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Abstract

Remote northern regions face unique energy challenges due to geographic isolation, harsh
climates, and limited access to centralized power grids. In response to growing envi-
ronmental and economic pressures, there is a rising interest in hybrid energy systems
that integrate renewable and conventional sources. This study investigates sustainable
and cost-effective energy supply strategies for off-grid northern communities through
the modeling and simulation of multi-energy microgrids. Focusing on case studies from
Yakutia (Russia), Hordaland (Norway), and Alaska (United States), the research employs a
comprehensive methodology that combines a critical literature review, system design using
HOMER Pro software (version 3.16.2), and a comparative analysis of simulation outcomes.
Three distinct microgrid configurations are proposed, incorporating various combinations
of solar photovoltaic (PV), wind energy, diesel generators, and battery storage systems.
The findings reveal that integrating solar PV significantly enhances economic efficiency,
particularly in regions with high solar irradiance, underscoring its pivotal role in shaping
resilient, sustainable energy systems for remote northern areas. This study is innovative in
its cross-regional comparative approach, linking techno-economic simulation with climatic
variability analysis to identify context-specific energy strategies. The key findings highlight
how hybrid microgrids combining PV, wind, and storage systems can reduce both costs
and emissions by up to 35% compared to diesel-only systems, offering practical pathways
toward sustainable electrification in high-latitude regions.

Keywords: multi-energy microgrids; energy transition; solar PV; wind energy; battery
storage; energy cost; load profile

1. Introduction
The Paris Agreement has established a critical global objective: to limit the rise in

average global temperature to well below 2 ◦C, preferably to 1.5 ◦C, above pre-industrial
levels [1]. In alignment with this climate imperative, signatory countries, including those
with expansive northern territories such as the United States, Russia, and Norway, have
adopted comprehensive national strategies to curtail greenhouse gas (GHG) emissions. As
fossil fuel combustion remains the principal source of these emissions, transitioning away
from hydrocarbons is essential to achieving national and global decarbonization targets [2,3].
In this context, the accelerated deployment of renewable energy (RE) technologies and the
strategic utilization of locally available energy resources have emerged as indispensable
components of sustainable energy transitions [4].
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Over the past two decades, the global energy sector has undergone a fundamental
transformation, marked by an increasing reliance on clean energy sources and the de-
centralization of energy systems. These shifts, underpinned by rapid digitalization, are
enabling the evolution of traditional power systems into smart grids, capable of accommo-
dating a high share of intermittent renewables without compromising grid reliability or
resilience. Given the rising role of electricity in final energy consumption worldwide, these
advancements are central to net-zero emission strategies [5].

RE integration is occurring at both national and local scales, particularly through the
deployment of mini- and microgrids (MGs). These systems typically consist of low-voltage
networks with flexible loads, energy storage solutions, and distributed energy resources
(DERs), such as photovoltaic (PV) panels, wind turbines, fuel cells, and microturbines [6]. In
off-grid or remote contexts, including isolated communities, islands [7], and decentralized
energy cooperatives, autonomous MGs offer cost-effective and environmentally sustainable
alternatives to centralized systems. Most previous research has focused on developing
countries of the Global South, leaving a knowledge gap regarding high-latitude off-grid
regions in the developed economies, where extreme low temperatures, seasonal variations
in solar and wind resources, and high diesel fuel costs pose unique challenges. In many
cases, cost advantages arise through disintermediation, which reduces dependency on con-
ventional utility providers and grid operators [8]. Accordingly, microgrids are increasingly
adopted across both industrialized and developing nations, including in North America
(e.g., the U.S. and Canada), Europe (e.g., Austria, Greece, Portugal, Italy, Germany), Asia
(e.g., Japan, China), and Africa (e.g., Somalia, Kenya, Tanzania, Ghana). These systems
often incorporate diverse energy technologies from diesel generators and hydroelectric
units to PV arrays, wind turbines, and hybrid combinations [9].

Recent research has increasingly focused on optimizing microgrid design and opera-
tions through digitalization. Smart MGs integrate advanced digital solutions for generation,
distribution, and real-time power flow management. Emerging technologies such as dis-
tributed ledger technologies (DLTs) have been evaluated for their potential to facilitate
secure energy trading within the evolving Internet of Energy paradigm [10]. The Inter-
net of Things (IoT) has also become central to smart energy systems, enabling optimized
power exchange between sources, loads, and battery energy storage systems (BESS), and
facilitating dynamic microgrid operation [11]. However, digitalization also introduces new
vulnerabilities—including cybersecurity risks [12,13] and reliability issues related to the
degradation of power electronic components [14].

An expanding body of literature has examined microgrid modeling across diverse
geographic contexts. Solar PV remains a core component of many MG designs due to
its broad accessibility, modularity, and relatively low infrastructure demands—even in
regions with modest solar resources. While some systems rely exclusively on PV and
battery storage [15], others integrate alternative energy sources such as biogas, reducing
the need for storage components [16]. More advanced hybrid configurations incorporate
fuel cells, electrolyzers, hydrogen storage systems [17], or combined technologies such
as tidal turbines and wind generators [18]. Despite this growing body of research, there
is limited understanding of microgrid performance in extreme northern conditions that
require careful consideration of seasonal variability, low temperatures, and high energy
demand for heating and infrastructure operation.

This study aims to address this research gap by examining the design and feasibility of
renewable microgrids in remote northern regions of Yakutia (Russia), Hordaland (Norway),
and Alaska (United States). By comparing the performance of diverse microgrid configura-
tions in these northern locations, the study provides original insights into the role of local
resource availability, environmental constraints, and technology options in shaping effec-
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tive energy system design. The analysis employs HOMER Pro software (version 3.16.2), to
simulate the technical and economic performance of microgrid systems under site-specific
meteorological and demand profiles. Each scenario features varying combinations of PV,
wind, diesel backup, and energy storage technologies. The main innovation of this study
lies in its cross-country comparative modeling framework, which integrates environmental
and economic assessments to identify optimal RE configurations for cold-climate, off-grid
regions. Unlike prior studies that focus on single regions or technologies, this research
bridges geographic and climatic differences to derive generalizable design principles for
high-latitude electrification.

By providing a novel comparative analysis across three geographically and climati-
cally distinct northern regions, this research contributes to both scientific knowledge and
practical applications in several ways. First, it addresses a critical gap in the literature by
providing a comparative perspective on high-latitude off-grid locations that are under-
represented in existing microgrid studies. Second, the study systematically evaluates the
technical, economic, and environmental performance of diverse microgrid configurations,
including combinations of PV panels, wind turbines, diesel generators, and energy storage
systems, under extreme seasonal and climatic conditions, providing insights into the re-
silience and reliability of these systems. Third, by employing site-specific meteorological
and energy demand profiles, the research demonstrates how local resource availability and
environmental constraints influence optimal microgrid design, offering a methodology
that can be adapted to other remote or harsh environments. Furthermore, the findings
emphasize the substantial cost and emission reductions achievable through the strategic in-
tegration of renewables and storage technologies, highlighting their potential to accelerate
sustainable energy transitions in northern and Arctic communities.

To sum up, the integrated modeling approach, combining technical simulation with
economic assessment, provides a replicable framework for future studies aimed at optimiz-
ing RE deployment in regions with harsh climate conditions. This study uses advanced
software to simulate multiple scenarios, enabling a semi-quantitative assessment of system
performance under varying conditions. This approach demonstrates the practical applica-
bility of the methodology for energy planners, policymakers, and engineers seeking robust,
cost-effective solutions for electrification in northern areas.

The remainder of this paper is structured as follows: Section 2 reviews the relevant
literature and contextualizes the energy systems of the selected regions and outlines the
research methodology, data sources, and modeling framework. Section 3 presents and
analyzes the simulation results, including sensitivity tests and identified limitations. Fi-
nally, Section 4 concludes with key takeaways and suggestions for future research and
implementation strategies.

2. Materials and Methods
2.1. An Outline of the Methods

Various methodological approaches have been employed in the modeling of micro-
grids (MGs), reflecting the multidimensional nature of their design and operation. A
significant body of research focuses on the technical and economic optimization of MGs, an-
alyzing system configurations based on diverse combinations of RE resources and storage
technologies. These studies frequently utilize simulation and optimization platforms such
as HOMER, MATLAB, and Monte Carlo-based models [16,17]. Within these platforms, a
wide range of optimization techniques are applied, including multi-objective optimization,
genetic algorithms, general algebraic modeling systems (GAMS), and various mathematical
programming frameworks.
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In parallel, a growing subset of studies incorporates social, environmental, and be-
havioral dimensions into MG modeling. These approaches often rely on tools such as
agent-based modeling, RETScreen, DIgSILENT PowerFactory, Eco-Si, and IoT-enabled
systems, allowing for the consideration of user behavior, environmental constraints, and
decentralized control strategies [19]. Despite this methodological diversity, most studies are
limited to single-country or single-region analyses, offering insights into localized contexts
but constraining broader generalizations [18]. Comparative assessments across multiple
geographic locations remain scarce, largely due to the lack of standardized and location-
specific datasets, which impedes replicability and validation of model assumptions [20,21].

In the present study, MG modeling is conducted using the HOMER Pro (Hybrid
Optimization of Multiple Energy Resources) software, which facilitates techno-economic
analysis with a specific focus on minimizing the Net Present Cost (NPC). This tool enables:
(i) the optimal planning of multi-energy MG systems through the identification of the least-
cost configurations, and (ii) the exploration of system operation features under various RE
resource scenarios [22].

HOMER Pro was selected due to its extensive capabilities for simulating MG per-
formance in geographically diverse contexts. Its built-in libraries allow for the detailed
modeling of generation technologies, storage components, and load profiles, while its
flexible architecture supports the construction of hybrid energy systems under varying
techno-economic, environmental, and policy conditions [23]. The software’s versatility and
user-defined parameterization make it particularly well-suited for off-grid energy solutions
in remote or climatically extreme environments [24,25].

By applying HOMER Pro across three geographically and climatically distinct northern
regions, this study goes beyond typical single-region analyses. The methodology integrates
site-specific meteorological and load data to capture the influence of local resource avail-
ability and environmental constraints on optimal MG design. This comparative approach
allows for the evaluation of technical, economic, and environmental performance under
diverse regional conditions, providing insights that are directly applicable to planning,
policy, and engineering practice in remote or harsh environments.

Although HOMER Pro allows for detailed scenario analysis, the present study focuses
on a comparative assessment of multiple hybrid microgrid configurations across three
distinct northern regions. The primary objective was to identify the optimal configurations
under realistic site-specific conditions, rather than to conduct exhaustive sensitivity testing
on individual parameters such as fuel price, CAPEX, or seasonal load. Nonetheless, the
modeling framework provides sufficient flexibility to incorporate such analyses in future
work, and the current results still offer meaningful insights into system performance,
resilience, and cost-effectiveness across diverse climatic and geographic contexts.

2.2. Case Study Regions and RE Potential

This study focuses on three northern regions, the Republic of Sakha (Yakutia) in the
Russian Federation, Hordaland County in Norway, and the State of Alaska in the United
States, chosen because of their similar traits: limited or no centralized grid infrastructure,
location within northern latitudes, and difficult climate conditions. These similarities
make them especially useful for assessing the performance and feasibility of decentralized,
renewable-based microgrid (MG) systems. Regional assessments included local meteo-
rological conditions (wind speed, solar irradiance, and temperature profiles) and energy
consumption indicators to evaluate the practicality of RE integration.
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2.2.1. Russian Federation—Republic of Sakha (Yakutia)

The Republic of Sakha (Yakutia) is Russia’s largest administrative region located above
the Arctic Circle. Covering approximately 3.08 million km2, it has a notably low population
density of just 0.31 inhabitants per km2. The regional economy is resource-intensive,
dominated by extractive industries including gold, diamond, tin, and coal mining, along
with timber processing and manufacturing. Indigenous communities engage in traditional
practices such as reindeer herding, fur farming, and fishing [26].

Yakutia holds considerable RE potential, with high solar radiation in inland areas and
strong wind regimes along its Arctic coastline [27]. Notably, it was the first region in Russia
to implement a legal framework supporting RE deployment [28]. As of 2024, Yakutia is
home to 21 PV plants, including the world’s largest solar installation beyond the Arctic
Circle, commissioned in Batamay in 2015. The regional share of renewable electricity gen-
eration, excluding large hydropower, is projected to reach 10%—approximately ten times
the national average [29]. These installations are primarily integrated within autonomous
smart microgrids that combine diesel generators with energy storage.

Despite these developments, academic research on off-grid MG systems in Yakutia
remains limited. Notable contributions include [25], who demonstrated the environmental
and economic benefits of decentralized systems using a Monte Carlo tree search approach
in Transbaikal National Park [30] proposed a multi-criteria design for net-zero energy
systems in rural Siberia. Moreover, ref. [31] explored emerging technologies such as metal
hydride storage in MG configurations involving fuel cells and electrolyzers.

2.2.2. Norway—Hordaland County

Hordaland, located on the western coast of Norway, spans 15,460 km2 and had a
population of 524,495 in 2019, with a density of 33 inhabitants per km2. The region
encompasses several islands, including Askøy, Sotra, and Stord, whose geographic isolation
makes them well-suited for microgrid applications [20]. The local climate is humid, with
high precipitation and considerable wind energy potential due to the coastal location.

Norway’s electricity generation is overwhelmingly RE, with hydropower contributing
over 92% of electricity production by 2020 [32]. Nationally, renewables accounted for 67.5%
of gross final energy consumption in 2018 [33]. Hordaland is also a strategic maritime and
energy hub, hosting Norway’s largest naval base and companies responsible for 80% of the
country’s oil exports [34].

Microgrids in Norway are typically deployed in regions with minimal electricity demand
or weak grid connections. Approximately 94% of distributed generation is sourced from
small-scale hydropower [35]. Several studies have modeled MG deployment in Hordaland
and neighboring islands. For instance, ref. [36] applied a two-stage stochastic MILP model
combined with a heuristic CDM method to optimize MG design. Ref. [37] analyzed cost
dynamics for wind-based MGs in the municipality of Ås, concluding that low wind potential
rendered the system economically unviable. Ref. [20] proposed an MG model for three
Hordaland islands, achieving 85% RE penetration using a hybrid system comprising 123 kW
PV, 3 MW wind, 1.059 MW hydropower, 1.2 MW hydrokinetic, 0.5 MW biogas, and 11 MW
diesel generation with 15 MWh storage. Similarly, ref. [38] simulated eight MG configurations
in Grimstad, estimating an average operational cost of €0.2275 per kWh.

2.2.3. United States—State of Alaska

Alaska, the largest and northernmost state of the United States, spans over 1.7 million km2

and has a population of approximately 736,081, resulting in a low population density of
0.49 people per km2—comparable to Yakutia. Its economy, like Yakutia’s, is dominated by
extractive industries, particularly oil and gas, alongside fisheries and timber production.
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Despite its vast renewable potential, Alaska’s 2022 electricity generation relied pre-
dominantly on natural gas (42%), followed by hydropower (29%), petroleum (14%), and
coal (12%), with other RE sources (solar, wind, biomass) contributing just 3% [39]. Neverthe-
less, Alaska leads the United States in microgrid adoption, with over 3.500 MW of installed
MG capacity as of 2021—among the highest globally [40]. MGs in Alaska typically serve
small, remote communities with populations under 1000 and average loads below 300 kW.
These systems commonly integrate wind and solar energy, supplemented by hydropower,
geothermal, and biomass.

Academic literature on Alaskan MGs emphasizes technological configurations and
renewable integration challenges. Ref. [41] assessed solar PV installations in communities
ranging from 2.2 kW (Ambler) to 50 kW (Galena). Ref. [42] detailed the implementation
of over 70 renewable-diesel hybrid MGs, focusing on technical barriers and mitigation
strategies [43] introduced a decision-making framework for aligning renewable generation
with non-electric thermal loads, such as space and water heating, showing potential for
significant cost reductions and energy efficiency improvements [44].

2.3. Microgrid Design and Planning

The design and planning of microgrids (MGs) usually follow a two-phase approach:
research and development (R&D), followed by implementation and validation [45,46]. In
the R&D phase, three main sub-stages can be identified: developing representative case
studies, defining system specifications, and modeling the characteristics and components of
the microgrid [46]. An important step in this process is selecting an appropriate benchmark
test system, which should be based on its relevance to the proposed design, level of
applicability, and the availability of reliable operational data. This benchmark acts as a
basis for modeling system components, including control mechanisms and communication
infrastructure, which are then tested through simulations to evaluate technical feasibility
and performance. A key goal of modern MG design, particularly in remote and off-grid
locations, is integrating RE sources (RES) to decrease reliance on fossil fuels [47]. In
this study, various technical and economic parameters are included to develop optimal
configurations suited to the unique conditions of each case study region.

PV/Wind Module: PV and wind modules are modeled based on the geographic coor-
dinates (latitude and longitude) of each site to capture region-specific solar irradiance and
wind speed profiles [48]. PV modules generate direct current (DC) electricity by converting
solar radiation, and their output is influenced by multiple factors, including the type of
solar cell, nominal panel power, derating factor, irradiance levels, cell temperature, temper-
ature coefficient, and prevailing environmental conditions [49–51]. These parameters are
used in performance equations to estimate the energy output and inform system design.
Similarly, wind turbine models account for hub height, rotor diameter, cut-in and cut-out
wind speeds, and temporal variations in wind speed. Together, these components form the
foundation for a context-specific and cost-effective MG system that can reliably meet local
energy needs (Equation (1)).

PPV = YPV fPV

(
GT

GT,STC

)[
1 + ap(TC − TC,STC)

]
(1)

Equation (2) is used to calculate the power law formula, which is used to estimate the
wind speed data in HOMER Pro.

Uhub = Uanem

(
Zhub

Zanem
)α (2)
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where Uhub is the wind speed at the wind turbine hub height (m/s), Uanem is the wind
speed at the anemometer height (m/s), Zhub is the anemometer height (m), and a is the
power law exponent. By multiplying the air density ratio by the power value predicted by
the power curve with the air density at standard temperature and pressure (1.225 kg/m3),
HOMER Pro adapts to real-world conditions as follows (Equation (3)):

PWTG =

(
P
p0

)
× PWTG,STP (3)

PWTG is the wind turbine power output (kW), and PWTG,STP is the wind turbine power
output at standard temperature and pressure (kW). While p is the actual air density (kg/m3),
p0 is the air density at standard temperature and pressure (1.225 kg/m3).

DGs are also employed as alternative energy sources when there is no connection to
the grid or a disruption in the electricity supply [52]. DGs that are favored as backup power
offer a strong and consistent energy supply [53]. Below is the formula (Equation (4)) for
calculating how much fuel a diesel-fueled generator uses each hour.

F = F0Ygen + F1Pgen (4)

Battery devices are crucial to provide energy continuity in an RE system that depends
on weather conditions [54]. Storage units fulfill energy reliability during power outages or
times of peak demand, which improves the functioning of MGs [55]. Below are HOMER’s
calculations of the kinetic battery model’s charge power, maximum charge rate of the
storage component, and maximum charge current values of the storage component.

Pbattery,c max,mcr =

(
1 − e−at∆t)(Qmax − Q)

∆t
(5)

An essential component in the architecture of microgrids (MGs) is the power converter,
which ensures efficient integration between the alternating current (AC) and direct current
(DC) subsystems. A bidirectional power converter is typically employed within MGs
to facilitate energy transfer between the AC and DC buses, depending on the system’s
operational requirements [56,57]. This converter operates dynamically, functioning as an
inverter during energy supply from DC to AC and as a rectifier when converting AC to
DC, thereby adapting to variations in energy production, consumption, and storage [58].
To enhance system accuracy and cost analysis, the HOMER Pro software includes features
that allow for the customization of converter cost curves, improving the representation of
system economics in the simulation [59]. Figure 1 illustrates the modeled grid-integrated
microgrid configuration, which incorporates key components such as diesel generators,
wind turbines, PV systems, a 1 kWh battery storage unit, and an AC/DC converter to
ensure operational flexibility and energy balance across the system.

This study examines six hybrid energy system configurations, each comprising differ-
ent combinations of diesel generators, wind turbines, solar PV arrays, and battery storage
units. The modeling process incorporates long-term meteorological data, including 30-year
monthly averages of global horizontal irradiance and wind speed at 50 m above ground
level, as well as monthly average air temperatures spanning from 1984 to December 2013. All
climatic data were sourced from NASA’s Worldwide Energy Resources forecasts. Figure 2
presents the annual average daily solar irradiance (kWh/m2/day) profiles for the selected
study regions, providing a visual representation of their solar energy potential.

It can be concluded that Alaska exhibits the highest levels of solar irradiation, followed
by Hordaland and Yakutia. However, the effectiveness of PV systems depends not only on
irradiation intensity but also on atmospheric clarity, which is quantified by the Clearness



Energies 2025, 18, 5827 8 of 28

Index (Figure 3). This index represents the fraction of solar radiation that penetrates the
atmosphere to reach the Earth’s surface and is calculated as the ratio of surface radiation to
extraterrestrial radiation, yielding a dimensionless value ranging between 0 and 1 [61].

Figure 1. Design of the proposed MG system layout for the analysis. Source: Created by authors using
HOMER Pro.
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It can be inferred that solar irradiance positively correlates with the Clearness Index,
which varies inversely with atmospheric factors such as humidity, airborne particulate
concentration, and other meteorological conditions [62]. As depicted in Figure 3, the
Clearness Index reaches its maximum in June within the Yakutia region, coinciding with
an average temperature of 26 ◦C—the highest among the three study areas compared to
Hordaland and Alaska. Figure 4 presents the wind speed profiles for the selected regions,
revealing that Alaska experiences the strongest wind regimes, followed by Hordaland and
Yakutia. Notably, peak wind speeds occur between March and June, underscoring a critical
seasonal window for harnessing wind energy in these northern localities.
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Figure 4. Monthly wind speed in Yakutia, Hordaland, and Alaska. Source of data: [60].

2.4. Optimization Options

The primary objective of modeling with HOMER Pro is to minimize the NPC, also
referred to as the life cycle cost, which represents the comprehensive economic assessment
of a project over its entire lifespan [63]. NPC is defined as the present value of all incurred
costs, including capital investments, operation and maintenance (O&M), component re-
placements, and grid power purchases, offset by the present value of all revenues such as
electricity sales to the grid and salvage value at the end of the project’s life [64]. The total
NPC is calculated by aggregating the discounted cash flows for each year of the project
lifecycle, providing a holistic measure of economic feasibility and cost-effectiveness [65].
This calculation is implemented within HOMER Pro and is expressed as:

minCNPC,i = ∑all elements{−R0,i + ∑T
t=0

Rt,i(
1 + x)t

 (6)

The optimization process in HOMER Pro involves several key steps, as highlighted in
recent studies [66,67].

• System Configuration Definition: Users define the components of the microgrid, such as
solar PV panels, wind turbines, diesel generators, batteries, and loads. Each compo-
nent’s specifications, including capacity, cost, and operational parameters, are input
into the software [68].

• Simulation Setup: HOMER Pro simulates the operation of each system configuration
over a specified period, typically one year, using time steps ranging from one minute
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to one hour. This simulation accounts for factors like RE availability, load demands,
and system constraints [66].

• Optimization Algorithm: HOMER Pro evaluates all feasible system configurations using
its proprietary algorithm. The algorithm ranks configurations based on economic
metrics (NPC, LCOE) and system reliability to identify the most cost-effective and
efficient design [69].

• Constraints and Assumptions: The optimization incorporates several constraints [70]:

# Load and Generation Matching: The system must always meet load demand,
considering RE variability and storage limits.

# Reserve Requirements: Adequate reserves are maintained to manage fluctua-
tions in load or generation.

# Operational Constraints: Components operate within specified limits, and
system configurations adhere to predefined rules.

# Economic Assumptions: Fuel prices, interest rates, and component lifespans
are based on current market data and projections.

• Sensitivity Analysis: HOMER Pro conducts sensitivity analyses to assess how changes
in parameters such as fuel prices or component costs affect system performance,
enhancing robustness evaluation [71].

• Result Analysis and Reporting: The software generates detailed reports and graphs on
the optimized system’s performance, costs, and sensitivities, assisting in decision-
making and policy recommendations [72].

The system constraints for minimizing NPC are expressed as follows [7]:

Pshedding ≤ 0.05 Pload (7)

fPV ≥ 0.15 Egen (8)

rload,t ≥ 0.10 Pload,t (9)

rpeakload ≥ 0.10 Pload (10)

The cost for each component and salvage value are calculated as:

Celement,i = ∑ Ccapital,i + CO&M,i + Creplacement,i + C f uel,i (11)

Csalvage,i = Creplacement,i ×
Rrem,i

Relement,i
(12)

The PV fraction is given by:

fPV = 1 − Enonren + Hnonren

Eserved + Hserved
(13)

To determine the cost of one kWh of useful energy produced in the power system, the
levelized cost of electricity (LCOE) must be calculated as follows (Equation (14)):

LCOE =
Cann.tot

Eserved
(14)

The total annual cost of energy (COE) production constitutes the numerator in
Equation (14), while the denominator represents the total annual electrical load served
by the system. Capital expenditures, replacement costs, O&M expenses, fuel costs, emis-
sions penalties, and grid power tariffs are all automatically computed by the HOMER
Pro software. Revenue streams include income from electricity sales to the grid as well as
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salvage value [73]. Ultimately, the Levelized Cost of Energy (LCOE) and the total annual-
ized cost are derived from HOMER’s primary economic metric, the NPC, which serves as
the basis for ranking and optimizing the various system configurations, as expressed in
Equation (15).

COE =
Cann,tot − Cboiler Hserved

Eserved
(15)

Cann,tot means total annualized cost while, Cboiler is the boiler marginal cost is Hserved

and Eserved are the total thermal and electrical loads served. The relationship between the
total annualized cost and total capital cost is known as the operating cost. The component’s
analytical value is provided by the operational cost analysis, which disregards the compo-
nent’s initial capital and installation costs. The formula for operational costs is as follows
(Equation (16))

CO&M = Cann,tot − Cann,cap (16)

CO&M shows the difference between the total annualized and annual capital cost of a
particular MG model. The cost difference between the total power sold/purchased from
the grid and various RE sources is also included in the O&M cost analysis when analyzing
an energy system that relies on power from the centralized grid and an MG [62].

A battery charge controller is essential for regulating the flow of power to and from
the battery, ensuring optimal and safe operation. It continuously monitors the battery’s
state of charge and prevents overcharging by diverting excess energy to a dump load once
the battery reaches full capacity [74]. The required number of batteries for the system is
determined using the calculation outlined in Equation (17).

Nbattery =
Ednd

Vbattery × Ah × DOD
(17)

where nd represents the days of autonomy, Ed means the energy demand per day. While
Vbattery shows the voltage score in amperes, Ah is the hour score in amperes, and DOD
means the battery system depth of discharge. A comprehensive list of symbols and their
definitions is provided in Table 1.

Table 1. Notation Table.

Symbol Description

CNPC,i Net Present Cost of configuration i

R0,i Initial cost for element i

Rt,i Cash flow at year t for element i

x Discount rate

Pshedding Power shed

Pload Load demand

fPV Fraction of energy served by PV

rload,t Reserve requirement at time t

Celement,i Total cost of system element i

Csalvage,i Salvage value of element i

Eserved + Hserved Total electrical and thermal loads served

Enonren, Hnonren Non-RE served

Cann,tot Total annualized cost
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Table 1. Cont.

Symbol Description

CO&M Operation & Maintenance cost

Nbattery Number of batteries required

DOD Depth of discharge of battery
Source: Created by authors.

3. Results and Discussion
3.1. Results

The MG configurations modeled for the three selected regions incorporate diverse
site-specific energy resources and account for the financial impacts of variable climatic
conditions, including solar irradiance, air temperature, humidity, and wind speed. The
optimization outcomes generated by HOMER Pro for each region are summarized in
Tables 2–4. Key performance indicators such as the LCOE, RE share, operational costs,
and NPC are central to the analysis. Table 2 specifically presents the detailed optimization
results for the Yakutia region.

Table 2. Optimization results from the proposed models for Yakutia *.

Parameter Proposed Model 1 Proposed Model 2 Proposed Model 3

Layout
PV (kW) 1.50 1.94 -

Converter (kW) 0.833 1.33 1.46

Cost

NPC (thousand $) 47.62 34.27 50.52

COE (thousand $) 0.90 0.65 0.95

Operating cost (thousand $/yr) 1.67 1.94 2.22

Initial capital (thousand $) 26.00 9.25 21.84

System
REC fraction % 63.8 26.2 30.3

Total fuel (L/yr) 628 969 927

Diesel

Production (kWh) 1.485 3.031 2.863

O&M Cost ($/yr) 149 136 135

Fuel Cost ($/yr) 628 969 927

PV
Capital cost (thousand $) 3.75 4.85 -

Production (kWh/yr) 1.53 1.97 -

Wind

Capital cost (thousand $) 18.000 - 18.000

Production (kWh/yr) 2.64 - 2.64

O&M Cost ($) 180 - 180

Converter
Rectifier mean output (kWh) 0.07 0.17 0.23

Inverter mean output (kWh) 0.17 0.30 0.18

Battery

Autonomy (hr) 11.5 11.5 8.97

Annual throughput (kWh/yr) 1.09 1.91 1.82

Nominal capacity (kWh) 9.01 9.01 7.01

Usable nominal capacity 5.40 5.40 4.20
Notes: Proposed Model 1: Diesel + Wind + Converter + PV + Battery; Proposed Model 2: Diesel + Converter + PV
+ Battery; Proposed Model 3: Diesel +Wind + Converter + Battery. * The data for Table 1 is sourced directly from
the HOMER Pro program.
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Table 3. Optimization results from the proposed models for Hordaland *.

Parameter Model 1 Model 2 Model 3

Layout
PV (kW) 2.00 2.18 -

Converter (kW) 1.00 1.28 2.00

Cost

NPC (thousand $) 44.61 35.08 47.46

COE (thousand $) 0.84 0.66 0.89

Operating cost (thousand $/yr) 1.31 1.92 1.92

Initial capital (thousand $) 27.60 10.13 22.60

System
REC fraction % 79.1 26.0 43.6

Total fuel (L/yr) 356 961 723

Diesel

Production (kWh) 857 3.03 2.32

O&M Cost ($/yr) 82.4 131 94.9

Fuel Cost ($/yr) 356 961 723

PV
Capital cost (thousand $) 5.00 5.45 -

Production (kWh/yr) 1.80 1.96 -

Wind

Capital cost (thousand $) 18.00 - 18.00

Production (kWh/yr) 3.76 - 3.76

O&M Cost ($) 180 - 180

Converter
Rectifier mean output (kWh) 0.07 0.17 0.23

Inverter mean output (kWh) 0.18 0.30 0.17

Battery

Autonomy (hr) 12.8 12.8 11.5

Annual throughput (kWh/yr) 1.23 1.95 1.81

Nominal capacity (kWh) 10.0 10.0 9.01

Usable nominal capacity 6.00 6.00 5.40
Notes: Proposed Model 1: Diesel + Wind + Converter + PV + Battery; Proposed Model 2: Diesel + Converter + PV
+ Battery; Proposed Model 3: Diesel +Wind + Converter + Battery. * The data source for Table 1 is taken directly
from the HOMER Pro program.

Table 4. Optimization results from the proposed models for Alaska *.

Parameter Proposed Model 1 Proposed Model 2 Proposed Model 3

Layout
PV (kW) 1.56 1.75 -

Converter (kW) 1.32 1.28 0.560

Cost

NPC (thousand $) 50.42 34.27 54.39

COE (thousand $) 0.95 0.64 1.03

Operating cost (thousand $/yr) 1.86 1.97 2.60

Initial capital (thousand $) 26.30 8.76 20.66

System
REC fraction % 47.7 24.2 17.3

Total fuel (L/yr) 685 996 1.28

Diesel

Production (kWh) 2.14 3.11 3.39

O&M Cost ($/yr) 95.8 140 260

Fuel Cost ($/yr) 685 996 1.28
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Table 4. Cont.

Parameter Proposed Model 1 Proposed Model 2 Proposed Model 3

PV
Capital cost (thousand $) 3.91 4.37 -

Production (kWh/yr) 1.60 1.79 -

Wind

Capital cost (thousand $) 18.00 - 18.00

Production (kWh/yr) 1.56 - 1.56

O&M Cost ($) 180 - 180

Converter
Rectifier mean output (kWh) 0.15 0.17 0.15

Inverter mean output (kWh) 0.24 0.29 0.11

Battery

Autonomy (hr) 11.5 11.5 5.13

Annual throughput (kWh/yr) 1.73 1.92 1.19

Nominal capacity (kWh) 9.01 9.01 4.00

Usable nominal capacity 5.40 5.40 2.40
Notes: Proposed Model 1: Diesel + Wind + Converter + PV + Battery; Proposed Model 2: Diesel + Converter + PV
+ Battery; Proposed Model 3: Diesel +Wind + Converter + Battery. * The data source for Table 1 is taken directly
from the HOMER Pro program.

The potential microgrid (MG) designs for Yakutia are based on various feasible com-
binations of energy components, including “Diesel + Wind + Converter + PV + Battery”
(Model 1), “Diesel + Converter + PV + Battery” (Model 2), and “Diesel + Wind + Converter
+ Battery” (Model 3). These configurations differ significantly in terms of their LCOE, NPC,
and other key performance indicators. Among these, Model 3 exhibits the highest COE
(0.952 $/kWh) and NPC ($50,517), which are 6.1% and 6.1% higher than Model 1, and 47.2%
and 47.4% higher than Model 2, respectively (Figure 5). This outcome can be attributed
to the exclusion of solar PV technology in Model 3, despite solar energy being the most
abundant and cost-effective RE resource in Yakutia.

Figure 5. Cost optimization results for Yakutia, USD, in thousands. Note: Operating cost is in
USD/year in thousands.
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In contrast, Model 2 achieves the lowest COE (0.646 $/kWh) and NPC ($34,266), which
are 28% lower in COE and 28% lower in NPC compared to Model 1, and 32% lower in COE
and 32% lower in NPC compared to Model 3. The substantial cost advantage of Model 2
highlights the economic importance of including solar PV in the system. Model 1, which
combines diesel, wind, PV, battery, and converter, provides a balanced configuration with
moderate NPC ($47,615) and COE (0.897 $/kWh), reflecting the trade-off between capital
costs, operational costs, and RE fraction (REC = 63.8%).

These quantitative comparisons demonstrate that excluding or including specific RE
components can significantly influence both the economic and operational performance of
microgrid configurations. In Yakutia, the region’s solar irradiance levels make PV the most
economically attractive option, particularly for small settlements where PV modules can
be conveniently installed, whereas wind turbines require more open and less populated
spaces. This emphasizes the need for site-specific optimization when designing microgrids
in sparsely populated northern regions.

The optimization results for Hordaland show that Model 3 (“Diesel + Wind + Con-
verter + Battery”) has the highest NPC ($47,460) and COE (0.89 $/kWh). Compared to
Model 1, this represents an increase of 6.4% in NPC and 5.95% in COE, and compared to
Model 2, the increase is 35.3% in NPC and 34.8% in COE. Model 2 (“Diesel + Converter
+ PV + Battery”) achieves the lowest NPC ($35,080) and COE (0.66 $/kWh), which are
21.4% lower in NPC and 21.4% lower in COE compared to Model 1, and significantly
more cost-effective than Model 3. Model 1, which includes diesel, wind, PV, battery, and
converter, provides intermediate NPC ($44,610) and COE (0.84 $/kWh), reflecting the
trade-offs between higher capital costs and lower operational expenses due to greater RE
fraction (REC = 79.1%). The results indicate that Hordaland’s favorable wind resources
and established infrastructure reduce the operational cost advantage of excluding PV,
but including PV (Model 2) still improves economic performance due to lower capital
requirements and more efficient energy production (Figure 6).

Figure 6. Cost optimization results for Hordaland, thousand USD. Note: Operating cost is in thousand
USD/year.

For Alaska, Model 3 again exhibits the highest NPC ($54,390) and COE (1.03 $/kWh),
which are 7.8% higher in NPC and 8.1% higher in COE than Model 1, and 58.6% higher
in NPC and 60.9% higher in COE than Model 2. Model 2 (“Diesel + Converter + PV
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+ Battery”) remains the most cost-effective option with NPC of $34,270 and COE of
0.64 $/kWh, representing a 32% reduction in NPC and 32.6% reduction in COE com-
pared to Model 1. Model 1 provides intermediate NPC ($50,420) and COE (0.95 $/kWh),
highlighting the balance between including multiple RE components and managing up-
front capital versus operational costs. The higher costs for Model 3 are primarily due to
the absence of PV, increased diesel reliance, and logistical challenges in remote Alaskan
regions, which amplify both fuel and operational expenditures (Figure 7).

Figure 7. Cost optimization results for Alaska, USD, in thousands. Note: Operating cost is in
USD/year in thousands.

These quantitative comparisons demonstrate that including solar PV consistently
improves economic performance across all three northern regions, whereas configurations
excluding PV or relying heavily on wind (Model 3) tend to increase NPC and COE. The
magnitude of improvement or worsening varies by region due to differences in resource
availability, infrastructure, fuel costs, and operational constraints, underscoring the im-
portance of region-specific optimization when designing hybrid microgrids for northern,
off-grid communities.

Overall, the results demonstrate that the LCOE for microgrids incorporating diesel
generators, wind turbines, converters, PV systems, and battery storage (Model 1) is 0.897,
0.841, and 0.950 USD/kWh for Yakutia, Hordaland, and Alaska, respectively (Figure 8).
These variations reflect not only differences in resource availability and climatic conditions
but also region-specific socio-economic and infrastructural contexts. A detailed summary
of all key input parameters, including load profiles, component costs, discount rates,
fuel prices, and project lifetime, is provided in Table A1 in the Appendix A to enhance
transparency and reproducibility.

In Yakutia, remote locations and limited transportation infrastructure significantly
increase diesel delivery costs, raising operational expenditures and COE [75]. Alaska
faces similar logistical challenges, compounded by sparse population distribution, which
limits economies of scale and increases per-unit system costs [76]. In contrast, Hordaland
benefits from well-developed infrastructure, lower transportation costs, and a more ma-
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ture RE integration framework, which reduces operational costs and enhances economic
sustainability [77].

Figure 8. Comparison of costs for simulated microgrids in Yakutia, Hordaland, and Alaska in Model 1.

The comparatively lower COE values observed in the PV-dominant microgrid
(Model 2), 0.646, 0.661, and 0.646 USD/kWh in Yakutia, Hordaland, and Alaska, indi-
cate that solar PV is a cost-efficient RE source across northern regions. This is reinforced by
socio-economic factors, such as local policies promoting solar adoption in Hordaland and
government-supported subsidies for off-grid PV deployment in Alaska, which improve
financial feasibility [15]. Seasonal variability in solar irradiance is a factor in all regions,
but hybrid systems with storage help mitigate intermittency, maintaining reliability and
cost-effectiveness (Figure 9).
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Figure 9. Comparison of costs for simulated microgrids in Yakutia, Hordaland, and Alaska in
Model 2.

In contrast, the wind-centric microgrid (Model 3) exhibits higher COE values of
0.952, 0.894, and 1.03 USD/kWh across the regions, with Alaska showing the highest cost
(Figure 10). These higher costs can be attributed to several factors: (i) higher capital expen-
ditures and maintenance requirements for wind turbines in harsh northern climates [78],
(ii) greater intermittency of wind resources compared to solar, which increases the need for
storage or diesel backup [76,77], and (iii) logistical challenges associated with transporting
and installing large turbine components in remote areas [79]. Hordaland’s abundant coastal
and island wind resources, coupled with existing grid and maintenance infrastructure,
reduce additional storage and backup needs, demonstrating the interplay between natural
resources, infrastructure, and regional policy support [78].
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Figure 10. Comparison of costs for simulated microgrids in Yakutia, Hordaland, and Alaska in
Model 3.

The similarity in NPC values across the three regions further reflects analogous long-
term economic assessments of the systems, despite local variations in resource profiles.
However, the operational cost divergence, particularly the markedly lower values in
Hordaland compared to Yakutia and Alaska, underscores the impact of assumptions such
as diesel prices, fuel transportation costs, and local maintenance practices on ongoing
expenditures. Hordaland’s greater reliance on RE and more mature microgrid integration
likely reduces fuel consumption and maintenance costs, enhancing economic sustainability.

3.2. Discussion

The MG configurations modeled for the three selected regions incorporate diverse
site-specific energy resources and account for the financial impacts of variable climatic
conditions, including solar irradiance, air temperature, humidity, and wind speed. The opti-
mization outcomes generated by HOMER Pro for each region are summarized in Tables 2–4.
Key performance indicators such as the LCOE, RE share (REC fraction), operational costs,
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and NPC are central to the analysis. Table 2 specifically presents the detailed optimization
results for the Yakutia region.

The potential microgrid (MG) designs for Yakutia are based on various feasible com-
binations of energy components: Model 1 (“Diesel + Wind + Converter + PV + Battery”),
Model 2 (“Diesel + Converter + PV + Battery”), and Model 3 (“Diesel + Wind + Converter
+ Battery”). These configurations differ significantly in their COE, NPC, and RE fraction.
Model 3, which excludes PV, exhibits the highest COE (0.952 $/kWh) and NPC ($50,517),
reflecting the combined effects of increased diesel reliance and higher operational costs.
Model 2 achieves the lowest COE (0.646 $/kWh) and NPC ($34,266), highlighting the
economic advantage of including PV in the system. Model 1, which integrates all RE
components, provides a balanced configuration with moderate NPC ($47,615) and COE
(0.897 $/kWh), illustrating the trade-offs between capital expenditure, operational cost,
and RE fraction (REC = 63.8%).

Similar trends are observed in Hordaland and Alaska (Tables 3 and 4, Figures 6 and 7). In
Hordaland, Model 2 achieves the lowest COE (0.66 $/kWh) and NPC ($35,080), whereas
Model 3, which excludes PV, shows higher costs due to greater diesel reliance. Alaska
exhibits the highest overall costs, with Model 2 remaining the most cost-effective option
($34,270 NPC, 0.64 $/kWh COE). These patterns underscore the importance of site-specific
resource availability, infrastructure, and logistical constraints in shaping microgrid eco-
nomic performance [75].

These findings underscore the importance of considering socio-economic, infras-
tructural, and policy contexts when evaluating microgrid performance. Tailored policy
interventions, such as financial incentives for RE adoption, subsidies for transport and
logistics, and community engagement programs, can significantly affect the economic
viability of off-grid microgrids in northern regions [76,77]. Solar PV remains consistently
cost-effective across locations, while wind energy’s feasibility is highly site-dependent,
emphasizing the need for region-specific assessments that account for infrastructure, policy
frameworks, and community characteristics [80].

Furthermore, the observed differences in operational costs indicate that regions with
established RE infrastructure and supportive policies, such as Hordaland, may experience
lower barriers and higher returns from microgrid projects. This highlights the importance
of policy frameworks, financial incentives, and local capacity building in promoting sus-
tainable energy adoption [81]. It also reinforces the need for adaptive planning approaches
that consider evolving technology costs, regulatory developments, and climate variability
in the design and operation of northern microgrids [82].

The comparative analysis demonstrates that the observed preference for PV systems
over wind power arises from site-specific climatic and operational conditions rather than a
general technological superiority. In the modeled northern regions, solar irradiance, though
seasonally variable, shows greater temporal predictability and stability compared to wind
speeds, which tend to be highly intermittent and spatially dispersed [83]. This consistency
enables smoother system operation, reduces storage requirements, and results in a lower
levelized COE for PV-dominant configurations. Additionally, PV systems impose lower
O&M demands and are less affected by icing, mechanical wear, and logistical constraints
commonly experienced by wind turbines in cold climates [84]. These environmental and
technical factors, integrated into the simulation parameters, collectively explain the cost
advantage of PV observed in the modeled scenarios.

Building upon these insights, it is crucial to interpret the quantitative results within the
broader context of the modeling framework and local environmental conditions. While the
numerical outcomes generated by HOMER Pro provide a robust quantitative foundation
for assessing the comparative economics of PV- and wind-based microgrids, these results
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are inherently sensitive to assumptions about solar irradiance, wind speed variability,
fuel prices, and capital cost parameters. In the selected case studies, solar irradiance,
although seasonally variable, demonstrates greater predictability and stability than wind
patterns, which tend to be more intermittent and regionally dispersed. This higher temporal
consistency contributes to improved system reliability and lower storage requirements for
PV-dominant configurations, resulting in a reduced levelized COE [85].

Moreover, the advantage of PV systems is amplified by their lower O&M burden
and reduced mechanical complexity compared to wind turbines. In harsh northern cli-
mates, where temperatures frequently fall below freezing, mechanical wear, icing, and
maintenance logistics pose significant challenges for wind power systems [86]. These envi-
ronmental constraints increase downtime and O&M costs, which were incorporated into the
simulation parameters. Conversely, PV panels require minimal maintenance once installed,
and advances in module efficiency have made them more resilient to low-temperature
conditions and diffuse radiation. Thus, the cost advantage of PV under these modeled
conditions is not merely a numerical artifact but a reflection of the physical and operational
realities of northern environments [87].

Finally, it is important to emphasize that the conclusion favoring PV over wind does
not represent a universal prescription but rather a context-dependent outcome driven by
the site-specific data and boundary assumptions of this study. In regions where wind
resources are stronger, more consistent, and supported by established infrastructure, as
in coastal or offshore sites, the relative cost-effectiveness of wind power could surpass
that of PV. Therefore, the findings should be interpreted as demonstrating that, under the
modeled climatic, economic, and infrastructural conditions of Yakutia, Hordaland, and
Alaska, PV offers a more reliable and cost-efficient RE pathway. This nuanced interpretation
reinforces the importance of integrating simulation outcomes with contextual, technical,
and environmental reasoning when evaluating microgrid design alternatives.

4. Conclusions
Harnessing infinite RE sources is critical to addressing the escalating global energy

demand while simultaneously fostering sustainable economic growth and enhancing the
well-being of populations worldwide. This imperative is particularly acute in northern and
remote regions, where harsh climatic conditions, sparse populations, and limited access to
centralized energy infrastructure pose significant challenges to conventional energy supply.
In this context, microgrids emerge as a transformative technology, enabling the localized
generation, storage, and distribution of clean energy. By facilitating the integration of
RE resources such as solar and wind, microgrids not only improve energy accessibility
and affordability but also increase resilience against power outages and grid instabilities,
thereby strengthening the energy security of isolated communities.

The design and deployment of microgrids must be meticulously tailored to the unique
conditions of each location. This process is influenced by a complex interplay of factors,
including the technical potential of available RE resources, the costs and availability of
energy technologies, capital investment constraints, and socio-economic characteristics of
the served communities. Among these, ensuring both the technical feasibility and financial
viability of the system is paramount. Decisions regarding the choice of energy sources
with the highest potential, sizing of the microgrid components, evaluation of existing grid
infrastructure, and comprehensive cost estimation are fundamental to optimizing system
performance and ensuring sustainability.

This study conducts a rigorous comparative analysis of RE microgrid configurations
across three northern regions with distinct climatic and socio-economic profiles: Yakutia
in the Russian Federation, Alaska in the United States, and Hordaland in Norway. These
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regions are characterized by limited or no centralized grid access and face significant
environmental and logistical challenges. The study models microgrids comprising solar
PV panels, wind turbines, diesel generators, and energy storage systems, employing
meteorological data on solar irradiance, wind speeds, and atmospheric clearness sourced
from NASA’s extensive datasets. This data reveals substantial variability in solar energy
availability, which critically influences microgrid design and cost-effectiveness across these
locations.

The analysis highlights several important findings. Model 1, which integrates diesel,
wind, solar PV, and storage, demonstrates a clear inverse relationship between COE and
global horizontal irradiance, indicating that regions with higher solar radiation experience
lower COE. Model 2, focusing on PV and storage integration, consistently achieves the
lowest COE across all regions, emphasizing the economic advantages of solar PV deploy-
ment in northern microgrids. Conversely, microgrids relying more heavily on wind energy
(Model 3) tend to exhibit higher COE, reflecting the higher capital and maintenance costs
associated with wind turbines and the challenges of intermittency. The regional variations
in these costs also reflect differing resource endowments, grid infrastructure maturity, and
local market conditions.

To accelerate the deployment and effectiveness of RE microgrids in northern regions,
it is imperative must implement targeted financial incentives such as grants, low-interest
loans, and tax credits to alleviate the high initial capital costs associated with solar PV,
wind, and energy storage technologies, while establishing clear and adaptive regulatory
frameworks to streamline permitting processes, facilitate grid interconnection, and promote
community ownership models. Policies should encourage the integration of hybrid RE
systems combining solar, wind, storage, and potentially biomass and fuel cells to enhance
system reliability amid variable climatic conditions. Investing in comprehensive data
collection and detailed load profiling can be operationalized through government-funded
programs that deploy smart meters, remote monitoring systems, and standardized energy
surveys, while mandating energy utilities and microgrid developers to share anonymized
consumption data to improve planning and system design. Capacity building and com-
munity engagement programs should include government-supported training workshops,
certification schemes for local technicians, and educational campaigns to involve residents
in microgrid operation, maintenance, and decision-making. Given the substantial heating
needs in northern climates, policies could provide targeted subsidies or tax incentives
for the installation of combined heat and power (CHP) systems using RE sources, and
support pilot projects demonstrating CHP integration with solar, wind, and biomass to
improve energy efficiency and cost-effectiveness. Sustained research and innovation fund-
ing can be directed through national and regional grants, innovation competitions, and
public–private partnerships aimed at developing technologies specifically designed for
cold environments, including advanced storage solutions, low-temperature turbines, and
modular microgrid designs.

Region-specific recommendations include engaging indigenous communities in
Alaska to ensure culturally appropriate and socially inclusive energy solutions, lever-
aging decentralized energy regulation and financial incentives in Norway to promote
distributed RE generation and local capacity building, and implementing targeted RE
frameworks in Russia to facilitate microgrid deployment in remote northern regions while
supporting hybrid systems incorporating solar, wind, biomass, and CHP solutions. Finally,
fostering regional and cross-border collaboration can be achieved through joint research
initiatives, intergovernmental knowledge-sharing platforms, harmonization of technical
standards, and coordinated funding schemes for multi-country pilot projects. Collectively,
these policy measures will create a supportive ecosystem that promotes clean, resilient, and
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inclusive energy access while aligning with broader climate and sustainable development
goals, ensuring that northern microgrids are technically robust, economically viable, and
socially inclusive.

While this study provides valuable insights, several limitations must be acknowledged.
The load profiles used were derived from average daily energy consumption per capita,
which may not fully capture hourly variations, sharp seasonal demand peaks, or specific
community consumption behaviors. This simplification could underestimate storage and
diesel backup requirements, particularly during winter months when heating demand is
substantial. Additionally, the exclusion of biomass as a potential energy source limits the
comprehensiveness of the microgrid configurations, especially as biomass is a viable and
sustainable resource in some northern contexts. While combined heat and power (CHP)
applications were discussed, no CHP unit was included in the current scenarios. Integrating
CHP could further enhance energy efficiency and economic performance, particularly in
cold climates with high heating loads. These methodological simplifications may introduce
biases in the COE and NPC results, underscoring the importance of future studies to
incorporate hourly and seasonal load variations, biomass, CHP, fuel cells, and emerging
storage solutions for a more complete assessment of microgrid performance.

It is important to note that the current load modeling still provides sufficient accuracy
for comparative evaluation of system configurations across the three regions studied.
However, reconstructing hourly and seasonal demand profiles in future work would allow
for a more precise assessment of storage and backup requirements, as well as a deeper
understanding of economic performance under extreme seasonal variations.

This research underscores the necessity of developing region-specific microgrid so-
lutions that consider local RE resource availability, socio-economic conditions, and in-
frastructure constraints. Policymakers and stakeholders should prioritize investments in
solar PV and energy storage technologies given their demonstrated cost-effectiveness and
adaptability. Furthermore, fostering supportive regulatory frameworks, financial incen-
tives, and capacity-building initiatives will be crucial to scaling microgrid deployment
in northern regions.

In conclusion, by advancing our understanding of the techno-economic dynamics of
renewable microgrids in challenging northern environments, this study contributes to the
broader goal of sustainable, resilient, and inclusive energy systems. Continued innovation
and interdisciplinary research are essential to overcoming remaining barriers and unlocking
the full potential of microgrids as a cornerstone of the global clean energy transition.
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Abbreviations
The following abbreviations are used in this manuscript:

BESS Battery Energy Storage System
COE Cost of Energy
DG Diesel Generator
DPP Diesel Power Plant
HOMER Hybrid Optimization Model for Multiple Energy Sources
HPP Hydro Power Plant
LCOE The Levelized Cost of Energy
MG Microgrids
NPC Net Present Cost
O&M Operation and Maintenance
PV Photovoltaic
RE/S Renewable Energy Sources
UPS United Power System

Appendix A

Table A1. Summary of key input parameters for microgrid simulations in Yakutia, Hordaland, and Alaska.

Parameter Yakutia Hordaland Alaska Notes

Load profile Average daily load:
1500 kWh/day

Average daily load:
1800 kWh/day

Average daily load:
1650 kWh/day

Hourly profile used in
HOMER; adjusted seasonally

Project lifetime 25 years 25 years 25 years Standard microgrid lifetime
assumption

Discount rate 8% 8% 8% Reflects regional financial
assumptions

Diesel price 0.98 $/L 0.89 $/L 1.05 $/L Includes local transport costs

PV capital cost 3750 $/kW 5000 $/kW 3910 $/kW Based on local installation
and shipping

PV O&M cost 20 $/kW/yr 25 $/kW/yr 22 $/kW/yr Annual fixed O&M

Wind turbine capital
cost 18,000 $/unit 18,000 $/unit 18,000 $/unit Includes installation in harsh

climates

Wind O&M cost 180 $/yr 180 $/yr 180 $/yr Annual fixed O&M per
turbine

Battery capital cost 400 $/kWh 420 $/kWh 410 $/kWh Includes shipping to remote
areas

Battery O&M cost 10 $/kWh/yr 12 $/kWh/yr 11 $/kWh/yr Annual fixed O&M

Converter capital cost 833–1460 $/unit 1000–2000 $/unit 560–1320 $/unit Varies by model size

Converter O&M cost 100–150 $/yr 80–180 $/yr 95–180 $/yr Annual fixed O&M

Fuel consumption
(diesel) 628–969 L/yr 356–961 L/yr 685–1280 L/yr Based on HOMER

optimization outputs

RE fraction (REC) 26–64% 26–79% 17–48% Fraction of total energy
supplied by RE

Load profile source
Local community

surveys &
meteorological data

Local utility data &
meteorology

Local utility data &
meteorology

Combined with HOMER
synthetic profiles

Notes: The values represent representative ranges from the three proposed models: Model 1 (Diesel + Wind + PV
+ Battery), Model 2 (Diesel + PV + Battery), and Model 3 (Diesel + Wind + Battery). All costs are in 2024 USD, and
all energy outputs are annual estimates derived from HOMER Pro simulations.



Energies 2025, 18, 5827 25 of 28

References
1. Teske, S. Achieving the Paris Climate Agreement: Setting Meaningful Goals for the Finance Industry. In Handbook of Climate

Change Mitigation and Adaptation; Springer: New York, NY, USA, 2024; pp. 1–59.
2. Kilinc-Ata, N.; Fikru, M.G. A Framework for Evaluating EV Battery Mineral Sourcing Challenges. Sustain. Futures 2025, 9, 100720.

[CrossRef]
3. Zhang, J. Energy access challenge and the role of fossil fuels in meeting electricity demand: Promoting renewable energy capacity

for sustainable development. Geosci. Front. 2024, 15, 101873. [CrossRef]
4. Kilinc-Ata, N. Investigation of the Impact of Environmental Degradation on the Transition to Clean Energy: New Evidence from

Sultanate of Oman. Energies 2025, 18, 839. [CrossRef]
5. Kilinc-Ata, N.; Camkaya, S.; Topal, S. What Role Do Foreign Direct Investment and Technology Play in Shaping the Impact

on Environmental Sustainability in Newly Industrialized Countries (NIC)?: New Evidence from Wavelet Quantile Regression.
Sustainability 2025, 17, 4966. [CrossRef]

6. Purkait, P.; Basu, M.; Nath, S.R. Renewable energy integration to electric power grid: Opportunities, challenges, and solutions. In
Challenges and Opportunities of Distributed Renewable Power; Springer: Singapore, 2024; pp. 37–100.

7. Oulis Rousis, A.; Tzelepis, D.; Konstantelos, I.; Booth, C.; Strbac, G. (Design of a hybrid AC/DC microgrid using Homer Pro:
Case study on an islanded residential application. Inventions 2018, 3, 55. [CrossRef]

8. Proskuryakova, L.; Ermolenko, G. The future of Russia’s renewable energy sector: Trends, scenarios and policies. Renew. Energy
2019, 143, 1670–1686. [CrossRef]

9. Souza Junior, M.E.T.; Freitas, L.C.G. Power electronics for modern sustainable power systems: Distributed generation, microgrids
and smart grids—A review. Sustainability 2022, 14, 3597. [CrossRef]

10. Ledwaba, L.P.; Hancke, G.P.; Isaac, S.J.; Venter, H.S. Smart microgrid energy market: Evaluating distributed ledger technologies
for remote and constrained microgrid deployments. Electronics 2021, 10, 714. [CrossRef]

11. Kilinc-Ata, N.; Ata, R. The Place and Role of Digital Twin Applications: Directions for Energy and Education Sector. In
Transforming Industry Using Digital Twin Technology; Springer: Cham, Switzerland, 2024; pp. 45–57.

12. Alomari, M.A.; Al-Andoli, M.N.; Ghaleb, M.; Thabit, R.; Alkawsi, G.; Alsayaydeh, J.A.; Gaid, A.S. Security of Smart Grid:
Cybersecurity Issues, Potential Cyberattacks, Major Incidents, and Future Directions. Energies 2025, 18, 141. [CrossRef]

13. Kilinc-Ata, N.; Rahman, M.P. Digitalization and financial development contribution to the green energy transition in Malaysia:
Findings from the BARDL approach. Nat. Resour. Forum 2025, 49, 2775–2793. [CrossRef]

14. Sandelic, M.; Peyghami, S.; Sangwongwanich, A.; Blaabjerg, F. Reliability aspects in microgrid design and planning: Status and
power electronics-induced challenges. Renew. Sustain. Energy Rev. 2022, 159, 112127. [CrossRef]

15. Mutlag, A.A.; Abd, M.K.; Shneen, S.W. Power Management and Voltage Regulation in DC Microgrid with Solar Panels and
Battery Storage System. J. Robot. Control (JRC) 2024, 5, 397–407. [CrossRef]

16. Chisale, S.W.; Lee, H.S.; Calvo, M.S. Exploring Weather Research and Forecasting (WRF) Model Parameterizations for Enhanced
Solar and Wind Energy Resources Predictions in Malawi. In Future Directions in Energy Engineering: Challenges, Opportunities, and
Sustainability; Springer Nature: Cham, Switzerland, 2024; pp. 1–10.

17. Kapen, P.T.; Medjo Nouadje, B.A.; Chegnimonhan, V.; Tchuen, G.; Tchinda, R. Techno-economic feasibility of a PV/battery/fuel
cell/electrolyzer/biogas hybrid system for energy and hydrogen production in the far north region of cameroon by using
HOMER pro. Energy Strategy Rev. 2022, 44, 100988. [CrossRef]

18. Zhou, J.; Xu, Z. Optimal sizing design and integrated cost-benefit assessment of stand-alone microgrid system with different
energy storage employing chameleon swarm algorithm: A rural case in Northeast China. Renew. Energy 2023, 202, 1110–1137.
[CrossRef]

19. Akinyele, D.; Amole, A.; Olabode, E.; Olusesi, A.; Ajewole, T. Simulation and Analysis Approaches to Microgrid Systems Design:
Emerging Trends and Sustainability Framework Application. Sustainability 2021, 13, 11299. [CrossRef]

20. Zamora, I.; San Martin, J.I.; Asensio, F.J.; Saldaña, G.; Oñederra, O.; Goitia, U. Reliable Power Supply of Islanded Locations
through Microgrids. Renew. Energy Power Qual. J. 2019, 17, 162–167. [CrossRef]

21. Veilleux, G.; Potisat, T.; Pezim, D.; Ribback, C.; Ling, J.; Krysztofiński, A.; Ahmed, A.; Papenheim, J.; Mon Pineda, A.; Sembian, S.;
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