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Abstract

In the face of escalating global energy demands and the unpredictable nature of renewable
resources, the quest for sustainable and reliable power solutions has never been more press-
ing. Hybrid power systems, which integrate multiple energy sources, have emerged as a
beacon of hope, particularly for remote and rural regions with limited or no connection to
the national power grid. This study provides an in-depth analysis to determine the optimal
hybrid energy system, considering diesel, wind, solar, and hydro sources, for a local load
of 20 kW in the rural area of Bankhwar Utrar in Kalam, Pakistan. The study considered
the energy profile for an entire year while the research was conducted from September to
December 2022. Economic, technical, operational, and geographical parameters were eval-
uated during the system design and optimization. Eight distinct systems, derived from vari-
ous source combinations, were designed. A multi-criteria decision analysis (MCDA) tech-
nique, considering power output, net present cost (NPC), the levelized cost of electricity
(LCOE), and greenhouse gas (GHG) emissions was employed to determine the most reli-
able and sustainable system for the specified location. The highest ranking optimal system
comprised a hybrid of solar PV, wind turbine, hydro turbine, and battery bank. This system
not only championed economic efficiency with an NPC of $166,173.78 and an LCOE of
0.14$/kWh but also stood out as an environmental steward with zero GHG emissions. In
stark contrast, the traditional system of the diesel generator and the PV/generator ranked
last, both economically and environmentally, with NPCs of $425216 and $397445, LCOEs
of 0.36$/kWh and 0.32$/kWh, and GHG emissions of 86168 kg/year and 72097 kg/year,
respectively.
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1 Introduction

Reliable and sustainable electric power sources have become an absolute necessity for a
nation to prosper, grow, and develop in this era of technology (Zameer & Wang, 2018).
From the smallest task of a toothbrush to the gigantic task of powering industries, all rely
on electricity, making it a basic need of life. Presently, earth’s population has crossed 7 bil-
lion and is rapidly on the rise causing an increase in electricity demand (Coyle & Simmons,
2014). The largest contributor to the electrical energy mix is fossil fuels whose reserves are
rapidly declining due to their excessive use (Awan et al., 2022). The difference in supply
and demand of fossil fuel has caused its price to skyrocket. This utilization of fossil fuels is
also escalating the quantity of greenhouse gases in the earth’s atmosphere which are highly
toxic and harmful to the environment and living beings (Chisale & Mangani, 2021; Turk-
dogan, 2021). These factors are leading the earth toward energy scarcity and crisis.

Pakistan is located in South Asia with a population of over 225 million. Since 2006,
it has been facing an energy crisis where the electricity supply and demand are not being
met. The country produces 60% of its electricity from fossil fuel-based thermal power
plants (Khan et al., 2020). Pakistan has a total energy demand of about 25,000 MW but a
distribution capacity of approximately 22,000 MW, creating a gap of 3000 MW which rises
to 6000 MW in peak summers (Igbal et al., 2021). This has led to many industries shutting
down across the country. This situation has drastically impacted the county’s development.

About 62.5% of Pakistan’s population lives in rural areas where the energy crisis is even
more severe. Those areas receive electricity of low quality with load sheading durations
reaching 18 h per day. A study showed that about 60% of Pakistan’s land has no access to
the National Distributing Power Grid, impacting the quality of life drastically (Ur Rashid
et al., 2022). This has led to an urgent need for alternate power sources for the country.

Pakistan, located at latitudes 24° and 27° N and longitudes 61° and 76° E (Rafique &
Rehman, 2017), occupies a strategic geographical position that blesses it with a wealth of
renewable energy potential (Wang et al., 2020). This potential is a viable asset in the face
of mounting energy crises and global calls for sustainable energy solutions. The renewable
resources at Pakistan’s disposal are solar, wind, hydro, biomass, and geothermal energy.
Each of these sources presents unique opportunities and challenges, but collectively, they
paint a promising picture of the country’s energy future. Comprehensive studies by the
Pakistan Meteorological Department (PMD), the National Renewable Energy Laboratory
(NREL), the Alternative Energy Development Board (AEDB), and data from NASA’s
weather satellite have mapped out the distribution of these renewable energy sources across
the nation’s diverse topography (Dincer, 2011).

Wind energy finds its niche in Pakistan’s vast wind corridors, with a theoretical installed
power capacity potential of 346 GW (Sumair et al., 2020). Along with wind, the sun’s
radiant energy offers another avenue for sustainable power. Most parts of Pakistan have
an average daily solar radiation of 5 kWh/m?/day, translating to a solar potential of 2900
GW (Solangi et al., 2019). Such figures not only highlight the abundance of solar energy
but also underscore the need for robust infrastructure and policies to harness it. Hydro-
power, a cornerstone of Pakistan’s energy landscape, currently contributes to about 30%
of the nation’s electricity. Yet, even with such significant contributions, there remains an
untapped hydro energy potential of over 40,000 MW (Uddin et al., 2019). This indicates
both the vastness of Pakistan’s hydro resources and the opportunities that lie ahead.

Despite these abundant resources, the current energy landscape in Pakistan is still in its
early stages when it comes to fully embracing renewables. Excluding hydro, renewables
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account for a mere 6% of the country’s energy mix (Wang et al., 2020). This gap between
potential and utilization underscores the pressing need for strategic investments, policy
reforms, and public—private partnerships. By capitalizing on its renewable resources, Paki-
stan can not only address its energy challenges but also position itself as a leader in sustain-
able energy in the region.

Choosing the optimal renewable energy source for a particular location is a multifaceted
endeavor, because of the unique characteristics and constraints of the site in question. A
wide range of factors, ranging from the availability of resources and infrastructural pre-
requisites to potential environmental repercussions and stakeholder interests, collectively
shape the feasibility landscape of renewable energy initiatives. However, relying solely on
a single renewable energy source often falls short of delivering a cost-effective and consist-
ent power supply (Ahmed et al., 2021). The inherent variability of renewable energy, dic-
tated by ever-fluctuating climatic and geographical conditions, presents challenges (Sawle
et al., 2018). For instance, solar energy, while abundant during daylight hours, decreases
as night approaches. Hydro energy, on the other hand, might surge during summer months,
only to diminish during drier winter spells. Wind energy, too, faces the same issue. Certain
days they witness low wind speeds, rendering them insufficient for power generation. This
inherent inconsistency underscores the rising importance of hybrid systems, where multi-
ple energy sources work in combination, compensating for each other’s periodic shortfalls
(Al-Badi et al., 2022; Islam et al., 2022).

To maximize the performance of hybrid systems site assessment is of vital importance.
Such an assessment should analyze factors like solar radiation potential, wind patterns,
land accessibility, proximity to existing grid infrastructure, and the nuances of local regula-
tory edicts. Having a comprehensive insight into these factors, decision-makers can opti-
mize renewable energy deployments and ensure their longevity.

However, merely identifying potential energy sources is just one piece of the puzzle.
To truly prioritize renewable technologies that resonate with sustainability, a comprehen-
sive evaluation is imperative. Multiple-criteria decision-making (MCDM) is an important
tool in renewable energy selection. It equips stakeholders with a structured framework to
juxtapose renewable energy alternatives against a set of predefined criteria. The methodol-
ogy is systematic, involving the delineation of pertinent criteria, weight allocation based
on their significance, comparative analysis of renewable options, result aggregation, and
subsequent sensitivity analysis.

The true strength of MCDM lies in its ability to offer a transparent mechanism that
contemplates variables like cost-effectiveness, environmental footprint, scalability poten-
tial, and reliability metrics. By using MCDM, stakeholders are better positioned to make
decisions that not only align with their overarching objectives but also acknowledge the
intricate interplay and trade-offs intrinsic to renewable energy selections.

A rigorous evaluation of hybrid renewable energy sources complimented with MCDM
methodologies forms the foundation of informed decision-making and the realization of
renewable energy ventures. By utilizing these methodologies in its strategic tapestry, Paki-
stan stands poised to not only tap into its vast renewable energy reservoirs but also cham-
pion the cause of environmental sustainability.

In this paper, the main aim is to design an optimized hybrid power system that can meet
the load demand (20 kW) for the small rural community of Bankhwar Utrar in Kalam,
northern region of Pakistan. Bankhwar Utrar was selected due to its limited access to the
national grid and exposure to the high potential of renewable energy sources (Sheikh,
2009). Amidst the backdrop of inconsistent power quality and prolonged power outages,
four primary power sources emerge and are selected for the hybrid system: the traditional
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diesel generator, the solar PV panels, the wind turbines, and the relentless hydro turbines.
Utilizing HOMER Pro, the study models eight distinct hybrid energy systems, each a
unique amalgamation of the aforementioned sources. To truly identify the best system,
the MCDM technique is used (Basheer et al., 2022; Bohra et al., 2021). Through MCDM,
each system is evaluated against a set of pivotal criteria: power output consistency, the
economic feasibility gauged through net present cost (NPC) and the levelized cost of elec-
tricity (LCOE), and the environmental footprint measured by greenhouse gas (GHG) emis-
sions. This comprehensive assessment aims not just to identify a system that powers the
community but to unveil one that is reliable, sustainable, and resonates with the ethos of
environmental stewardship. This paper illuminates the path toward a future where energy
is not just available but is sustainable, reliable, and harmonious with nature for rural com-
munities like Bankhwar Utrar.
The main contributions of the paper are as follows:

e Designing a hybrid energy system with optimal cost and capacity to electrify a rural
village with limited access to electricity.

e Investigating the techno-economic performance of the 8 different HES designed from
PV/wind/hydro/generator/battery through Homer Pro.

e Comparative study of the proposed systems based on the energy produced, NPC, COE,
and GHG emissions.
Comparison of the cost of extension of the grid to the stand-alone configuration
Ranking of the systems through MCDM based on technical, economic, and environ-
mental criteria.

1.1 Literature review

The quest for optimal energy solutions using hybrid systems has been the focus of numer-
ous studies globally. Ali et al. embarked on an exploration of the potential of hybrid energy
systems in Dera Ismail Khan, Pakistan (Ali et al., 2021a). Their objective was to assess the
viability of photovoltaic (PV) systems in comparison to other renewable energy sources
in the region. Through their study, it was discerned that PV systems exhibited remarkable
potential, a trend further augmented by the declining costs of PV technology. This observa-
tion was paralleled by the government’s initiatives in commissioning large-scale PV pro-
jects, as well as the rising demand for small-scale residential and commercial installations.

Transitioning to another part of the country Pindiali, KPK, Pakistan, a pivotal study was
carried out to determine the most efficient energy system for a 600 kW load using HOMER
Pro (Adil Khan et al., 2019). Their methodology involved a comprehensive evaluation of
individual and hybrid energy configurations. The key findings highlighted that a PV, wind,
and battery hybrid system was superior, with a notable NPC of $13286, OC of $184.6, and
LCOE of $0.15/kWh.

In a similar context, but shifting the geographical focus to the terrain of Gilgit-Baltistan
in Pakistan was the focus of another comprehensive study by Ali et al., where hydroelectric
power emerged as the dominant renewable energy source, suggesting its potential amplifi-
cation with wind and battery backup systems (Ali et al., 2021b). These studies show that
Pakistan has a vast potential for harnessing renewable energy resources, with significant
variations based on regional geographies and climatic conditions. From the arid landscapes
of Dera Ismail Khan to the mountainous terrains of Gilgit-Baltistan, the adaptability and
versatility of hybrid systems are evident. Moreover, the declining costs of PV technology,
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combined with the government’s proactive initiatives, have positioned Pakistan on the
trajectory of a sustainable energy transition. Yet, it is essential to recognize that while
hybrid systems offer promising solutions, the optimal configuration is highly contingent
on the unique environmental and geographical conditions of each location. Therefore, the
emphasis should be on localized energy solutions that not only cater to immediate energy
demands but also ensure long-term sustainability and environmental conservation.

The same analysis can be done throughout the world, irrespective of country as renew-
able energy sources depend on the geographical location. Transitioning to another part
of Asia, Nesamalar et al. (2021) carried out a study in Virudhunagar, India, focusing on
designing a PV system for a college. Both on-grid and off-grid systems were scrutinized.
The key finding was that a stand-alone PV system was inadequate for the college’s energy
needs. While the off-grid system highlighted the efficacy of a hybrid PV/generator con-
figuration, the on-grid system pinpointed batteries as the optimal solution. This study rein-
forces the pivotal role backup systems play in ensuring continuous power supply in isolated
settings.

Moving further east to Delhi, India, Kumar and Tewary (2022) designed a stand-alone
hybrid energy system (HES) to cater to a 5 kWh/day load. Their research illustrated that
renewable energy sources could meet an impressive 98% of the load requirement, with
the residual 2% catered to by the generator. A salient observation was the system’s capa-
bility to produce a surplus of 12% more energy than the stipulated load requirement. A
recent study delved into the role of the Internet of Things (IoT) in acting as a sustainable
energy management solution specifically tailored for Indian tourism destinations (Tiwari
et al., 2022). The emphasis was not only on the technology itself but also on the awareness
and adaptability of the tourism personnel toward Energy Management. The study utilized
the Seroquel method to gauge the effectiveness of IoT in addressing sustainable energy
demands. Preliminary findings from the study echoed the larger narrative of the need for
adopting advanced technologies in traditional spaces.

In a similar context, but shifting the geographical focus to Sumatra Island, Indonesia,
Riayatsyah et al. (2022) delved into the intricacies of a hybrid system of PV/wind for a uni-
versity. The combined PV/wind system was found to satiate only 82% of the university’s
energy demand. To bridge this gap, the researchers proposed batteries and grids as poten-
tial backup solutions, emphasizing the significance of backup sources in renewable energy
systems.

Meanwhile, in northeastern Nigeria, a parallel study was conducted to discern the ideal
energy configuration for a school (Salisu, 2019). The optimal design was a hybrid solar
PV battery system with an NPC of $18,161 and a LCOE of $0.233/kWh. However, the
addition of a wind turbine proved counterproductive, reinforcing that system efficacy is
intrinsically tied to specific geographical and climatic conditions. This shows that a system
designed for one location may not perform at the same level when the location is changed
because of different climates and geographical conditions (Sadat et al., 2020).

Seedahmed et al. shifted the focus to Al-Shumaisi, Saudi Arabia, with their study aim-
ing at designing an HES for a remote company bereft of grid power access (Seedahmed
et al., 2022). The researchers illustrated that an HES, in contrast to a sole diesel genera-
tor, could diminish the net present cost by 13.84% and substantially curtail greenhouse gas
emissions by 64.2%.

Similarly, AKAN et al. in Tekirdag, Turkey, designed a HES encompassing PV, wind,
and battery components for an 11.2 kWh/day load (Akan, 2021). Their study showcased
that the system adeptly met the load requirements, with energy sources contributing differ-
entially: PV at 62% and wind at 38%.
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Rad et al., in their study in Northwest Iran, proposed a hybrid energy system (HES)
consisting of PV, wind, biogas, and fuel cells for a 360 kWh/day demand (Rad et al., 2020).
Their system, with a COE of 0.233 $/kWh, was rooted in the synergies between solar,
wind, and biogas. Hoseinzadeh et al. explored a similar hybrid avenue in Catania, Italy,
where PV contributed a significant 72% of the total power output (Hoseinzadeh & Astiaso
Garcia, 2022). The studies highlighted that utilizing a mixture of renewable sources drasti-
cally reduced the LCOE and provided reliable sustainable power.

Malaysia witnessed a comparative study spanning three rural locations: Pontian, Kerteh,
and Teluk Intan (Wahid et al., 2019). Each location was assessed with the same power-
rated stand-alone systems of biomass, wind, and solar PV. While biomass consistently
achieved an LCOE of $0.342/kWh, the performance of solar and wind varied, emphasizing
the importance of localized conditions. In a distinct geographical setting, in Peru, research-
ers explored the hybrid potential of diesel, wind, and PV across three locations (Rinaldi
et al., 2021). Each location demonstrated unique energy preferences, emphasizing the intri-
cate interplay between geographical conditions and energy system efficacy. Shifting the
spotlight to Europe, an intriguing study recently explored the intersection of renewable
energy awareness and expectations within European Union households (Rosak-Szyrocka
et al., 2023). In this comprehensive research spanning seven countries, including the Czech
Republic, Slovenia, and Germany, to name a few, a qualitative examination was conducted
with over 17,030 respondents from April 2021 to June 2022. It emerged that while house-
holds acknowledged the environmental benefits of renewable energy, such as the reduction
in CO, emissions, their awareness remained relatively low. Interestingly, there was a reluc-
tance in willingness to pay more for services, even if those services employed renewable
energy sources. The study also highlighted an underlying apprehension among respondents
about the potential drawbacks of certain renewable sources, like wind energy, which they
perceived might mar landscapes and impact tourism adversely.

As the world grapples with the dual challenges of climate change and energy security,
the role of multiple-criteria decision-making (MCDM) becomes paramount in evaluating
and implementing hybrid renewable energy systems. MCDM offers a robust framework
to make informed decisions by considering multiple criteria that span across technical,
environmental, and socioeconomic realms, ensuring a holistic approach to energy system
selection. Addressing the growing emphasis on sustainable energy solutions, Baseer et al.
employed an MCDM approach combined with GIS modeling to determine wind farm site
suitability in Iran (Rinaldi et al., 2021). Their methodology was intricate, factoring in wind
resources, accessibility, and various climatic, economic, and esthetic criteria. The findings
underscored the immense potential of Saudi Arabia for wind energy projects.

In Yanbu, Saudi Arabia, Kharrich et al. delved into the economic aspects of hybrid
microgrids, drawing attention to the potential of PV, wind, and biomass systems when
combined with energy storage (Baseer et al., 2017). Almasad et al.’s study provided a
framework for implementing PV solar power projects in Saudi Arabia, intertwining tech-
nical, environmental, and economic considerations (Kharrich et al., 2021). The research-
ers adeptly harnessed the AHP in conjunction with the PROMETHEE to ascertain site
suitability.

Wang et al.’s study took a distinct approach, evaluating four energy distribution systems:
gas turbine, fuel cell, PV, and combustion engine (Almasad et al., 2023). Utilizing the
combined prowess of DEMATEL and VIKOR, they concluded that the photovoltaic sce-
nario was the most beneficial. This was further buttressed by research from Dehghan et al.,
who employed GIS and MCDM to pinpoint the optimal location for a wind farm in Iran,
consolidating the value of MCDM in energy system research. The role of MCDM in the

@ Springer



Techno-economic analysis of renewable energy sources’ potential. ..

realm of renewable energy system selection is undeniable. As the studies reviewed herein
showcase, MCDM techniques, when adeptly applied, can guide policymakers, researchers,
and practitioners in making informed choices that align with both environmental sustaina-
bility and economic viability. The multi-dimensionality of energy decisions, encompassing
technical, environmental, and economic facets, underscores the indispensability of MCDM
in charting a sustainable energy future.

Table 1 provides a comparative analysis of all the above-discussed studies, highlighting
the key findings and limitations.

In conclusion, the myriad studies underscore the significance and versatility of hybrid
energy systems. They not only demonstrate the potential of these systems but also empha-
size the necessity for location-specific optimization. As the quest for sustainable energy
solutions intensifies, these studies provide invaluable insights, paving the way for future
innovations.

2 Methodology

HOMER is designed to analyze the proposed hybrid energy system for selected loca-
tions based on power output, CO, emissions, NPC, and LCOE (Kavadias & Triantafyllou,
2021). The hybrid energy system must be able to serve the target location’s load. Renew-
able energy sources are possible inputs to the HOMER. It performs the optimization analy-
sis and generates results after considering all of the load and resource inputs. HOMER
sets the system in several configurations using various combinations of the components
used and performs an energy balance for each of these configurations. HOMER analyzes
the feasibility of each of these setups by determining if the load demand is satisfied under
defined conditions. It also calculates the installation, operating, and maintenance costs dur-
ing the project’s lifetime (Mahesh & Sandhu, 2020). Figure 1 depicts the flowchart of the
approach used to build the proposed hybrid energy systems and select the best one based
on MCDA (Ammari et al., 2022; Chen et al., 2022).

2.1 Net present cost (NPC)

The NPC tells a user about the finances involved in the project during its lifetime. It takes
in to account the initial capital cost of the project, the operation and maintenance cost, the
replacement cost, and the salvage value as shown in Eq. (1)

NPC = 2:(Ccapital + Co + Creplacemenl - CSalvage) (1)

peration & maintenance

where Cpi 18 the initial investment cost, Coperation & maintenance

Creplacement 18 the replacement value, and Cg,yy,, is the salvage value.
HOMER uses Eq. (2) to calculate the NPC of the project (Shezan et al., 2022)

C
NPC = ———2&
CRF(i-R @

is the running cost,

pro )

where C,,, is the annualized cost, CRF is the capital recovery factor, i is the annual interest
rate, and R,,,, is the project lifetime.
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Fig. 1 Methodology flowchart

2.2 Levelized cost of electricity (LCOE)

LCOE of a system tells us about the cost of electricity per kWh of the designed system. It
depends on the cost of the designed system, the electrical energy produced, and the load as
shown in Eq. 3 (Shezan et al., 2022).
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Cann
LCOE = (3)

Eprim + Edef + Egrid

where E,;, is the total primary load, E, is the differed load, and E 4 is the energy given
to the grid.

2.3 Total annualized cost

The sum that is calculated yearly while the project is being evaluated, and supplied the
NPCs required to satisfy the part income request is known as total annualized cost. The
overall annual cost is determined using the NPC and raised with the capital recovery factor,
utilizing Homer Ace programming.

2.4 System design

The energy sources selected for the hybrid systems were diesel generator, solar PV, wind,
batteries, and hydro. The diesel generator is included in the study because it is quite popu-
lar in the local community and the go-to source for backup power during electricity load
shedding. The diesel generator is taken as the base case for the study. Using HOMER,
eight different systems were designed and analyzed in detail. For each system, the most
reliable, sensible, and cost-effective options were selected to fulfill necessary load require-
ments. The following is a list of the eight different systems that were designed for the
hybrid renewable system:

System 1: Diesel generator

System 2: Diesel generator and hydro
System 3: Diesel generator and PV
System 4: Diesel generator and wind
System 5: Hydro, wind, and batteries
System 6: Hydro, PV, and batteries
System 7: Wind, PV, and batteries
System 8: Hydro, wind, PV, and batteries.

The microgrid has AC and DC buses. The PV and backup batteries in the system are
DC sources connected to the DC bus while the hydro, wind, and generator are AC sources
connected to the AC bus as shown in Fig. 2. The load is also considered as AC. A power
converter is used in the system so that the DC power can be converted to AC power for the
load. It can also convert AC to DC for charging the batteries.

3 Site selection

The economic and technological feasibility of any renewable energy-based power project is
dependent on selecting a suitable site. The availability of renewable energy sources such as
solar, wind, and hydro in the preferred area, as well as the electric load to be met, must be
considered. The first phase in any successful project is to choose a location and design suit-
able system components according to its strengths and weaknesses. The location selected
is Bankhwar Utrar, which is situated at coordinates 35°29.4’N, 72°34.8’E in Pakistan’s

@ Springer



Techno-economic analysis of renewable energy sources’ potential. ..
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Diesel'Generator™
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Fig.2 Energy sources are connected to the grid

Khyber Pakhtunkhwa province. The location has the advantage of being situated on the
bank of a stream from the Swat River which gives the option to utilize a microhydro-based
hybrid energy project. The selected region is a small community of a few hundred people.
Figure 3 depicts the projected site.

According to the latest census, the total number of households counts to 28 with 178
inhabitants. The ratio of the population of male/female is 53.80%/46.19%, with a yearly
population growth rate of 1.86%. The major occupations of the locals include fisheries, cat-
tle breeding, cultivation, and construction. The main resources for cooking and heating are
wood and kerosene oil, while illumination is arranged through kerosene oil lamps (Al-Badi
et al., 2022). Diesel power generators and gas are used as fuel by the population for light,
cooking, and heating.

Kalam district has become the focal point for tourism due to its natural beauty. How-
ever, the region is still deprived of basic electrification, and large portions of the area are
not integrated with the national grid of Pakistan (Sawle et al., 2018). Some regions are fed
by Pakistan National Grid but that does not fulfill the requirements due to the countries’

Fig.3 Projected site
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supply-side constraints (Sawle et al., 2018). Bankhwar Utrar being a rural small village has
not a proper connection with any grid and hence has been deprived of electricity. Connect-
ing it with the grid requires high investment and infrastructure, making it the potential site
for the on sight renewable power generation.

3.1 Climate condition

According to the Meteorological Department, Kalam has a humid subtropical climate with
slightly warm temperatures (Ahmad et al., 2012). Kalam has an annual precipitation of 639
mm and a mean temperature of 13.4 C. The wettest month is April, with 93 mm of pre-
cipitation. The driest month is November, with 15mm of precipitation. July is the warmest
month of the year, with an average temperature of 24.1 °C. January has the coldest average
temperature of 1.5 C. Figure 4 depicts the climate data for the region.

3.2 Resource availability

It is necessary to determine the capability of various energy resources to model an electri-
cal system for meeting the load requirement of the proposed location. A field visit was
made to identify the possibility of microhydro at the proposed site, and the height required
of the head. The stream flow rate was collected from the Khyber Pakhtunkhwa Irrigation
Department at the location. By entering the location’s coordinates, annual monthly sun
global horizontal radiation, clearance index, and wind speed statistics are obtained from
NASA'’s Surface Meteorology and Solar Energy database website.

3.2.1 Solarirradiance

Solar radiation data are obtained by entering the location’s coordinates into HOMER’s
built-in function for collecting solar data from NASA’s Surface Meteorology and Solar
Energy databases. HOMER utilizes global horizontal irradiance (GHI) for solar PV out-
puts, which is the summation of direct normal irradiance (DNI), diffused light, and
reflected light. HOMER uses the following calculation to compute the global radiation
incidence on the PV array.

Climate data for Kalam
Month Jan | Feb | Mar | Apr  May | Jun | Jul A Aug @ Sep | Oct | Nov | Dec
Average high °C 53 | 69 123 JElee e 150 | 8.1

(°F) (415) | (44.4) | (54.1) | (64.8) ---- (702) (59 0) (46.6)

15 | 28 | 76 | 130 | 113 230 198 15.1 4.0
(34.7) | (37.0) | (45.7) | (55.4) | (63.1) (734  (676) (59.2) (491) (39.2)
crp | 22| 13 [ 30 [ 79 | 116 [NSEHEISENIEN 137 | 90 | 41 | 00
(F) | 280) | (20.7) | (37.4) | (46.2) | (52.9) (61.9) (64.0) (635) (56.7) (48.2) (39.4) | (32.0)
Averagerainfallmm | 49 | 66 | 88 93 64 32 | 66 66 41 | 28 | 15 | 31
(inches) (19) | (26) | (35) (37 (@5)  (1.3) | 26) | 26) | (1.6) | (1.1) | (0.6) | (1.2)

Daily mean °C (°F)

Average low

Fig.4 Climate data of Kalam (Akan, 2021)
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Gy = (Gb +adAi)R,, +Gy(1-4,) <w> [1 +fsin3<§)] +6pg<@>
C)
where Gy is the average of global horizontal radiation on the earth’s surface throughout the
time step kw/m?], (_}0 is beam radiation [kw/m?], Gd is diffuse radiation [kw/m?], b is the
slope of the surface [°], and Pgs also called albedo, is ground reflectance [%].

Figure 5 displays solar radiation data collected from NASA’s Surface Meteorology web-
site using HOMER Pro Software and the location’s coordinates. The highest sun radiation
is 7.080 KWh/mZ/day in June, while the minimum solar radiation is 2.440 Kwh/mZ/day in
December.

Figure 5 demonstrates that the daily radiation is greater than 5.5kWh/m*/day dur-
ing April, May, June, July, August, and September due to higher sun shine hours than in
other months. The yearly average solar radiation is 5.05 kWh/m*day. The months with
abundant solar irradiance coincide with periods of higher energy demand, especially in
regions with seasonal variations in climate. The consistent daily solar radiation exceeding
5.5 kWh/m?/day during the mentioned months indicates that Bankhwar Utrar has a robust
solar resource. This resource can be harnessed effectively for solar PV technologies (Jan &
Noman, 2023).

3.2.2 Wind Resource

HOMER uses wind speed data in meters per second (m/s) from NASA’s Surface Meteor-
ology and Solar Energy database, averaged monthly over ten years and measured at 50 m
anemometer height. The HOMER was used to set the hub height in the projected hybrid
system to 30 m. The hub height tends to rise as the wind speed rises. HOMER uses Eq. 5
power law profile to compute wind speed at the hub height.

Zow \"
thb = Vanem <Z - ) (5)

anem

where the wind speed at hub height is expressed as V,,,, the wind speed at anemome-
ter height as V..., the hub height is referred to as 7, the height of the anemometer is
referred to as Z, .., and the power law exponent is given as a.

Daily radiation (kWh/m2/day)
N W EN ] o N|

-

Jan Feb March Apr May June July Aug Sep Oct Nov Dec

Fig.5 Solar potential
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Monthly wind speed data collected from NASA’s Surface Meteorology website using
Homer Pro Software are illustrated in Fig. 6. In October, the highest wind speed is
8.30 m/s, while the minimum wind speed is 5.940 m/s in July. The wind speed is more than
6.5 m/s in March, April, May, October, November, and December. The data indicate that
the average annual wind speed in Bankhwar Utrar is 6.81 m/s. This average wind speed is
a key indicator of the overall wind resource in the region and is crucial for estimating the
energy output potential of wind turbines. The presence of consistently high wind speeds in
October, along with moderate wind speeds in other months, demonstrates the substantial
wind energy potential in Bankhwar Utrar.

3.2.3 Hydro resource

Hydropower is the potential energy in water that is transformed into mechanical energy of
the turbine coupled to an electrical generator producing electrical energy. Hydropower is
classified according to the available head. In this study, the recommended location is the
flow of the stream Bankhwar Utrar village Kalam. Except for January, when cold weather
affects the water supply in Bankhwar, water resources are adequate throughout the year.
The flow of water is greatest in June, July, and August when rivers overflow owing to ice
melting. The monthly streamflow for the full year is depicted in Fig. 7.

3.3 Load assessment

For load estimation (Chen et al., 2022; Silva et al., 2020), a visit to the site was made and
data were collected from the local area. The survey comprises the records for the num-
ber of houses, electrical load demand, and the financial status of the villagers. There were
four types of consumers at the chosen site in Utrar, Kalam: Montessori which consists of
schools, mosques, residential loads, and commercial loads. Each customer had a unique
load profile. The total aggregated power demand of the sample load is estimated through
the Watt-hour calculation of each house per hour per day. The Watt-hour of each house is
calculated by multiplying the wattage of electrical appliances by their working hours. The
aggregated power demand of each appliance is calculated by adding the watt-hours of the

Average wind speed(m/sec)
N w BN W o)) ~
T T T T T T
| | | | | |

-
T
|

Jan Feb March Apr May June July Aug Sep Oct Nowv Dec

Fig.6 Wind potential
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Fig. 7 Hydro potential

appliances used in each household at a particular time (Complete details in Supplementary
Data File).

During the demand assessment of the selected sample, mainly two assumptions have
been made to represent the seasonal load. For this purpose, the load demand is further clas-
sified as “summer load demand” and “winter load demand.” The basic difference in both
the demands is the seasonal load variations, which is due to fans and water pumps, The
demand for fans becomes zero in winter, and water pumps is reduced to half in the winter
season while in the summer season; the fans and water pumps are operated at a higher rate
comparatively.

3.3.1 Mosque and residential load

For residential load, data were collected from twenty-five homes at the local site and it
showed that the load consisted of fans, room lights, safe lights, refrigerators, TV sets, com-
puters, and water pumps (Appendix A, Supplementary Data File). According to the local
power substation, the peak loads occur in June and July (Appendix B, Supplementary Data
File), whereas off-peak loads are in December and January (Appendix D, Supplementary
Data File). In, winter peaks occur from 5 to 9 pm, and summer peaks from 6:30 pm to
11:00 pm. Figure 8a illustrates the residential load profile of Utrar Village.

In the mosque, the load (amplifier, fans, and lights) remains ON only during prayer
times (Appendix A, Supplementary Data File). For Fajar prayer, the timing is from 4:00
a.m. to 7:00 a.m. However, the hour of Zuhar prayer is relatively consistent throughout the
year, and it is from 12:00 to 14:00. In the summer, from 15:30 to 21:30, three additional
prayers, namely Asr, Maghreb, and Isha, for three to four hours; in the winter, from 4 p.m.
until 9:30 p.m. The water pump operating times are Fajar and Maghreb. Figure 8b depicts
the load profile of mosques.

3.3.2 Commercial and school load

Commercial loads operate between 8 a.m. and 4 p.m. Commercial load demand is
highest at 8kW according to the local power substation (Appendix B, Supplementary
Data File). Only safety lights are active after working hours. A complete load profile
of our proposed site is given, which shows that peak hours occur in noon because of
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Fig. 8 a Average daily residential load, b average daily mosque load

commercial peak load and in the evening to night because of residential load peak time.
Figure 9a depicts the load profile during peak months.

Winter school hours are 8:00 a.m. to 1:00 p.m., while summer hours are 7:00 a.m. to
noon. There are six classrooms, one office, and one teacher’s room at the local school.
There is one fan and four energy-saving lights in each room and a PC and printer in the
office. A water pump is used at school for one or two hours every day. Only two safety
lights stay on after school closed for the night until 7:00 a.m. Figure 9b depicts the
school’s load profile during peak months.

3.3.3 Total load profile

The total load profile for the specified region is presented in Fig. 10. Load changes sea-
sonally with weather variation, therefore a seasonal load profile is necessary. The maxi-
mum load of approximately 20 kW is observed at peak hours during summer while the
lowest load of 4.5 kW during winter.

23:00-00:00
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15:00-16:00 §
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Fig.9 a Average daily commercial load, b average daily school load
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Fig. 10 a Total load profile, b load profile January, February, November, and December, ¢ load profile
March, April, and October, d load profile May, June, July, August, and September, e annual load profile

4 Microgrid design calculations and cost function

The design calculations and cost functions for all system components implemented inside this
research work are provided in Table 2. The cost is valued at US $ for this study. The maximum
peak load of the location is 20 kW in peak summer hours; otherwise, the average load dur-
ing the day is around 12 kW, reducing to a minimum load of 4.5 kW in winter. Keeping in
mind that over time with an increase in population, the load demand will increase, all system
designing has been done for an increased peak load of 25 kW instead of 20 kW, while the rest
of the loads in other durations have also been increased by 20%.
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Table 2 Component cost

Components Initial cost ($/ Replacement cost Operating cost ($/  Lifetime (year)
kW) ($/kW) kW)

PV panel 350 350 10 25

Wind turbine 6000 5000 25 20

Diesel generator 400 400 0.010 15000h

Hydro turbine 6000 3250 57 25

Battery 4400 1320 8 15

Converter 300 300 0.010 15

Microgrid 8000 160 0.08

4.1 Solar PV

A PV module is a device that creates direct current power when there is global solar radia-
tion (Tariq Jan & Noman, 2022). Equation (6) can be used to calculate the output power of
a PV array (Icaza-Alvarez et al., 2022).

P =F ¥, 6)
P PR Gstc
where Ypv is the manufacturer’s rated power output at STC which are 1 kW/m? solar
global radiation at 25 °C with no wind (Jan & Noman, 2022), Fpv is the PV module derat-
ing factor, GT is the global solar radiation incident on the PV array at the current time step,
and Gstc is the global solar radiation under standard test conditions.

The PV panel rated 400W with 14% efficiency is selected for the study. The derating
factor of the PV array is about 80%. The ground reflectance is 20% and the tracking system
was set on the vertical axis with continuous adjustment. The cost function of solar PV is
shown in Eq. (7).

n
PVype = PVee + PV + Z PV o * Tiiferime + PViep * Nip @)
T

where the net present costs, capital costs, costs of installation, costs of operations and
maintenance, and cost of replacement for solar PV are PVypc, PVec PVins PVg ¢, and
PVygp, respectively. Capital costs include costs for photovoltaic modules, structural costs,
and other components. Labor costs, transportation, and installation costs are included.
Annual costs of operating and maintenance where the project time in years is displayed by
T lifetime. Replacement expenses comprise any protective or other element that must be
replaced after a certain period, whereas Nypp constitutes the number of components that
must be replaced over the whole life of the project.

4.2 Wind turbine

A wind turbine is a device that converts kinetic wind energy into mechanical power and
then into electricity. Wind is passed through swept wind turbine bladders to compute wind
turbine output; theoretically, only 59 percent of wind turbine power is extracted (Bet’s law).
The output of a wind turbine may be calculated using Eq. (8).
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p
Pyrg = (p_

[3)

> - Pywrgste ®)

where Py, denotes the power output of a wind turbine in kilowatt-hours (kW), Pyrg stp
is the power output of a wind turbine at standard temperature and pressure [kW], P is actual
air density in kilograms per cubic meter [kg/m?], and p, is the density of air at normal tem-
perature and pressure (1.225 kg/m?).

The “EOCYCLE Eol10” wind turbine of rated power 10 kW with 44% efficiency is
selected for the study. It has a lower cut-in speed of about 2.75 m per second while the
cutout speed is 20 m per second. The rotor diameter is 15.81 m. All costs necessary for the
wind turbine system are shown in Eq. (9).

n

WType = WTee + WTy, + Z WTogum * Tiigerime + WT * Nigp )
i

where the net present costs, capital costs, costs of installation, costs of operations and
maintenance, and cost of replacement for wind turbine WT are WType, WTee, WTiys,
WT o g v, and WTggp, respectively. Capital costs include costs for wind turbines, struc-
tural costs, and other components. Labor costs, transportation, and installation costs are
included. Annual costs of operating and maintenance where the project time in years is
displayed by T lifetime. Replacement expenses comprise any protective or other element
that must be replaced after a certain period, whereas Nypp constitutes the number of com-
ponents that must be replaced over the whole life of the project.

4.3 Hydro

A 15 kW microhydro turbine of Generac is used in the study with an efficiency of 75%.
The available electricity is critical to the reservoir plant’s operation. This may be con-
cluded from the observation that Eq. 10 calculates the potential power of a mass m of water
at h (Majdi Nasab et al., 2021).

E = mgh (10)

where g denotes gravity’s acceleration. There are friction losses in the penstock, as well as
losses in the turbine. This impact is taken into account using a multiplication factor, and
the electric power available from a turbine with head h is given by.

P =npQgh (11)

The flow rate of the hydro turbine is the intermediate variable of the microturbine out-
put power. Using the criteria stated below, the output power of a microhydro may be calcu-
lated at various time stages.

0 lf Qavailable < Qmin
Pturbine = Pavailable lf Qmin S Qavailable S Qmax (12)

Pmax if Qmax < Qavailable

Equation (13) is given for the cost analysis of the microhydro system.
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MHNPC = MHCC + MHins + Z MHO&M * TlifeTime + MHrep * Nrep (13)
1

where MHypc, MHc, MH;,., MH4,\;, and MHrep are net costs of installation, cost of
capital, costs for operations and maintenance, and cost of replacement accordingly of a
microhydro system. Capital costs include turbine costs, generator costs, and equipment
protection costs. Includes wage costs, civil works, transportation, and installation costs for
the installation. Annual operational and maintenance expenditures for the microhydroelec-
tric system, where lifetime denotes the project’s life in years. Replacement expenditures
include any protective or other part that must be replaced after a given time, where Nrep

represents the number of components that must be replaced during the project’s whole life.

4.4 Diesel generator

The system design and simulation processes used a Genset small-size diesel generator. The
minimum load ratio of 25% is considered which estimates a life span of 15,000 h (Rezk
et al., 2020) and a fuel price of $ 0.80 per liter. Equation (14) shows the power output from
a diesel generator (Falama et al., 2022) while Eq. (15) can be used to calculate the CO,
emission (Shezan et al., 2022)

P = Ngjese * NDG % PGD, N (14)

CO, =3.667 * m; * Hv, * CEF, * x, (15)

where NDG =total number of identical diesel generators, PDG =combined output power
of the generators, n is the efficiency of the generator, my is the total amount of fuel, while
Hv;, CEF;, and X, present tons of carbon emitted per TJ, the percentage of oxidized carbon,
and heating value of fuel in MJ/L, respectively. 3.66 is the constant of carbon in CO,.

4.5 Converter cost function

The HOMER built-in power converter is used in this study. The converter has an efficiency
of about 90%. It works in both the inverter (Inv) and rectifier (Rec) modes. When the bat-
tery is being charged it acts as the rectifier, while when power is being supplied to the
load from PV/battery it acts as an inverter. The cost function of a converter is depicted in
Eq. (18) (Prakash & Dhal, 2021).

CONypc = CON¢c + CONjps + CONpgps * Tiigetime + CONGepy * N,

s

e (18)

The net present costs, capital costs, installation, operating and maintenance costs as well
as substitute costs of solar conversion are present in CONypc, CONge, CONins, CONg gy
CONrep, and CONrep. Capital costs include converter costs, interrupters, Ethernet boxes,
etc. Capital costs. The cost of installation includes costs of labor, shipping, and assem-
bly. Annual operating and maintenance cost where lifetime displays project life in years.
Replacement costs include any units that must be replaced after a certain period, whereas
Nrep represents the number of components that must be replaced throughout the project.

@ Springer



Techno-economic analysis of renewable energy sources’ potential. ..

4.6 Battery bank

The battery used in the study is a 20 kilowatt-72 kilowatt-hour Primus energy cell. It is a
zinc—bromine battery. The battery bank is used as a backup system. Roundtrip efficiency is
about 72 percent while the maximum charge current is about 250 amperes, and the maxi-
mum discharge current is considered 500 amperes. It has a nominal voltage of 60 V. It
stores energy when the system is over producing and then provides it when the system is
under producing. Equation (19) shows the cost function of battery bank (Omotoso et al.,
2022).

BBNPC = BBCC + BBins + Z BBO&M * TlifeTime + Z BBrep * Nrep - Psalvage (19)
1 1

BBypc: BB, BBins, BB, and BBygp are the actual costs of the battery bank, net pre-
sent, capital, installation, and operation and maintenance costs, respectively. Battery pur-
chases, battery bank racks, connectors, and other supplies will be included in the capital
cost. Labor, delivery, and assembly are all included in the installation fee. The lifetime
represents project life for years while operating and servicing expenses in one battery per
year. The expenses of replacement include the number of batteries that must be replaced
after their life cycle is complete, with the Nrep battery needing to be replaced numerous

times during the project. Py, is the cost at the end of the project life of these batteries.

4.7 Economics of the project

The core variables of the economics are the nominal discount rate (NDR) is fixed at 10%,
while the presumed inflation rate is fixed at 2%, and the 25 years of the project’s lifetime.

4.8 System dispatch strategies

For the analysis of dispatch strategies in this study, two strategies were considered: cycle
charging (CC) and load following (LF). The HOMER software was utilized to evaluate and
determine the most suitable strategy for each system configuration.

In the load following strategy, the power generation is adjusted to precisely meet the
system’s demand. Only the required amount of power is generated to satisfy the load at
any given time. On the other hand, the cycle charging strategy involves operating the diesel
generators at their full capacity to fulfill the load requirements, while any excess energy
generated is used to charge the available battery banks (Adil Khan et al., 2019; Zameer &
Wang, 2018).

Furthermore, the configurations in the study allow for the simultaneous operation
of multiple generators. An operating reserve of 10% of the hourly load is maintained
to account for unexpected variations in load. For solar and wind systems, the operating
reserve values are set at 100% and 80%, respectively. The operating reserve serves as addi-
tional operating capacity that can be utilized in case of unforeseen fluctuations in load or
renewable energy generation. Its purpose is to ensure the uninterrupted supply of electric-
ity to the system.
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By considering both the CC and LF dispatch strategies and incorporating an operat-
ing reserve, the hybrid energy systems can effectively manage fluctuations in demand and
renewable energy generation, thereby ensuring a reliable and uninterrupted power supply.

4.9 Sensitivity variable

To assess the influence of individual variables on the overall system design, a sensitivity
analysis was conducted. This analysis aims to examine the impact of changes in specific
variables, such as fuel price, equipment cost, wind speed, and other relevant factors. Since
these variables are subject to fluctuations due to technical and environmental considera-
tions, it is crucial to evaluate the system’s robustness through sensitivity analysis.

During the sensitivity analysis, a range of variables was taken into account to determine
the optimal design of the hybrid system that can effectively meet the load demand sustain-
ably. The variables considered for the sensitivity analysis are presented in Table 3. Each
variable was carefully examined to assess its effect on the system, and a detailed analysis
was conducted to understand the implications of variations in these variables. By conduct-
ing this sensitivity analysis, we gain valuable insights into the system’s performance and its
ability to adapt to changing conditions, ensuring its reliability and sustainability.

5 Results and discussion

To find the most effective, reliable, and sustainable system HOMER software was used.
Eight different systems were designed in the software using different combinations from
sources that included diesel generator, PV, wind, hydro, and batteries. All of them were
compared based on output power, NPC, LCOE, and CO, emissions. MCDA was used to
identify the best system based on the defined parameters.

5.1 Component specification of the hybrid systems

The technical specifications of the PV module, hydro turbine, wind turbine, diesel gen-
erator, converter, and batteries that were used in the different systems in HOMOR PRO
are presented in Table 4, 5, 6. Table 4 shows the component specifications of systems
1-4. System 1 was a stand-alone generator system while the rest three were hybrid gen-
erators with individual renewable energy sources of hydro, PV, and wind, respectively.
Diesel is used as fuel for the generator. Similarly, Table 5 shows the component speci-
fication of systems 5-8 which are hybrid systems of renewable sources only. Table 5

Table 3 Sensitivity variables for

. Sensitivity variables Unit Values
analysis

Capacity shortage (%) 0%, 1%
Diesel fuel price (DFP) $1n) 0.8, 1
Load growth (kWh/day) 428, 535
Nominal discounted rate (%) 8,10
Project lifetime (years) 15, 25
Expected inflation rate (%) 2,4
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Table 4 Component specification of the hybrid system 1-4

Quantity Units System 1 System 2 System 3 System 4
Generator Generator Generator Generator
Value Value Value Value
Operational hours hrs/yr 8760 2456 7760 6915
Number of starts starts/yr 1.00 490 1.00 533
Operational lifetime year 2.85 10.2 3.15 3.62
Capacity factor % 422 7.49 333 25.5
Fixed generation cost $/hr 1.56 1.56 1.56 1.56
Marginal generation cost $/KWh 0.197 0.197 0.197 0.197
Electrical production KWh/yr 92,360 16,405 72,931 55,930
Min electrical output KW 6.25 6.25 6.25 6.25
Max electrical output KW 21.8 13.4 20.9 21.8
Fuel consumption L 32,441 6,505 27,137 20,974
Specific fuel consumption L/KWh 0.351 0.397 0.372 0.375
Fuel energy input KWh/yr 319,222 64,008 267,028 206,381
Mean electrical efficiency % 28.9 25.6 27.3 27.1
Hydro PV Wind
Rated capacity KW - 15.0 18.6 10
Minimum output KwW - 10 3.70 3.05
Capacity factor % - 914 19.9 30.5
Total production Kwh/yr - 102,151 32,439 26,688
Maximum output KW - 13.7 15 7
Source penetration % - 133 36.0 29.6
Operation hours Hrs/yr - 8016 4384 8175

presents the specifications of the renewable sources while Table 6 shows the specifica-
tions of the converter and batteries used in them.

Table 4 shows that system 1 relies solely on a diesel generator and operates continu-
ously for 8760 h annually. The single start indicates that it supplies power uninterrupted
to the region. However, due to the continuous operation, system 1 has the lowest opera-
tional lifetime among all the hybrid systems along with maximum fuel consumption.
With the addition of renewable sources to the hybrid system (systems 2—4), the load is
shared between the two sources. This decreases the sole dependency on the generator.
The generator’s operational hours reduce which increases the generator’s operational
lifetime. The electric production of the generator also reduces which is compensated by
the renewable energy power sources. This causes less diesel fuel consumption which
reduces running costs and GHG emissions of the generator. As the source of fuel var-
ies for each renewable system, they contribute in different proportions in their respec-
tive systems which are presented in Table 4. System 2 combines a diesel generator with
hydropower. The hydro turbine has a rated capacity of 15kw which provides 90% of the
power, producing 102,151kWh/year, drastically reducing the generator operation. In this
system, the generator acts as a backup source as indicated by the high number of starts
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Table 5 Component specification of the hybrid system 5-8

Quantity Units System 5 System 6 System 7 System 8

Wind Solar Solar Solar Wind

Value Value Value Value Value
Rated capacity Kw 50 84 103 31.3 20.0
Minimum output KW 15.2 16.7 20.6 6.24 5.99
Capacity factor % 30.0 19.9 19.9 28 30.5
Total production Kwh/yr 31,188 146,585 180,246 54,700 52,475
Maximum output KW 48 80 100 19.9 18
Source penetration % 146 163 200% 60.7 58.2
Operation hour Hrs/yr 8,175 4,284 4,284 4,384 8,175

Hydro Hydro Wind Hydro

Rated capacity KwW 15.0 15.0 40.0 15.0
Minimum output KW 10 10 12.0 10
Capacity factor % 914 914 30.0 914
Total production Kwh/yr 120,151 120,151 104,950 120,151
Maximum output KwW 13.7 13.7 38 13.7
Source penetration % 133 133 116 133
Operation hours Hrs/yr 8016 8016 8175 8016

(490) while hydro is the main supplier. The hydro source has an operational time of
8,016 h/year while the generator has 2,456 h/year.

In system 3 (generator +PV), the majority chunk of the load again falls on the diesel
generator with it producing 70% of the power and the PV producing 30%. The single start
indicates that the generator runs continuously reducing the generator’s lifetime and increas-
ing fuel cost. An 18.6kW PV source is used in the system which acts as a supplemen-
tary source. The PV source has a production and operation time of 32,439kWh/year and
4,384 h/year. Similarly, in system 4, the generator still provides about 65% of the power,
but the higher number of starts (533) indicates that it does not provide continuous power
but operates in durations. The discontinuous operation increases the operation lifetime of
the system and reduces cost as compared to system 1 and 3. In the periods where the gen-
erator is off the power is supplied by the wind turbine system of 10 kW.

Systems 5-8 are fully renewable hybrid systems that combine various combinations of
wind, solar, and hydro energy sources. Table 5 shows that in each system different combi-
nations are used which causes contrasting values for each parameter such as rated capacity,
total power production, and operation time. In system 5, the hydro source of 15kW has a
high capacity factor of 91.4%, indicating that it provides power as a consistent and reliable
supply. The total energy production from hydro is a significant 120,151 kWh/year while
the wind turbine produces 31,188 kWh/year. Given its higher capacity factor and energy
output, the hydro is the primary source while the wind is the secondary. Similar to system
5, in system 6 hydro is the main source while the PV system is the secondary source. The
hydro has a capacity factor of 91.4%, producing 120,151 kWh/year while the PV source
produces 146,585 kWh/year with a capacity factor of 19.9%. System 7 is a hybrid of PV
and wind source. With a rated capacity of 103 kW and a capacity factor of 19.9%, the solar
component produces 180,246 kWh/year, operating for 4,284 h. The wind component in
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Table 6 Component specification of the hybrid system 5-8

Quantity Units System 5 System 6 System 7 System 8
Batteries Batteries Batteries Batteries
Value Value Value Value
Batteries qty 356 564 416 312
String size batteries 4.00 4.00 4.00 4.00
Strings in Parallel strings 89.0 141 104 76.0
Bus voltage A% 48.0 48.0 48.0 48.0
Autonomy hr 17.3 27.4 20.2 14.8
Storage Wear Cost $/KWh 9.53 9.53 9.53 9.53
Nominal capacity KWh 356 564 416 304
Usable nominal capacity KWh 178 282 208 152
Lifetime Throughput KWh 34,076 62,676 286,830 32,677
Expected life yr 12.0 12.0 12.0 12.0
Energy In KWh/yr 3,174 5,839 26,718 3,044
Energy Out KWh/yr 2,539 4,672 21,379 2,436
Losses KWh/yr 635 1,168 5.60 609
Annual Throughput KWh/yr 2,839 5,223 5,344 2,723
Converter Converter Converter Converter
(System 5) (System 6) (System 7) (System 8)
Inv Rec Inv Rec Inv Rec Inv Rec
Capacity Kw 36.6 36.6 18.9 18.9 259 259 15.6 15.6
Minimum Output KW 0275 0362 1.21 0254 445 0400 0.466 0.174
Maximum Output KW 13.2 36.6 134 9.61 21.8 259 134 13.8
Capacity Factor % 0.75 0.99 6.39 1.34 17.2 1.54 2.99 1.1
Operation Hours hrs/yr 748 8008 2332 1105 5254 1703 1204 3838
Energy Out KWh/yr 2412 3174 10,601 2225 39,009 3501 4083 1522
Energy In KWh/yr 2539 3341 11,159 2342 41,062 3685 4298 1602
Losses KWh/yr 127 167 558 117 2068 184 215 80.1

system 7 has a rated capacity of 40 kW and a capacity factor of 30%, producing 104,950
kWh/yr. This indicates a balanced contribution from both solar and wind sources, mak-
ing this system versatile and adaptive to varying renewable energy availabilities. System
8 is a hybrid of all three renewable sources. Similar to the previous systems, the hydro
component remains consistent with a capacity factor of 91.4% and an energy production
of 120,151 kWh/year. It acts as the backbone of the system, ensuring a consistent energy
supply. In periods when hydro production is low, it is complimented by the PV and wind
source. The PV component in system 8 has a rated capacity of 31.3 KW, with a capacity
factor of 28%, and produces energy of 54,700 kWh/year for 4,384 h annually. The wind
energy component has a capacity of 20 kW, with a capacity factor of 30.5%, producing
52,475 kWh/year over 8,175 h. The wind component, though lesser in capacity than solar,
provides consistent energy output, ensuring the system’s stability.
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Each renewable energy source contributes differently in each system which has led to
different sizing and rating of the battery bank and converter in each system as shown in
Table 6. System 5, which is designed to backup wind and hydropower, consists of 196 bat-
teries grouped in 4 parallel strings, ensuring a reliable energy reservoir with a bus voltage
of 48 V and a 17.3-h autonomy. These batteries have a nominal capacity of 356 kWh, and
with an expected lifespan of 12 years, they promise long-term reliability. Complementing
this, the converter system, with both an inverter and a rectifier rated at 36.6 kW, ensures
efficient energy conversion. The inverter converts 2412 kWh/year, while the rectifier out-
puts 3174 kWh/year. This balanced conversion ensures optimal utilization of stored energy,
making system 5 a robust backup for the wind and hydro hybrid. System 6, tailored for
solar and hydro energy, employs 280 batteries arranged in 4 parallel strings. These batter-
ies provide an autonomy of 27.4 h with a nominal capacity of 564 kWh. The converter is
rated at 18.9 kW. The inverter converts 10,601 kWh/year, whereas the rectifier contributes
2225 kWh/year. For system 7, backing up solar and wind energy, the design incorporates
208 batteries in 4 parallel strings. They guarantee an autonomy of 20.2 h and a nominal
capacity of 416 kWh. The converter of 25.9 KW manages energy conversion adeptly. The
inverter contributes 39,009 kWh/year, while the rectifier contributes 3501 kWh/year. Simi-
larly, system 8, an advanced backup for solar, wind, and hydro energy, integrates 312 bat-
teries organized in 4 parallel strings. These batteries offer an autonomy of 14.8 h and a
nominal capacity of 304 kWh. The converter system, vital for energy transition, consists
of a 15.6 KW inverter and rectifier. The inverter yields 4083 kWh/year, and the rectifier
outputs 1522 kWh/year.

5.2 Cost analysis

The comprehensive cost analysis for the eight hybrid systems, as presented in Table 7,
encompasses various financial aspects, including the capital cost, replacement cost, opera-
tions and maintenance (O&M) cost, fuel cost, and salvage value. Each system’s total net
present value, a critical financial metric, is derived from these individual costs.

Distinct combinations of energy systems result in varied technical specifications,
thereby influencing the associated costs of each hybrid system. For instance, system 7
demands the highest capital investment, amounting to $133,440.26, due to its larger rated
capacity. In stark contrast, system 1 is the most economical in terms of initial capital out-
lay, requiring only $24,101.46.

Table 7 Cost analysis of the hybrid systems 1-8

Capital ($) Replacement (§) O & M ($) Fuel ($) Salvage ($)  Total net present

System 1~ 24,101.46  99,139.47 471.85  302,889.55 1385.69 425,216.64
System2  31,879.23  20,997.73 7314.25  60,732.71 3140.89 117,783.06
System 3 30,405.95  99,139.47 15,919.71  253,365.98 1385.69 397,445.44
System4  79,657.01  74,607.68 29,100.29  195,821.89  4900.76 378,690.61
System 5  122,680.97 26,959.37 70,236.66 - 7817.57 212,059.43
System 6  97,215.80  42,710.92 115,544.29 - 12,385.14  243,085.87
System 7 133,440.26  31,503.09 142,157.49 - 9135.14 297,965.70
System 8  80,759.54  23,018.71 69,068.43  — 6675.68 166,173.78
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However, the fuel cost dynamics offer a different perspective. System 1, being entirely
reliant on a diesel generator, incurs a substantial fuel expense of $302,889.55, the highest
among all systems. This high cost underscores the financial implications of relying heavily
on non-renewable energy sources. Conversely, systems 5 to 8, with their renewable energy
compositions, eliminate the need for conventional fuels, resulting in zero fuel costs.

Replacement costs vary across systems, with system 8 demonstrating frugality at
$23,018.71, while system 1 necessitates a considerable $99,139.47, due to the wear and
tear of the generator components. O&M costs offer another dimension to consider. Sys-
tem 7 has the steepest O&M expenses at $142,157.49, hinting at the intensive maintenance
needs of its components. System 1, despite its high fuel cost, manages to keep its O&M
expenses minimal at $471.85.

Salvage value, representing the estimated value of an asset at the end of its use-
ful life, varies across the systems. System 6 stands out with the highest salvage value of
$12,385.14, suggesting a higher residual value of its components. In contrast, system 1’s
components depreciated significantly, leaving a salvage value of only $1,385.69.

Taking all these cost components into account, the total net present value provides an
overarching financial perspective. System 1, with a value of $425,216.64, emerges as the
most expensive in its lifecycle, largely driven by its fuel costs. On the other hand, system
8 proves to be the most cost-effective option with a total net present value of $166,173.78,
underscoring its economic and sustainable design. In terms of financial cost analysis
(Lajunen, 2014), system 8§ is the best option.

5.3 Hybrid system performance

Figure 11 illustrates the levelized cost of energy (LCOE) across all hybrid systems, a
pivotal metric in gauging the cost-effectiveness of energy systems over their operational
lifespan. System 1, operating solely on a diesel generator, inherently relies on a continu-
ous supply of diesel. Diesel, being a non-renewable resource, comes with market-driven
price fluctuations and availability concerns. This constant dependency on fuel, com-
bined with the environmental and logistical costs associated with diesel procurement,
storage, and consumption, inevitably escalates its LCOE, making it the highest among
all systems. As we transition to systems 2 through 4, the incorporation of renewable
energy sources starts to change the LCOE dynamics. Renewable sources, once installed,
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Fig. 11 LCOE of the different hybrid systems
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have minimal marginal costs, especially when it comes to fuel. They harness energy
from natural sources like sunlight, wind, and water flows, which are not only abundant
but also free. Thus, as these renewable sources begin to contribute more to the power
production responsibility, the diesel generator’s operational hours reduce. This reduc-
tion translates directly into decreased fuel consumption and, by extension, a declining
LCOE.

Systems 5 to 8 represent a major shift. Completely removing the diesel generator,
they rely purely on renewable energy combinations. The absence of any fuel costs for
these systems is a game changer. With zero diesel consumption, the LCOE is influenced
by capital, operations, and maintenance costs—all of which tend to be competitive in
the long run, especially when considering the environmental externalities.

Among these, system 8 stands out. It harnesses the power from three renewable
sources: photovoltaic (PV) panels, wind turbines, and hydro energy. This trio ensures
diversified energy input, minimizing the vulnerabilities associated with any single
renewable source’s intermittent nature. The system benefits from the consistent energy
supply of hydro, the daytime efficiency of PV, and the often complementary generation
patterns of wind (Lajunen, 2014).

Greenhouse gas (GHG) emissions remain at the forefront of global environmental
concerns, primarily due to their unequivocal association with climate change. Figure 12
shows the environmental footprints of the different hybrid systems based on their energy
source. Systems 1 through 4 incorporate a diesel generator, inherently leading to high
GHG emissions during operation. The combustion process within the generator pro-
duces carbon dioxide (CO,), nitrogen oxides (NOx), and other GHGs, linking the sys-
tem’s operational hours directly with its emissions. System 1, being exclusively reliant
on its diesel generator for power generation, inevitably records the highest GHG emis-
sions. The continuous combustion of diesel not only results in significant carbon emis-
sions but also other pollutants that have both environmental and health implications.

However, a transformation is observed in systems 2, 3, and 4. The integration of
renewable energy sources in these systems introduces a shift. As these green energy
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Fig. 12 GHG emissions of all the hybrid system
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sources begin to contribute to the energy mix, they offset the generator’s operational
load. The direct consequence is a decline in diesel consumption, leading to proportion-
ally reduced GHG emissions (Lajunen, 2014). Specifically, the hydro-based component
in system 2 demonstrates remarkable efficacy in reducing emissions, making it the most
environmentally friendly among the first four systems.

On the other end of the spectrum lie systems 5 through 8, embodying the pinnacle of
sustainable green energy generation. Operating purely on renewable sources, these systems
achieve the gold standard in environmental performance of zero GHG emissions. Their
operation remains entirely decoupled from any combustion processes, ensuring that their
energy generation does not contribute to the global GHG inventory.

GHG emissions are not monolithic. They encompass a diverse array of gases, each with
its unique molecular structure, radiative properties, and environmental impact. Central
among these is carbon dioxide (CO,), the largest product of burning fossil fuels. However,
GHG emissions also include other deleterious compounds such as carbon monoxide (CO),
nitrogen oxides (NO), sulfur dioxide (SO,), unburnt hydrocarbons, and particulate mat-
ter. Each of these compounds, while differing in their relative abundances, plays a role in
atmospheric processes, affecting air quality, human health, and the broader environment.
Particularly, their cumulative effect has been linked to the degradation of the ozone layer
and the exacerbation of global warming, as substantiated by numerous scientific studies
(Bakar et al., 2022). Figure 13 shows the different gas compositions in the GHG emissions
of systems 1-4.
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Fig. 13 GHG emission composition
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Electrical Production Share
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Fig. 14 Energy sources’ contribution to electrical production

The eight hybrid systems are made of different energy sources which include diesel,
solar, wind, and hydro. The sources contribute differently to each system. The contribu-
tion depends on the availability of the source which greatly depends on the climate and
geographical conditions. Figure 14 shows the percentage of contribution of each source
in every system. Due to the geographical location, there is an almost constant supply of
hydro energy with dry spells only in January. Because of this reason in all the systems
where hydro is used, it contributes more than 50% of power production. The location also
has excellent spells of solar and wind availability; therefore, it can be seen that they also
contribute to power production.

In systems 5 and 6, they contribute more than 40%, respectively, along with hydro in
power production. Solar has a slightly more share than wind in the location’s energy mix
as can be seen from the results of system 8 and system 7 (more than 60% is contributed by
solar). It can also be seen that as renewable energy sources are introduced in systems 2, 3,
and 4, the generator contribution reduces significantly below 35%.

Figure 15 offers a comprehensive visualization of the daily and hourly electrical output
for each energy source in the hybrid systems throughout the year. A discernible pattern
emerges, particularly influenced by the diurnal rhythms and the varying load demands. It’s
evident that during nighttime when the load is minimal, the output from the sources dimin-
ishes. This reduction is particularly pronounced for sources that rely on daylight, such as
solar. Conversely, daytime, especially during summer months, witnesses a surge in energy
production. This escalation can be attributed to increased load demands, often reaching
peak levels due to heightened commercial and residential activities.

The intermittent nature of renewable energy sources is also evident. Periods or "dry
spells" occur during which specific sources, owing to environmental factors, produce little
to no power. However, the hybrid design of the systems ensures that when one source is
underperforming, other steps in to compensate, guaranteeing an uninterrupted power sup-
ply. A case in point is system 2. Here, the hydro system experienced a dry spell in Janu-
ary, resulting in no power generation. Yet, the diesel generator compensates for this deficit,
especially during peak load periods. At other times, its contribution is negligible, under-
scoring the system’s reliance on hydropower.

System 8 provides a more intricate output pattern. In the absence of hydropower in Jan-
uary, the wind turbine plays a pivotal role. Yet, throughout the year, peak hour demands
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are predominantly met by the combined efforts of the microhydro and solar PV. However,
during winter months, when solar output wanes due to reduced daylight hours, the wind
turbines, in conjunction with batteries, ensure that the system caters to the elevated resi-
dential loads.

Across all systems, a recurring theme is evident. Each energy source, with its unique
operational characteristics, complements the others. Periods of reduced output from one
source are effectively counterbalanced by increased production from another. This har-
mony ensures that irrespective of environmental variables or load demands, a consistent
power supply is maintained. Figure 15, in essence, underscores the resilience and adapt-
ability of the hybrid systems, showcasing how diverse energy sources can seamlessly inte-
grate to ensure stable power.

5.4 Breakeven Grid Extension Distance (BGED)

The breakeven grid extension distance (BGED) serves as a metric to assess the cost-effec-
tiveness of implementing a stand-alone energy system versus extending the grid to a spe-
cific location. It compares the distance between the location and the grid station with the
BGED value to determine the most economical option (Table 8).

For the system 8 configuration in the Bankhwar Utrar region, the calculated BGED is
75.75 km. This value is considerably lower than the actual distance of 112 km between
Bankhwar Utrar and the alternate district grid at Kalam. Hence, based on the BGED of
75.75 km, it is evident that constructing a stand-alone system would be more cost-effective
than extending the grid to the alternate grid. This implies that investing in a stand-alone
system is a favorable and economically viable choice for meeting the energy needs of the
Bankhwar Utrar community.

6 Multi-criteria decision-making (MCDM)

The HOMER Pro software optimizes the system by prioritizing the lowest net present cost
(NPC) and cost of electricity (COE) while ensuring the load demands are satisfied. How-
ever, it does not take into account other crucial parameters of the system. To address this
limitation, the multi-criteria decision-making (MCDM) method was employed to rank the
systems, considering the inclusion of other significant factors.

Table 8 BGED of the hybrid

System BGED (km)
energy systems

System 8 75.75
System 2 102

System 5 115.65
System 6 147.17
System 7 157.67
System 4 186.36
System 3 204.69
System 1 237.54
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MCDM is a decision-making approach that involves the assessment of multiple solu-
tions based on predetermined criteria and common challenges. In this study, the criteria
were assigned weights using the analytical hierarchy process (AHP) technique, which
allows for the relative importance of each criterion to be determined. Subsequently, the
simple additive weightage (SAW) method was utilized for data analysis and evaluation. The
SAW method, also referred to as the weighted summing method, calculates the weighted
sum of performance evaluations for each alternative across all attributes.

The criteria identified for the MCDM method are shown in Table 9. The criteria were
selected based on the output results obtained from HOMER Pro and then identified their
relative importance by carrying out an extensive literature review.

To account for the varying levels of importance attributed to the evaluation criteria, a
rigorous selection process was employed in this study. The chosen criteria were specifi-
cally customized to suit the unique circumstances that could potentially impact the perfor-
mance of the installed renewable energy systems. To determine the appropriate weighting
for each criterion, the analytic hierarchy process (AHP) method was employed. To facili-
tate this procedure, a comparison decision matrix was constructed, enabling direct evalu-
ations between each criterion and its corresponding counterpart. This approach facilitated
the identification of the most significant criteria, ensuring a comprehensive and systematic
evaluation of the renewable energy systems under investigation.

The pairwise comparison matrix employed a scale ranging from 1 to 9, signifying the rel-
ative importance of each criterion. It was created using a square matrix A=m * m, where
“m” represents the number of criteria. The entries in the comparison matrix, denoted as a;,

Table 9 Selected criteria for

MCDM Criteria Symbol
Renewable energy penetration C1 Beneficial
Excess power Cc2 Beneficial
Unmet load C3 Non-beneficial
Breakeven grid extension Distance =~ C4 Beneficial
(BGED)
Levelized cost of electricity C5 Beneficial
Net present cost C6 Non-beneficial
O0&M C7 Non-beneficial
GHG emissions produced C8 Non-beneficial
Table 19 Pairwisp values of c1 © 3 c4 cs c6 7 8
comparison matrix
Cl 1 033 4 3 0.17 014 2 2
C2 3 1 2 2 0.17 014 05 1
C3 0.25 0.5 1 2 0.2 0.17 0.5 0.5
C4 0.33 0.5 0.5 1 0.2 0.2 0.5 2
C5 6 6 5 5 1 0.5 4 6
C6 7 7 6 5 2 1 5 6
C7 0.5 2 2 2 0.25 0.2 1 2
C8 0.5 1 2 0.5 0.17 0.17 05 1
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represented the comparison values between the ith (row) criterion and the jth (column) crite-
rion. The values for the comparison matrix, as presented in Table 10, were established through
Eqg. 20, enabling direct evaluations between each criterion and its corresponding counterpart.
These values in Table 10 were derived through an extensive literature review, encompassing
multiple articles on MCDM applied in the context of renewable energy. A thorough analysis
of these articles allowed for the identification of the relative importance of each criterion and
the assignment of corresponding numerical values.

Furthermore, a priority vector was generated for the matrix and subsequently verified
through the consistency verification process. The resulting consistency ratio (CR) was found
to be below 10% (8.9%), providing validation for the matrix’s reliability in the decision-mak-
ing process. This meticulous approach ensures the robustness and accuracy of the evaluation
process, facilitating informed decision-making regarding the renewable energy systems being
assessed.

A = (ay) (20)

elseifi=j, a; =1

In the next phase, to ensure consistency and comparability, each entry value (a;) in the
pairwise comparison matrix needs to be normalized. This normalization is achieved by divid-
ing each entry value by the sum of the entry values within its respective column. The purpose
of this process is to create a normalized pairwise comparison matrix where the values accu-
rately reflect the relative importance of the criteria being evaluated. The calculation of the
normalized matrix is determined by utilizing Eq. 21, which ensures that the resulting values
maintain their proportional significance in the decision-making process.

ajj

a5 = 21
! h @D

To derive the overall weight vector, the final step entails calculating the average of each
row in the matrix provided in Table 11. This averaging procedure is performed using Eq. 22,
which ensures that the resulting weights reflect the collective importance assigned to the crite-
ria. By averaging the values within each row, we obtain a comprehensive representation of the
relative significance of the criteria in the decision-making process.

m

W= a 22)

=1

The multi-criteria utility function (U) plays a vital role in the process of multi-criteria
decision-making (MCDM) by evaluating and assessing alternative options based on a variety

Table 11 Overall weightage for c1 2 3 c4 c5 c6 c7 c8
each criterion

0.084 0.077 0.041 0.044 0274 0357 0.076 0.047
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of criteria. It consolidates the different criteria into a single utility value, allowing for effec-
tive comparison and ranking of the options. In our study, we have determined the weights for
each criterion, which indicate their relative importance or priority, as shown in Table 12. By
applying the utility function, the performance of each alternative across the various criteria
is transformed into a unified utility value. This facilitates the comparison and ranking of the
alternatives based on their overall utility, taking into account the trade-offs and preferences
associated with the criteria. The calculation of the multi-criteria utility function, incorporating
the weights assigned to all the criteria, can be found in Eq. 23.

Multi-Criteria Utility Function (U) = 0.084 * [C1] + 0.077 * [C2] + 0.041 * [C3] + 0.044 * [C4]

+0.274 * [C5] 4+ 0.357 % [C6] + 0.076 * [CT7] + 0.047 = [C8]
(23)

The final step of score and rank is calculated by ranking the alternatives from the sum of
decision matrix multiplication by weights using Eq. 23.

The results of the MCDM analysis, including the scores and ranks achieved by the vari-
ous system configurations, are presented in Table 13. Among the evaluated hybrid energy
systems, system configuration 8 obtained the highest score of 0.87, securing the top rank.
This indicates that this particular configuration aligns most closely with the identified crite-
ria and demonstrates strong suitability for addressing the technical, economic, and environ-
mental aspects of the project. Following closely in second place is system Configuration 2,
which achieved a score of 0.72. On the other hand, the generator-only configuration (sys-
tem 1) obtained the lowest score of 0.39, placing it in the seventh position. This configura-
tion relies solely on conventional fossil fuel-based power generation, resulting in limited
environmental sustainability and higher costs compared to the other configurations.

Tablg 12 Normalized pairwise cl 2 3 c4 c5 c6 7 c8
matrix

Cl1 0.11 009 015 0.09 006 008 0.07 0.19
Cc2 0.02 002 0.01 004 003 001 0.01 001
Cc3 0.02 003 0.02 007 004 006 0.11 0.02
C4 002 001 0.01 002 003 0.04 0.04 002
C5 046 016 015 016 026 015 0.13 029
C6 0.02 003 001 001 003 002 0.04 0.02
C7 0.03 003 005 001 004 001 0.02 001
C8 005 0.11 013 0.1 008 0.10 0.13 0.09

Table 13 Score and ranking of

the system through MCDM System Score Rank
System 8 0.87 1
System 2 0.72 2
System 5 0.71 3
System 6 0.61 4
System 7 0.57 5
System 4 0.51 6
System 3 0.47 7
System 1 0.39 8
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Table 14 Score and ranking of

the system through equal weights System Score Rank
System 8 0.68 1
System 2 0.61 2
System 5 0.60 3
System 6 0.57 4
System 7 0.53 5
System 4 0.51 6
System 3 0.43 7
System 1 0.29 8

The prioritization of criteria offers valuable insights into the performance and suitabil-
ity of each system configuration in meeting the unique requirements of the project. The
top-ranked configurations, such as PV/generator/battery and PV/battery, exhibit significant
advantages in terms of technical feasibility, economic viability, and environmental sustain-
ability. It is noteworthy that the MCDM rankings align closely with the rankings obtained
from the HOMER Pro software.

To validate the results obtained through the SAW-AHP MCDM approach, an additional
analysis was conducted by assigning equal weights (0.125) to all eight criteria and apply-
ing the MCDM method. This allowed for a comparison with the results obtained from the
SAW-AHP MCDM strategy. The multi-criteria utility function becomes:

Multi-criteria utility function (U) = 0.125 % [C1] + 0.125 = [C2] + 0.125 % [C3] + 0.125 = [C4]
+0.125 % [C5] 4+ 0.125 * [C6] + 0.125 * [C7] + 0.125 * [C8]
(24)

Upon conducting the analysis of the system configurations, it was observed that the
ranking of the configurations remained consistent, indicating the robustness of the prior-
itization process. However, there was a notable decrease in the overall score for system
configuration 8, dropping from 0.871 to 0.68. This decline can be attributed to the equal
weightage assigned to all criteria, which failed to adequately consider the varying degrees
of importance and trade-offs associated with each criterion (Table 14).

Considering all the results obtained, it can be concluded that system configuration 8
emerges as the most viable, sustainable, and reliable option. This configuration exhibits the
lowest net present cost (NPC) and levelized cost of energy (LCOE) among all the systems
evaluated. Additionally, system 8 achieves zero greenhouse gas (GHG) emissions and dem-
onstrates the capability to provide a continuous power supply to meet the load demands of
the area.

7 Conclusion

Due to the geographical location of Pakistan, renewable energy resources are abundant in
the country. Distributed generation is the greatest solution to the country’s energy issue,
but the intermittent nature of renewables makes it difficult to solely depend on one source.
Through the optimization of multiple renewable energy supplies in a single hybrid sys-
tem, this issue can be solved. In hybrid systems, one source complements the other per-
fectly to provide continuous reliable power. However, the configuration of the hybrid
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source significantly depends on the location due to climate and geological conditions.
In this study, a hybrid power source is designed for the rural area of Bankhwar Utrar in
Kalam, Pakistan. Bankhwar Utrar was selected due to its poor access to the national grid
and access to the high potential of renewable energy sources. In examining the techno-
economic facets of rural electrification in Bankhwar Utrar, Kalam, Pakistan, this study
took into account energy sources such as PV, wind turbines, diesel generator, and battery
storage, crafting 8 distinctive hybrid energy configurations. For a local load of 20 kW, the
hybrid system was meticulously designed to meet the intrinsic electrical demands of the
rural community. A total of eight different systems were designed in HOMER. Systems 1
to 4 were based on the diesel generator with a single renewable source while systems 5 to 8
were based on only renewable sources.

Central to this research was the comprehensive technical analysis of the hybrid systems
through HOMER Pro along with the ranking and selection of the most suitable system
for the region through the multi-criteria decision analysis (MCDA) technique. The dual
methodology, emphasizing both HOMER Pro and MCDA, provided a robust evaluation
platform for the various energy scenarios. Key findings from our analysis include:

e The hybrid system of solar PV, wind turbine, hydro turbine, and battery bank (system
8) underscored the limitations of conventional DG-based generation in terms of eco-
nomic and environmental prudence.

e The aforementioned configuration was championed with an NPC of $166,173.78 and
an LCOE of 0.14$/kWh, aligning seamlessly with the energy requisites of Bankhwar
Utrar.

Unsurprisingly, this hybrid configuration topped the MCDA rankings.

The rankings remained the same for all three scenarios (HOMER Pro ranking, AHP-
SAW ranking, equal weights ranking) indicating the reliability and robustness of the
model.

e The hybrid system configuration provides the required system stability and sustainabil-
ity due to the uninterrupted high penetration of renewable energy penetration.

e In terms of environmental stewardship, the system’s GHG emissions were a laudable
zero, highlighting the ecological merits of the approach.

e The data reveal that in the hybrid system the hydro accounts for a significant portion of
the overall electrical production, contributing 52.9% of the total followed by PV with
24.1% while wind provides 23%.

e The hybrid had a significant feasible value of breakeven grid extension distance
(BGED) of 75.75 km, which is considerably lower than the actual distance of 112 km
between Bankhwar Utrar and the alternate district grid at Kalam.

e Conversely, traditional configurations, notably the diesel generator system and PV/gen-
erator hybrid, surfaced as less optimal, both economically and environmentally.

e The sole diesel generator system and the PV/generator hybrid system had the highest
NPC of $425,216 and $397,445 with LCOE of 0.36$/kWh and 0.32$/kWh, while also
producing GHG emissions of 86168 kg/year and 72097 kg/year.

While this research was specifically tailored to Bankhwar Utrar, Kalam, Pakistan, it is
pivotal to note that employing the same HES in a different locale might yield varied results,
given the unique geographical and climatic conditions inherent to each area. Nevertheless,
the MCDM methodology designed in this study is versatile enough to assess and prioritize
systems across diverse locations. Although there might be constraints in universally gener-
alizing the outcomes, the research provides invaluable insights that can act as a touchstone
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for the electrification of rural regions. Through its exploration of Kalam’s energy demands,
potential resources, and localized challenges, this study crafts a blueprint ready for adapta-
tion to other settings. Such adaptability ensures that renewable energy configurations can
be fine-tuned to resonate with distinct regional requirements, bolstering their efficacy.
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