regardless of unfavourable resource conditions or grid in-
terruptions, it is economically viable and robust compared to all other
systems, concerning renewable integration and long-term energy secu-
rity. In Scenario VII, the improved system achieves a levelised cost of
hydrogen (LCOH) of $2.59/kg, which is very competitive compared to
current global standards. According to literature, production costs for
green hydrogen through electrolytic processes generally range between
$4 and $6/kg in most markets, while particularly in areas with high
availability of renewable resources and low electricity prices, lower
prices are possible. It is important to note that the significance of
hydrogen integration becomes more pronounced under the mixed
campus load configuration. The presence of hostel demand during night-
time hours reduces direct PV utilization and increases the reliance on
stored energy. In contrast, an academic-only scenario would exhibit
lower night-time demand, reducing hydrogen dispatch frequency and
long-duration storage utilization. Therefore, the observed hydrogen
production capacity and its effective annual utilization are directly
linked to the comprehensive load modelling adopted in this study.

The LCOH in Scenario VII is not only below the current global
average but also within the target corridor for 2030, predicted by the
previous industry's roadmaps ($1.50-$3.00/kg) [22], indicating strong
economic competitiveness under the modelled conditions. This low
LCOH is mainly due to the electrolyzers being directly connected to the
high PV energy production of the system and to the additional renew-
able energy production, which reduces electricity supply costs and
avoids grid prices. Additionally, the efficient use of almost all the
hydrogen produced through fuel cells increases the overall economic
performance of the system, resulting in a decrease in the cost per unit of
usable energy. In practice, all of this will depend on maintaining the
high costs of renewable production, improving the efficiency factors of
the electrolyzers, and minimizing losses during storage and distribution
to reach $2.59 per kilogram. HOMER Pro applies deterministic
component performance using fixed nominal efficiencies and does not
explicitly model gradual electrolyzer stack degradation, part-load effi-
ciency drift, or time-varying efficiency decay. Component end-of-life is
represented through discrete replacement costing based on the specified
lifetime. Therefore, the reported LCOH reflects nominal performance
and should be interpreted as a best estimate under the assumed effi-
ciencies; real-world degradation may increase the practical LCOH.

Although the modelled costs are promising, they assume perfect
system coordination, higher utilization rates, and stable renewable
production factors, which can be much more challenging in practice.
Additional factors, such as the water supply for electrolysis, the long-
term performance of the electrolyzer, and maintenance costs, must be
taken into account when translating the results to practical projects.
Hydrogen production through electrolysis requires water input, which
represents an additional resource consideration for Scenarios VI and VII.
Based on the annual hydrogen production of 560,078 kg, the estimated
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water requirement ranges between approximately 5,000-7,000 m?® per
year (assuming 9-12 liters of water per kg of hydrogen, including pu-
rification losses). While this demand is moderate relative to municipal-
scale consumption, it introduces an important operational consider-
ation, particularly in water-stressed regions. However, Scenario VII
regarding the cost-performance relationship of hydrogen suggests that
in areas with abundant solar energy and the appropriate infrastructure,
green hydrogen may already approach the costs of green hydrogen in
some markets, supporting its role as a long-term storage solution.

Table 7 compares the LCOH in different regions and highlights the
significant cost advantages of hydrogen production from solar energy in
the current study. In this case study, hydrogen production in Taxila,
Pakistan, is carried out at an exceptionally low price of $2.59 per kilo-
gram. In contrast, hydrogen production in other parts of the globe is
comparatively higher. This shows the great potential for reducing
hydrogen production costs through solar energy, as observed in this case
study.

A comparative evaluation with existing literature demonstrates the
strong economic competitiveness of the proposed HES. The LCOE ach-
ieved in the present study (0.0751 $/kWh) is substantially lower than
those reported for analogous configurations across the Asian region,
including Cambodia (0.257 $/kWh), Laos (0.265 $/kWh), Myanmar
(0.269 $/kWh), and Bangladesh (0.271 $/kWh) [69], all of which
depend primarily on conventional PV-DG-BESS architectures. The pro-
posed system outperforms these benchmarks by margins ranging from
72% to 72.3%, underscoring the cost advantage offered by the
Grid-PV-FC-BESS-Electrolyzer-HT configuration adopted in this work.
Furthermore, even technologically advanced deployments such as those
reported in South Korea (0.673 $/kWh) [70] and Thailand (0.728
$/kWh) [71] exhibit costs nearly an order of magnitude higher, con-
firming that the proposed system delivers a highly favorable economic
outcomes.

Within the Pakistan-specific context, a previously reported LCOE of
0.078 $/kWh [72] represents the closest benchmark, yet the present
study achieves a further reduction to 0.0751 $/kWh while simulta-
neously incorporating hydrogen-based components, namely FCs, elec-
trolyzer, and HT, that were absent in the prior configuration. This
integration introduces a layer of technological sophistication beyond
that of conventional PV-BESS-DG systems, enabling enhanced energy
storage flexibility, improved resilience under grid instability, and
long-duration dispatch capability through hydrogen as a secondary en-
ergy carrier. Consequently, the proposed system not only advances the
cost frontier for HRES in Pakistan but also establishes a more robust and
future-oriented framework, validating both its economic efficiency and
its potential as a replicable model for energy transition in developing
economies with similar resource profiles.

4.1. Policy recommendations

Based on the results of the study, a few policy recommendations can
be provided that are supported by the results of the study.

e Considering the results of the study in Scenarios, the Government
should provide financial incentives (such as subsidies, tax rebates,

Table 7
Comparison of LCOH of scenario VII with different systems in the world.

Location Country LCOH ($/kg)
Tabriz, Khorasan, Esfahan, Zahedan [22] Iran In the range of 4.9 and 5.9
Nigde [94] Tiirkiye 6.15
Zaragoza [95] Spain 5.83
Aksaray [94] Tiirkiye 21.5
Dhofar region [96] Oman 5.67
Dakhla-Oued Ed-Dahab [97] Morocco  3.30
Nadi [98] Fiji 8.73
Taxila [Present Study] Pakistan ~ 2.59
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and grants) to establish HRES for educational institutions, busi-
nesses, and communities to level up the clean energy initiative. For
instance, Scenario VII utilized diverse energy sources, and the most
cost-effective and sustainable solution is achieved. These benefits
can potentially attract unconnected rural communities, industrial
areas, and university campuses, which have the greatest need for
clean and reliable energy solutions.

It is recommended that policymakers set creative employment goals
related to training programs and renewable energy technologies.
Community development, the improvement of technical skills, and
local jobs will benefit from these measures. An excellent example of
HRES is that around 30 jobs are generated annually in Scenario VII
for the project life lifetime, which helps promote economic devel-
opment and improve quality of life, showing the larger projects have
more potential to create Job opportunities.

The hydrogen components in scenarios VI and VII are necessary to
ensure that these hybrid renewable energy systems are fully renew-
able, and they are also essential for ensuring the efficiency of energy
storage and supply. Integrating hydrogen production through elec-
trolysis and fuel cells into these systems offers key benefits for
addressing the intermittent nature of solar and wind energy, which
are two main characteristics of renewable energy sources. For
instance, in this study, Scenario VI has LCOH at 5.15 $/kg and in
Scenario VII the LCOH is at 2.59 $/kg which is very low, therefore,
by leveraging the excess solar energy during daytime hydrogen can
be produced at a comparatively lower rates which would further
drive the clean energy initiative.

5. Conclusion

To further expedite the clean energy initiative this research has
explored different hybrid renewable energy system configurations for
load of educational institutions. The results of the research show that
HRES cannot only meet load needs but also maintain sustainability and
reliability. Several key insights were obtained about the capacity and
improvement of renewable energy systems in different scenarios from
techno-economic, environmental, social, robustness, and sensitivity
analyses. The results indicate that reliable and cost-effective energy
solutions can be developed by combining solar photovoltaic systems,
energy storage, and other renewable energy sources such as wind and
fuel cells. Scenario I which is the base case includes a DG and a grid.
Without producing additional energy or with no capacity limits, this
configuration uses 5,005,975 kWh of grid energy each year. The NPC of
this Scenario is $9.51 million and LCOE is $0.0856/kWh. This system
emits 3,163,776 kg of CO3 per year, making it the most polluting in all
scenarios although it provides a constant energy source. It serves as a
benchmark for comparison with more environmentally friendly options.

The NPC of Scenario II consisting of PV with BESS is $22.3 million
and its LCOE is 0.2008 $/kWh. This system does not emit CO, because it
is completely renewable, even though NPC and LCOE are high. This
system generates 38,997,768 kWh annually, meeting all load demand
using solar energy and the energy stored in BESS. However, since the
lifespan of BESS is only five years the cost of energy is high and signif-
icantly more resources are spent on the transition. Scenario III consists of
grid, the BESS, and solar PV energy. By selling 2,724,533 kWh of energy
annually, this hybrid solution provides a more balanced approach to
selling additional energy back to the grid. The NPC of this system is
approximately $37 million and its LCOE is $0.215/kWh. The inclusion
of grid connectivity allows for a more efficient use of energy and storage,
reducing the total dependence on energy stored in the BESS, although
the system's emissions remain zero.

In Scenario IV (wind energy, solar PV, and BESS), the diversification
of the power generation system has increased. According to this sce-
nario, the annual energy production is 25,384,496 kWh (92.2% from
solar PV and 7.82% from wind energy) with an LCOE of $0.346/kWh
and an NPC of $38.5 million. Despite the low cost, the wind component
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raises prices, as the installation and maintenance of wind turbines are
expensive. Compared to Scenario I, the annual CO, emissions of this
system are 1,127,240 kg, showing how the integration of renewable
energy can benefit the environment. In Scenario V, solar PV energy,
wind energy, BESS, and the electrical grid were included.

Of the total energy, 82.2% comes from the sun and 17.4% from the
wind, generating a total of 25,384,496 kWh annually. Its LCOE is
$0.289/kWh and its NPC is $70.1 million. Although the excess elec-
tricity is sold to the grid, it is not economically as beneficial compared to
other renewable solutions due to the high cost of large BESS systems and
additional wind turbines. In scenario VI, FC, electrolyzer, and HT were
combined with PV and BESS. This configuration produces 44,959,939
kWh of energy annually, with an NPC of $42.5 million and an LCOE of
$0.383/kWh.

Although its cost is higher, this system produces hydrogen from
excess solar energy, providing a notable carbon saving, resulting in no
CO emissions. The best configuration, Scenario VII, includes the grid,
photovoltaic solar energy, fuel cell, BESS, electrolysis, and hydrogen
tank. It produces 50,838,592 kWh of energy annually, with an LCOE of
$0.0751/kWh and an NPC of $32.18 million. Compared to Scenario I,
the costs of this scenario are much lower, and its renewable energy share
is 90.6%. It provides the best combination of reliability, affordable cost,
and environmental sustainability. Additionally, in Scenario VI, the
LCOH, which considers the costs of hydrogen production and storage, is
$5.15/kg. In Scenario VII, thanks to the successful integration of solar
energy for hydrogen production, the LCOH is significantly reduced to
$2.59/kg, making it a more economical and environmentally friendly
option for long-term energy storage. The achieved LCOH of $2.59/kg
establishes a practical benchmark for developing countries, demon-
strating that green hydrogen integration in campus-scale hybrid
renewable systems can be economically competitive under favourable
solar conditions. Based on the results of the techno-economic, environ-
mental, social, and robustness analyses, it can be concluded that hybrid
energy systems offer a cost-effective and environmentally friendly way
to generate electricity. The transition to clean energy can be accelerated
by producing low-cost hydrogen using additional solar energy. This
approach not only reduces costs but also improves process efficiency,
increasing the viability and effectiveness of the transition to green en-
ergy sources. Some suggestions for future research include focusing on
real-world pilot projects, integrating with intelligent control systems,
with special emphasis on clean energy systems based on hydrogen, and
considering life cycle assessments to improve the technical, economic,
and environmental feasibility of hybrid renewable energy systems.
Additionally, future research should focus on modelling potential
hydrogen resources in various climatic zones, evaluating policy and
regulatory scenarios, and developing multidimensional decision-making
frameworks that support the cost-effective integration of hydrogen
technologies within the institutional context.

The optimal configuration requires 30 MW of PV, which has impli-
cations for physical siting and land availability. Utility-scale PV typically
requires approximately 4-5 acres per MW (depending on module effi-
ciency, tilt, and spacing), implying an estimated footprint of ~120-150
acres (~0.49-0.61 km?) for 30 MW. Although the total land area of UET
Taxila is approximately 163 acres, this includes academic facilities,
roads, green space, hostels, and faculty housing; therefore, only a frac-
tion of the site is practically available for ground-mounted PV deploy-
ment. Consequently, the proposed PV capacity should be interpreted as a
campus-supply target that can be achieved through a hybrid installation
strategy, including rooftop PV on academic buildings and hostels, solar
canopies over parking and walkways, and limited ground-mounted ar-
rays on available open land or adjacent parcels near the campus
boundary. This approach improves practical feasibility while main-
taining the optimized techno-economic benefits of Scenario VII. There-
fore, University will need to lend the adjacent land to university for PV
installation. Figure A3 in the appendix presents the land estimation for
PV installation. Furthermore, HOMER Pro employs deterministic
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optimization based on historical weather and load data, which assumes
perfect foresight and does not fully capture real-time operational un-
certainties such as sudden weather variability, load fluctuations, or
equipment outages.

The applicability of this study is largely defined by its specific local
context, meaning the favourable results for Scenario VII may not hold in
regions with different solar resources, grid characteristics, or economic
policies such as feed-in tariffs and inflation rates. The system's profit-
ability is highly sensitive to these external factors, particularly regarding
the capital-intensive nature of hydrogen technology and the volatility of
energy export prices. Beyond the economics, practical implementation
on university campuses faces significant hurdles, including strict safety
regulations, space limitations, and the necessity of managing the entire
hydrogen lifecycle on-site due to a lack of external infrastructure. To
address these challenges, future adoption should prioritize modular,
scalable designs that allow for gradual investment, leveraging industry
partnerships and existing facilities to navigate both the financial and
logistical barriers of hydrogen integration. Although the optimized
configuration allows significant grid export, practical implementation
would require compliance with IESCO interconnection standards and
export capacity limits. The present analysis assumes grid absorption
capability as modeled in HOMER Pro; however, detailed distribution
network studies would be required to confirm export feasibility under
real operating conditions. Future research could investigate the inte-
gration of flexible and shiftable loads, such as university data centers,
within the campus microgrid to enhance renewable energy utilization
and reduce curtailment. Coordinating computing workload migration
with energy storage systems, as demonstrated in recent studies [73,74]
may further improve operational efficiency and decarbonization po-
tential in campus-scale hybrid systems. Future work should extend the
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current sensitivity-based approach by adopting stochastic optimization
to capture both exogenous variability (weather, prices) and endogenous
uncertainties, such as decision-dependent demand response [75]. Future
studies could leverage the campus’s substantial residential demand by
exploiting building thermal inertia as a flexibility resource. Coordinated
aggregation of space-heating/thermal loads may flatten peak demand
and reduce the required sizing of both battery and hydrogen storage
systems [76,77]. Future work could enhance risk assessment accuracy
by moving beyond standard Gaussian assumptions for load and solar
variability and adopting data-driven uncertainty modeling techniques.
Approaches such as kernel density estimation, as demonstrated by
Giannelos et al. [78], would enable a more realistic representation of
non-Gaussian uncertainties in campus energy hub operation.
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Table A1
Configuration for formation of multiple hybrid scenarios.
Scenarios Switches Condition: v shows component is connected
S1 S2 S3 S4 S5 S6 S7 S8
Scenario I v v
Scenario II v v
Scenario III v v v
Scenario IV v v v
Scenario V v v v v
Scenario VI v v v v v
Scenario VII v v v v v v
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Table A3
Load 1 - residential + hostels.

Table A2

Technical parameters and costs of different components in HRES [66].

Results in Engineering 30 (2026) 111083

Parameters Value Units
PV panel (LONGI Solar LR6-72PE)

Capacity 750 w
Capital Cost 259 $
Replacement Cost 185 $
O&M Cost 3.37 $/yr
Temp. effect 0.38 %/ °C
Efficiency 24.1 %
Lifetime 25 Year(s)
DE rating 0.05 %/year
Wind turbine (Generic 10 kW)

Capacity 10 kw
Capital Cost 15,000 $/kW
Replacement Cost 12,500 $/kW
O&M cost 100 $/yr
Lifetime 25 Year(s)
Hub height 24 M
Battery (Generic 1 kWh Li-ion)

Nominal capacity 1 kWh
Capital 200 $/kW
Replacement Cost 200 $/kW
O&M Cost 10 $/yr
Lifetime 5 Year(s)
Efficiency 90 %
Electrolyzer

Considered size for optimization 8000, 10000, 12000 kw
Capital Cost 1100 $/kW
Replacement Cost 850 $/kW
O&M Cost 10 $/yr
Lifetime 25 Year(s)
Efficiency 85 %
Diesel Generator

Capacity 600 kw
Capital Cost none $
Replacement Cost 250,000 $
O&M Cost 0.030 $/0p. hour
Lifetime 15,000 h
Efficiency 85 %
Fuel cell (Auto-size)

Capacity 2100 kw
Capital Cost 2000 $/kW
Replacement Cost 2000 $/kW
O&M cost 0 $/h
Lifetime 15,000 h
Efficiency 85 %
Converter (Auto-size)

Capacity HOMER Optimization kw
Capital 150 $/kW
Replacement cost 150 $/kW
O&M cost 10 $/yr
Lifetime 15 Year(s)
Efficiency 95 %
Hydrogen tank

Considered size for optimization 10000,13000,15000 kg
Capital cost 600 $/kW
Replacement cost 600 $/kW
O&M cost 10 $/yr
Lifetime 25 Year(s)
Initial tank level w.r.t tank size 30 %

Appliance Quantity Rating (W) Avg. Operating Hours Energy Consumption (kWh/day)
Lights 5,000 15 6 450

Fans 3,000 70 8 1,680

TV 1,000 100 4 400

Refrigerators 800 150 24 2,880

Water Motors 400 750 1 300

Phone Chargers 5,000 5 5 125

Irons 600 1,000 0.5 300

Washing Machines 250 500 1.5 187.5
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Table A3 (continued)
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Appliance Quantity Rating (W) Avg. Operating Hours Energy Consumption (kWh/day)
Room Heaters 100 2,000 4 800
Total Load 1 8,550
Table A4
Load 2 - departments.
Appliance Quantity Rating (W) Avg. Operating Hours Energy Consumption (kWh/day)
Lights 8,000 20 7 1,120
Fans 1500 80 8 960
Desktop PCs 1800 250 5 2,250
Projectors 200 300 2 120
Air Conditioners 120 2,000 2 480
Lab Equipment 200 500 2 200
Printers 90 200 2 36
Total Load 2 5165
Table A5

Table A6
Optimization settings.

Combined daily load summary.

Category

Daily Load (kWh/day)

Load 1 (Hostels + Residential)
Load 2 (Departments)
Grand Total

8,550.0
5,165.0
15,240.0

System Settings Values Source of Information

Design Precision 0.01 General information obtained from HOMER Pro [79]
Simulation time step 1h Default settings in HOMER Pro [79]

Inflation rate 7% The official website of the State Bank of Pakistan [80]
Life Time of System 15 years Generic Settings [79]

Capacity Shortage 0 % Generic setting [79]

CO2 Penalty 0 Generic Settings [79]

Nominal Discount Rates

8%

The official website of the State Bank of Pakistan [80]

Table A7

Cost breakdown of different energy sources in scenario I.

Costs ($) Grid Diesel Gen System
Capital Cost 0 0 0
Replacement Cost 0 0 0
O&M Cost 9.51018E6 0 9.51018E6
Fuel Cost 0 0 0
Salvage 0 —193172.45 —193172.45
Total 9.51018E6 —193172.45 9.317E6
Capital Cost 0 0 0
Table A8
Cost breakdown of different energy sources in scenario II.
Costs ($) Battery Storage System Solar PV Power Converter System
Capital Cost 2.3456E6 6.475E6 210570.29 9.03117E6
Replacement Cost 8.36375E6 0 183146 8.5469E6
O&M Cost 2.60388E6 1.87054E6 311675.61 4.78609E6
Fuel Cost 0 0 0 0
Salvage 0 0 —55625.82 —55625.82
Total 1.33132E7 8.34554E6 649766.08 2.23085E7
Capital Cost 2.3456E6 6.475E6 210570.29 9.03117E6
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Table A9
Cost breakdown of different energy sources in scenario III
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Costs ($) Battery Storage System Solar PV Power Converter System
Capital Cost 2.3456E6 6.475E6 210570.29 9.03117E6
Replacement Cost 8.36375E6 0 183146 8.5469E6
O&M Cost 2.60388E6 1.87054E6 311675.61 4.78609E6
Fuel Cost 0 0 0 0
Salvage 0 0 —55625.82 —55625.82
Total 1.33132E7 8.34554E6 649766.08 2.23085E7
Capital Cost 2.3456E6 6.475E6 210570.29 9.03117E6
Table A10
Cost breakdown of different energy sources in scenario IV.
Costs ($) Battery Storage System Solar PV Wind Turbines Grid Power Converter System
Capital Cost 3.2E6 3.885E6 1.089E7 0 212639.44 1.81876E7
Replacement Cost 1.14103E7 0 7.53437E6 0 184945.66 1.91296E7
O&M Cost 3.55236E6 1.12232E6 1.61188E6 —8.11278E6 314738.25 6.60131E6
Fuel Cost 0 0 0 0 0 0
Salvage 0 0 —5.39397E6 0 —56172.42 —5.45014E6
Total 1.81627E7 5.00732E6 1.46423E7 —8.11278E6 656150.93 3.84684E7
Capital Cost 3.2E6 3.885E6 1.089E7 0 212639.44 1.81876E7
Table A11
Cost breakdown of different energy sources in scenario V.
Costs ($) Battery Storage System Solar PV Wind Turbines Power Converter System
Capital Cost 3.2E6 3.885E6 1.089E7 212639.44 1.81876E7
Replacement Cost 1.14103E7 0 7.53437E6 184945.66 1.91296E7
O&M Cost 3.55236E6 1.12232E6 1.61188E6 314738.25 6.60131E6
Fuel Cost 0 0 0 0 0
Salvage 0 0 —5.39397E6 —56172.42 —5.45014E6
Total 1.81627E7 5.00732E6 1.46423E7 656150.93 3.84684E7
Capital Cost 3.2E6 3.885E6 1.089E7 212639.44 1.81876E7
Table A12
Cost breakdown of different energy sources in scenario VI.
Costs ($) Battery Storage System Solar PV Hydrogen Tank Electrolyzer Fuel Cell Grid Power Converter System
Capital Cost 800000 7.77E6 6E6 8.8E6 4.2E6 0 1.78469E6 2.93547E7
Replacement Cost 2.85258E6 0 0 0 0 0 1.55226E6 4.40483E6
O&M Cost 888089.97 2.24465E6 2.22022E6 1.77618E6 1.60016E6 —9.78336E6 2.64161E6 1.58756E6
Fuel Cost 0 0 0 0 0 0 0 0
Salvage 0 0 0 0 —2.69387E6 0 —471457.42 —3.16533E6
Total 4.54067E6 1.00146E7 8.22022E6 1.05762E7 3.10629E6 —9.78336E6 5.5071E6 3.21817E7
Capital Cost 800000 7.77E6 6E6 8.8E6 4.2E6 0 1.78469E6 2.93547E7
Table A13
Cost breakdown of different energy sources in scenario VII.
Costs ($) Battery Storage System Solar PV Hydrogen Tank Electrolyzer Fuel Cell Power Converter System
Capital Cost 800000 7.252E6 9E6 8.8E6 4.2E6 196607.81 3.02486E7
Replacement Cost 2.85258E6 0 0 0 0 171001.97 3.02358E6
O&M Cost 888089.97 2.095E6 3.33034E6 1.77618E6 3.02408E6 291009.04 1.14047E7
Fuel Cost 0 0 0 0 0 0 0
Salvage 0 0 0 0 —2.12914E6 —51937.38 —2.18107E6
Total 4.54067E6 9.347E6 1.23303E7 1.05762E7 5.09494E6 606681.44 4.24958E7
Capital Cost 800000 7.252E6 9E6 8.8E6 4.2E6 196607.81 3.02486E7
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Table A14
Search space limitations of components.

Results in Engineering 30 (2026) 111083

Scenario I Scenario II Scenario III Scenario IV Scenario V Scenario VI Scenario VII
PV (kW) - 0-2000-25000 0-20000-25000 0-15000 0-10000-15000 0-20000-28000 0-10000-20000-
30000
Wind (kW) - - - HOMER HOMER - -
Optimizer Optimizer
BESS (Strings) - HOMER HOMER 0-2000 0-4000 0-500 0-500
Optimizer Optimizer
Grid (kW) Purchase 999999 - 999999 - 999999 999999 999999
Capacity
Sales Capacity 999999 - 999999 - 999999 999999 999999
Hydrogen - - - - - - 0-10000-12000- 0-10000-13000-
Storage 15000 15000
Electrolyzer - - - - - 7500-8000 8000-10000-12000
Fuel Cell - - - - - - HOMER Optimizer HOMER Optimizer
Data availability [18] I. J. Of and I. Revolution, Innovation and assessing feasibility studies on smart

Data will be made available on request.
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