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Abstract

This paper presents a novel hybrid architecture integrating Battery Energy Storage Systems (BESS) and Solid Oxide Fuel Cells
(SOFC) for standalone renewable energy systems. The intermittent nature of renewable energy sources presents significant
challenges for reliable power supply in off-grid applications. While BESS provides excellent short-duration storage and rapid
response capabilities, it faces limitations for extended energy provision. Conversely, SOFCs offer efficient long-duration power
generation but have limited dynamic response characteristics. The proposed hybrid architecture leverages the complementary
strengths of these technologies to enhance system reliability, efficiency, and cost-effectiveness. Through comprehensive technical
and economic analyses, this research demonstrates that the hybrid BESS-SOFC system achieves a Levelized Cost of Energy
(LCOE) of about 0.32 —0.38/kWh, comparing favorably to conventional alternatives. The architecture employs a hierarchical
control strategy with distinct operational modes to optimize component utilization and system performance. A case study
application in a remote location validates the practical implementation potential, achieving 78% renewable penetration while
maintaining continuous power supply. The findings indicate that such hybrid architectures represent a promising approach for
enhancing the viability of standalone renewable energy systems, particularly in applications requiring high reliability and
operational flexibility.
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1. Introduction and Literature Review advantages, batteries alone may not provide the most cost-

The global energy landscape is undergoing a profound
transformation driven by the urgent need to mitigate climate
change and reduce dependence on fossil fuels. Renewable
energy sources such as solar and wind power have emerged
as promising alternatives, experiencing unprecedented
growth in deployment worldwide. However, the inherent
intermittency and variability of these renewable resources
present significant challenges for their integration into
reliable and stable energy systems, particularly in standalone
or off-grid applications where grid support is unavailable.
The intermittent nature of renewable generation necessitates
effective energy storage and backup power generation
solutions to ensure continuous and reliable power supply.
Standalone renewable energy systems are critical for
electrifying remote areas, islands, and off-grid communities
where grid extension is economically unfeasible or
technically challenging. These systems must be designed to
operate autonomously, balancing energy generation with
demand while maintaining system stability and reliability.
Traditional standalone systems often rely on diesel
generators as backup, which contradicts the environmental
benefits of renewable energy and introduces operational
challenges related to fuel supply, maintenance, and
emissions. Battery Energy Storage Systems (BESS) have
emerged as a prominent solution for addressing the
intermittency of renewable energy sources. These systems
can store excess energy during periods of high renewable
generation and discharge it when generation is insufficient,
effectively smoothing the variability of renewable resources.
Various battery technologies, including lithium-ion, lead-
acid, and flow batteries, offer different performance
characteristics, lifespans, and cost structures. Despite their

effective solution for long-duration energy storage needs in
standalone applications, particularly during extended
periods of low renewable generation. Solid Oxide Fuel Cells
(SOFCs) represent another promising technology for clean
and efficient power generation. Operating at high
temperatures (typically 600-1000°C), SOFCs can convert
various fuels, including hydrogen, natural gas, and biogas,
into electricity through electrochemical reactions with high
efficiency. Unlike batteries, which have limited energy
storage capacity, SOFCs can continuously generate
electricity as long as fuel is supplied, making them suitable
for extended operation periods. Additionally, SOFCs
produce high-quality waste heat that can be utilized for
cogeneration applications, further enhancing overall system
efficiency. While both BESS and SOFC technologies offer
distinct advantages for renewable energy integration, they
also have inherent limitations when deployed individually.
Batteries excel at providing rapid response to power
fluctuations and short-duration storage but face challenges
in terms of energy density, cycle life, and cost for long-
duration applications. Conversely, SOFCs provide excellent
long-duration power generation capabilities but have limited
dynamic response characteristics and typically require
continuous operation to avoid thermal cycling that can
degrade cell performance and lifespan. The integration of
BESS and SOFC technologies into a hybrid architecture
presents a compelling opportunity to leverage the
complementary strengths of both technologies while
mitigating their individual limitations. Such hybrid systems
can potentially offer enhanced reliability, improved
efficiency, and greater operational flexibility compared to
single-technology  solutions. However, the design,
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optimization, and control of such hybrid systems present
significant technical and economic challenges that must be
addressed to realize their full potential. This paper proposes
a novel hybrid architecture that integrates BESS and SOFC
technologies for standalone renewable energy systems, with
a particular focus on cost-effectiveness. The proposed
architecture aims to optimize the synergies between these
technologies to provide reliable, efficient, and economically
viable power supply for off-grid applications. Through
comprehensive technical and economic analyses, this
research seeks to demonstrate the potential advantages of
the proposed hybrid system compared to conventional
alternatives [1].

One of the earlier studies focused on assessing the efficiency
of maximum power point tracking (MPPT) techniques for
the dynamic irradiation conditions of solar PV panels.
Adaptive cuckoo search, artificial neuro-fuzzy inference
system, modified hill-climb with fuzzy logic controller,
perturb and observe with practical swarm optimization, and
modified variable step size-radial basis functional network
are the five soft computing MPPT methodologies that were
investigated. High steady-state oscillations across MPP,
poor precision, a long settling time, low efficiency, and an
inability to track the global MPP were the disadvantages of
the traditional power point tracking methods used in this
study. Additionally, the majority of online and offline
MPPT approaches' performance was primarily determined
by the kind of PV array being utilized. Soft computing
techniques' main flaw was that they needed a highly skilled
individual to train the network. Large amounts of input and
output training data were also needed [2]. A prior study has
developed and implemented a novel MPPT solar charge
controller enabled by the internet of things. The proposed
MPPT-solar charge controller uses a programmable
interface controller in addition to the perturb and observe
technique and a custom buck-boost converter. The proposed
MPPT-solar charge controller could control a maximum
current of 10 A at a voltage of 12 V. This study did not
address the incorporation of machine learning techniques to
enhance the speed and lower the fluctuation around
maximum power point [3]. Multiple hybrid energy storage
approach topologies, such as passive hybrid energy storage
topologies, semi-active hybrid energy storage topologies,
and active hybrid energy storage topologies, were presented
in a previous study for isolated renewable energy sources.
The latest control systems, including intelligent and classical
control techniques, were thoroughly examined. In order to
assess the economic comparison of hybrid energy storage
technologies based on the needs of renewable energy power
systems, this study did not comprise enough test scenarios
[4]. The impact of renewable energy penetration on power
system flexibility was examined in a previous study. This
previous work documents the flexible power system
characteristics. It has been investigated how the frequency
stability, small-signal stability, and transient stability of
power networks are affected by the varying penetration of
renewable energy sources. Additionally, research on
assessing flexibility and methods for delivering it has been

looked at. The function of electricity markets in relation to
the creation of improved novel chemicals to boost the
flexibility of renewable power systems was not covered in
this study [5]. The challenges and possibilities of high-level
grid integration of renewable energy were examined in
another earlier study. This previous study identified several
challenges in incorporating high-level renewable energy into
the system. The related solutions for each difficulty have
also been discussed. A comprehensive list of opportunities
and difficulties has been produced for both wind and solar
energy integration scenarios. Advanced control techniques
(predictive, adaptive, intelligent, robust, optimal,
hierarchical control), some auxiliary devices (like recently
developed non-superconducting fault current limiters), the
creation of new and improved models that account for the
stochastic nature of renewable sources, and the lifetime
impact of energy storage devices when used for power
quality improvement, frequency and voltage support, and
uncertainty management were not covered in this study [6].
The design, modeling, and implementation of a hybrid
microgrid, that involves solar and wind units, were
examined in another earlier work. This microgrid could
supply both alternating current (AC) and direct current (DC)
demands. The system's capacity to provide the loads with
the same quantity of electricity as required was also
demonstrated. In  small-scale  power  consumption
applications, such as lights, a DC microgrid was found to be
more reliable and energy efficient than an AC microgrid.
This study did not cover AC and DC comparison of power
efficiency of a hybrid solar/wind in large scale power
applications [7].

The remainder of this paper is organized as follows: Section
2 provides a detailed background and literature review of
BESS, SOFC technologies, and existing hybrid
architectures. Section 3 describes the methodology,
including the proposed hybrid system configuration and the
framework for cost-effectiveness analysis. Section 4
presents the results and discussion, including technical
performance analysis, cost-effectiveness  evaluation,
environmental impact assessment, and a case study
application. Finally, Section 5 concludes the paper with a
summary of key findings, implications, limitations, and
recommendations for future research.

2. Background

2.1 Battery Energy Storage Systems (BESS)

Battery Energy Storage Systems (BESS) have emerged as a
critical component in modern renewable energy systems,
providing the capability to store excess energy during
periods of high generation and discharge it when generation
is insufficient. This functionality is particularly valuable for
standalone renewable energy systems, where grid support is
unavailable to balance supply and demand fluctuations [1].
Types, Characteristics, and Applications

Various battery technologies have been developed and
deployed for renewable energy applications, each with
distinct characteristics that influence their suitability for
specific use cases. Chatzigeorgiou et al. (2024) provide a
comprehensive review of BESS applications, developments,
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and research trends, highlighting the increasing interest in
hybrid photovoltaic-battery energy storage systems (PV-
BESS) across various end-user types. Their research
identifies four primary BESS deployment topics receiving
notable attention in the literature, emphasizing the growing
importance of these systems in renewable energy integration
[1]. Lithium metal oxide serves as a cathode and graphite as
an anode in lithium-ion (Li-ion) battery as illustrated in
Figure 1. Lithium salt dissolved in an organic liquid is
utilized as an electrolyte. The merits of the lithium-ion
strategy are supreme power density, large energy capacity,
extended lifespan, fast response time, and relatively light
weight. Although this battery has the highest cost, it is the
best suitable for a wide range of use cases. Table 1 shows a
comparison between diverse battery techniques which
comprise lead-acid (Pb-acid) battery, Li-ion battery, nickel-
cadmium (Ni-Cd) battery, nickel-metal hydride (Ni-MH)
battery, sodium-sulfur (Na-S) battery and vanadium redox
flow battery (VRFB) [8]. Flow batteries, including
vanadium redox and zinc-bromine technologies, offer
advantages for long-duration storage applications due to
their ability to decouple power and energy ratings, long
cycle life (>10,000 cycles), and minimal self-discharge.
Despite these advantages, their lower energy density and
higher upfront costs have limited widespread adoption in
standalone systems. Lead-acid batteries, despite their lower
energy density and shorter cycle life compared to lithium-
ion, continue to find applications in renewable energy
Table 1 Comparison between diverse battery techniques

systems due to their established technology, lower upfront
costs, and well-developed recycling infrastructure.
However, their application in large-scale or long-duration
storage is limited by their performance characteristics.
Emerging battery technologies, including sodium-ion, solid-
state, and metal-air batteries, show promise for addressing
some limitations of current technologies but remain at
various stages of development and commercialization [9].
Lithium-ion batteries currently dominate the market due to
their high energy density, high efficiency (>90%), relatively
long cycle life (1,000-10,000 cycles), and declining costs.
These characteristics make them particularly suitable for
applications requiring high power output and frequent
cycling. However, concerns regarding resource availability,
safety, and end-of-life management persist [10].

Graphite Metal-Oxide

lectrolyte
ANODE e e CATHODE
v
“«2
> T
- |
|
U-on Separator U-on
Ancde Cathode
collector Discharging Charging collector
(Cu) —g - (A1)

Fig. 1 Lithium-ion battery

Properties Pb-acid Li-ion Ni-Cd Ni-MH Na-S VRFB
Specific energy [Wh/kg] 25-50 80-250 30-80 40-110 150-240 10-130
Specific power [W/kg] 150-400  200-2000  80-300 200-300  90-230 50-150
Energy density [kWh/m?] 25-90 95-500 15-150 40-300 150-350 10-33
Power density [kW/m?] 10-400 50-800 40-140 10-600 1.-50 2.5-33
Energy Expenses [Euro/kWh] 40-170 500-2100 680- 1300 170-640  250-420 130-850
Lifetime [years] 2-15 5-15 10-20 2-15 10-15 5-15
Lifetime cycles [cycles] 250- 2000 100- 10000 1000- 5000 300-1800 2500- 10000-
40000 16000
Cell voltage [V] 2-2.1 2.5-5 1.2-1.3 1.2-1.35 1.8-2.71 1.2-1.4
Efficiency [%0] 63-90 75-97 60-90 50-80 75-90 75-90

Current Technological Status and Limitations

Despite significant advancements, BESS technologies face
several limitations for standalone renewable energy
applications. Energy density constraints affect system
footprint and transportability, particularly relevant for
remote installations. Cycle life limitations impact long-term
economic viability, especially in applications with frequent
deep cycling. Temperature sensitivity affects performance
and lifespan in extreme environments, requiring additional
thermal management systems that increase complexity and
cost. Furthermore, self-discharge

rates, though improved in modern batteries, still present
challenges for long-term energy storage. Safety concerns,
particularly ~ for lithium-ion  batteries,  necessitate

sophisticated battery management systems and protective
measures. Resource availability and supply chain constraints
batteries, necessitate sophisticated battery management
systems and protective measures. Resource availability and
supply chain constraints for critical materials like lithium,
cobalt, and nickel raise questions about long-term scalability
and sustainability [11].

Cost Considerations and Economic Factors

The economic viability of BESS in standalone renewable
energy systems depends on various factors, including capital
costs, operational expenses, cycle life, efficiency, and
replacement requirements. While battery costs have declined
significantly over the past decade, with lithium-ion battery
pack prices falling by approximately 89% from 2010 to
2023, they still represent a substantial portion of total
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system costs. The levelized cost of storage (LCOS) provides
a useful metric for comparing different storage technologies
and configurations. For lithium-ion batteries in renewable
energy applications, LCOS values typically range from
$150-300/MWh, depending on system specifications, usage
patterns, and local conditions. However, these costs can be
significantly higher for remote or off-grid applications due
to additional installation, transportation, and maintenance
expenses. Operational costs, including maintenance,
monitoring, and eventual replacement, contribute
significantly to lifecycle costs. The economic assessment
must also consider the value of services provided by the
BESS, including energy time-shifting, capacity firming, and
reliability enhancement, which can be challenging to
quantify in standalone systems without market mechanisms
[11].

2.2 Solid Oxide Fuel Cells (SOFC)

Solid Oxide Fuel Cells (SOFCs) represent an advanced
technology for efficient electricity generation through
electrochemical conversion of fuels. Their potential
integration with renewable energy systems offers promising
opportunities for enhancing reliability and efficiency in
standalone applications [12].

Operating Principles and Characteristics

Table 2 compares between various fuel cell types which
comprise polymer electrolyte membrane fuel cell (PEMFC),
SOFC, alkaline fuel cell (AFC), direct methanol fuel cell
(DMFC) and microbial fuel cell (MFC). SOFCs operate at
high temperatures (typically 600-1000°C), utilizing a solid
oxide electrolyte to conduct oxygen ions from the cathode to
the anode, where they react with fuel to produce electricity.

A Novel Hybrid Architecture Integrating Battery Energy Storage and Solid Oxide Fuel Cell for Standalone

This high-temperature operation enables internal reforming
of various fuels, including hydrogen, natural gas, biogas,
and even certain liquid hydrocarbons, providing so valuable
fuel flexibility for remote applications where fuel supply
logistics may be challenging. The electrochemical
conversion process in SOFCs offers high electrical
efficiency, typically ranging from 50-60% (based on lower
heating value), significantly exceeding the efficiency of
conventional combustion-based generators. When waste
heat recovery is implemented through cogeneration, total
system efficiency can exceed 90% representing a substantial
improvement over alternative technologies for remote power
generation. SOFCs produce minimal noise during operation
due to the absence of moving parts in the core power
generation unit, though balance-of-plant components may
require noise mitigation. This characteristic makes them
suitable for noise-sensitive applications. Additionally, when
operated with hydrogen or thoroughly reformed fuels,
SOFCs produce minimal pollutants, with water vapor as the
primary exhaust product, contributing to environmental
sustainability goals [13-14]. The schematic diagram of
SOFC is illustrated in Figure 2.
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Fig.2 The schematic diagram of SOFC

Table 2 Comparison between fuel cells types

Fuel cell type Electrolyte Working Fuel Efficiency Power density Cost
temperature (°C) (%) (W/cm?)
PEMFC Polymer 60-100 Hydrogen Up to 60 Upto4 High
electrolyte
membrane
SOFC Solid oxide 500-1000 Hydrogen, Up to 60 Uptol5 High
biogas and
natural gas
AFC Alkaline 70-90 Hydrogen Upto 70 Upto 0.5 High
electrolyte
DMFC Polymer 60-120 Methanol Up to 40 Upto 0.5 Moderate
electrolyte
membrane
MFC Organic materials ~ Temperature of Organic Up to 80 Up to 0.05 Low
room materials
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Applications in Renewable Energy Systems

The integration of SOFCs with renewable energy systems
has been explored in various configurations, as documented
by Kasaeian et al. (2023) in their review of SOFC
integration with solar energy systems. Their research
categorizes the literature into modeling and simulation
studies, exergy and economic studies, control studies, and
optimization studies, providing a comprehensive overview
of the field. SOFCs can serve as baseload power generators
in hybrid renewable systems, providing stable power output
to complement the variability of renewable sources. They
can also function as backup power systems, activating
during periods of insufficient renewable generation to
ensure continuous power supply. In more advanced
configurations, SOFCs can operate in load-following mode,
adjusting output based on the balance between renewable
generation and load demand, though this operation mode
presents technical challenges related to thermal cycling and
degradation. Reversible SOFCs (R-SOFCs), capable of
operating in both fuel cell and electrolysis modes, offer
particularly interesting opportunities for renewable energy
integration. In electrolysis mode, excess renewable energy
can be used to produce hydrogen, which can later be utilized
in fuel cell mode during periods of renewable energy deficit,
effectively creating a closed-loop energy storage system
[13], [15].

Advantages and Limitations

SOFCs offer several advantages for standalone renewable
energy systems, including high electrical efficiency, fuel
flexibility, potential for cogeneration, scalability from
kilowatt to megawatt scale, and minimal environmental
impact when operated with clean fuels. However, they also
face significant limitations that must be addressed in hybrid
system design. The high operating temperature of SOFCs
results in relatively long startup times, typically ranging
from several minutes to hours depending on system size and
design. This property limits their ability to respond rapidly
to sudden changes in renewable generation or load demand.
Thermal cycling, which occurs during startup and shutdown
operations, can accelerate degradation of cell components
due to thermal stress and material incompatibilities,
potentially reducing system lifespan and increasing lifecycle
costs. Current SOFC technologies exhibit limited load-
following capabilities, with optimal operation typically
occurring at 70-100% of rated capacity. Operation at lower
loads can reduce efficiency and potentially cause carbon
deposition when using hydrocarbon fuels. Additionally, the
high-temperature  operation  necessitates  high-quality
materials and sophisticated thermal management systems,
contributing to elevated capital costs compared to
conventional generators [15].

Cost Considerations and Economic Factors

The economic viability of SOFCs in standalone renewable
energy systems depends on various factors, including capital
costs, fuel costs, operational expenses, system lifespan, and
efficiency. Current SOFC system costs remain relatively
high, typically ranging from $3,000-7,000/kW for

commercial systems, though costs have been declining with
increased  manufacturing scale and  technological
improvements. Fuel costs represent a significant component
of SOFC operational expenses, varying substantially based
on fuel type, location, and supply logistics. For remote
applications, fuel transportation and storage can
substantially increase effective fuel costs, affecting overall
economic viability. Maintenance requirements, while
generally lower than for combustion-based generators due to
fewer moving parts, still contribute to lifecycle costs,
particularly for balance-of-plant components. The economic
assessment must also consider the value of high-quality
power provision, heat recovery potential, and environmental
benefits, which can be challenging to quantify in standalone
systems without market mechanisms. The Department of
Energy’s research on SOFCs indicates that continued cost
reduction and performance improvements are necessary to
enhance their competitiveness in various applications,
including standalone renewable energy systems [12].

2.3 Existing Hybrid Architectures

The integration of different energy technologies into hybrid
architectures has gained significant attention as a means to
overcome the limitations of individual technologies and
enhance overall system performance. This section reviews
existing hybrid architectures incorporating BESS and SOFC
technologies, identifying their characteristics, advantages,
limitations, and gaps that the proposed novel architecture
aims to address [11].

Review of Current Hybrid Systems Incorporating BESS
Hybrid systems incorporating BESS with various generation
technologies have been widely studied and implemented.
The most common configuration combines BESS with solar
photovoltaic (PV) systems, where batteries store excess
solar generation during the day for use during evening and
nighttime hours. These systems typically employ
sophisticated energy management systems (EMS) to
optimize battery charging and discharging based on
generation forecasts, load profiles, and battery state of
health. Wind-BESS hybrid systems have also been
deployed, particularly in locations with favorable wind
resources. These systems face additional challenges due to
the greater unpredictability of wind generation compared to
solar, often requiring more sophisticated forecasting and
control algorithms. Some advanced configurations
incorporate both solar PV and wind generation with BESS,
leveraging the complementary generation profiles of these
renewable sources to reduce storage requirements. Diesel
generator-BESS hybrid systems represent another common
configuration, particularly for remote or off-grid
applications. In these systems, batteries typically handle
short-duration load variations and low-load conditions,
allowing the diesel generator to operate at optimal loading
when activated. This approach can significantly reduce fuel
consumption, generator runtime, and maintenance
requirements compared to diesel-only systems [11].
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Review of Current Hybrid Systems Incorporating SOFC
Hybrid systems incorporating SOFCs have been explored in
various configurations, as documented by Nikiforakis et al.
(2025) in their critical review of SOFC hybridization. Their
research provides a holistic review of hybrid SOFC systems
designed for improved efficiency, examining SOFCs
hybridized with wind turbines, solar systems, gas turbines,
and piston engines. SOFC-gas turbine hybrid systems have
received particular attention due to their potential for
extremely high electrical efficiency, potentially exceeding
70%. In these systems, the high-temperature exhaust from
the SOFC is utilized to drive a gas turbine, effectively
creating a bottoming cycle that extracts additional energy
from the SOFC waste heat. These systems dominate hybrid
SOFC research and generally demonstrate superior overall
performance compared to other configurations, though they
typically operate at larger scales than required for many
standalone applications. SOFC-internal combustion engine
hybrids have also been investigated, with some
configurations demonstrating advantages for specific
applications. These systems typically utilize the SOFC
exhaust to enhance engine performance through various
mechanisms, including heating intake air or providing
partial oxidation of the engine fuel [15].

Solar-SOFC hybrid systems, as reviewed by Kasaeian et al.
(2023), represent another promising configuration. These
systems typically utilize solar thermal energy to preheat
reactants for the SOFC, potentially enhancing efficiency and
reducing fuel consumption. Some configurations also
incorporate solar reforming of hydrocarbon fuels to produce
hydrogen-rich gas for the SOFC, further improving system
integration and efficiency [13].

Gaps in Existing Hybrid Architectures

Despite the extensive research on various hybrid
configurations, several gaps remain in existing hybrid
architectures, particularly regarding the integration of BESS
and SOFC technologies for standalone renewable energy
applications.

Most existing hybrid systems focus on the integration of
either BESS or SOFC with renewable generation, but
relatively few studies have explored the comprehensive
integration of both technologies in a single system. The
complementary characteristics of these technologies—BESS
providing rapid response and short-duration storage, SOFC
offering  efficient long-duration  generation—suggest

potential synergies that remain largely unexplored in the
literature.

Existing studies on BESS-SOFC integration often lack
detailed consideration of the control strategies required to
optimize the operation of these technologies with
fundamentally different response characteristics. The
development of sophisticated control algorithms that can
effectively manage the different timescales of BESS and
SOFC operation represents a significant research gap.
Cost-effectiveness analysis of integrated BESS-SOFC
systems for standalone renewable applications remains
limited, with most studies focusing primarily on technical
performance rather than comprehensive techno-economic
assessment. The economic viability of such systems depends
on complex interactions between component sizing, control
strategies, renewable resource availability, and load
characteristics, requiring more detailed analysis than
typically presented in existing literature.

Furthermore, the potential for utilizing SOFC waste heat in
integrated BESS-SOFC systems has received insufficient
attention. Thermal management of batteries can significantly
impact their performance and lifespan, particularly in
extreme environments, suggesting potential synergies with
SOFC waste heat that have not been thoroughly investigated.

The gaps identified in existing hybrid architectures highlight
the need for the novel hybrid architecture proposed in this
paper, which aims to optimize the integration of BESS and
SOFC technologies for standalone renewable energy
systems with a particular focus on cost-effectiveness [11],
[16].

3. Methodology

This section presents the methodology for developing and
analyzing the proposed novel hybrid architecture that
integrates Battery Energy Storage Systems (BESS) and
Solid Oxide Fuel Cells (SOFC) for standalone renewable
energy systems. The methodology encompasses the system
configuration, integration approach, control strategy, and the
framework for cost-effectiveness analysis [17-18].

3.1 Proposed Novel Hybrid Architecture

The proposed hybrid architecture integrates renewable
energy sources (primarily solar photovoltaic and/or wind),
BESS, and SOFC into a cohesive system designed to
provide reliable and cost-effective power for standalone
applications. Figure 3 illustrates the system configuration,
highlighting the key components and their interconnections.
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Fig. 3 System architecture of the proposed hybrid BESS-SOFC integration for standalone renewable energy systems
Figure 4 illustrates graphical representation of an optimization technique used to design optimal size and cost of renewable energy
power plant (REPP).
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System Configuration and Components

primary components of the proposed hybrid architecture

include [19-21]:

1.

Renewable Energy Generation: Solar
photovoltaic (PV) arrays and/or wind turbines
serve as the primary energy sources, sized
according to local resource availability and load
requirements. The renewable generation capacity is
deliberately oversized relative to average load
demand to ensure sufficient energy capture during
favorable conditions.

Battery Energy Storage System (BESS): A
lithium-ion battery system is selected for this
architecture due to its high round-trip efficiency,
favorable energy density, and rapidly declining
costs. The BESS is sized to manage diurnal
variations in renewable generation and load,
typically providing 4-12 hours of storage capacity
depending on specific application requirements.
Solid Oxide Fuel Cell (SOFC): A planar SOFC
system operating at approximately 800°C is
incorporated to provide long-duration power
generation capability. The SOFC is sized to meet
the base load requirements of the application,
typically 30-50% of peak load demand, allowing
for efficient continuous operation.

Fuel Storage and Processing: A fuel storage
system (hydrogen, natural gas, or biogas depending
on availability) and appropriate processing
equipment (reformers, desulfurization units) are
included to support SOFC operation. The fuel
storage capacity is sized to provide multiple days

of operation during extended periods of insufficient
renewable generation.

5. Thermal Management System: A sophisticated
thermal management system captures and utilizes
waste heat from the SOFC for various purposes,
including space heating in appropriate applications,
domestic hot water production, and potentially
thermally conditioning the BESS to optimize
performance in extreme environments.

6.  Power Conversion System: Bidirectional inverters
and power electronics manage the flow of energy
between system components and the load, ensuring
power quality and system stability. The power
conversion system incorporates advanced features
such as grid-forming capability for black start

operation and seamless transitions between
operating modes.
7. Energy Management System (EMS): A

centralized control system optimizes the operation
of all components based on renewable generation
forecasts, load predictions, battery state of charge,
and SOFC operating conditions. The EMS
implements the control strategy described in the
following section.
Integration Approach and Control Strategy
The integration approach focuses on leveraging the
complementary characteristics of BESS and SOFC
technologies to enhance overall system performance and
cost-effectiveness. The BESS provides rapid response
capability and efficiently manages short-duration
fluctuations in renewable generation and load, while the
SOFC provides stable, efficient power generation for
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extended periods when renewable resources are insufficient

[21-22].

The proposed control strategy employs a hierarchical

approach with three distinct levels [21-22]:

1. Strategic Level: Long-term energy management
decisions based on weather forecasts, historical data, and
predicted load patterns. This level determines optimal
setpoints for BESS state of charge targets and SOFC
output levels on a day-ahead or week-ahead basis,
considering factors such as expected renewable
generation, load requirements, and fuel availability.

2. Tactical Level: Medium-term decisions that adjust
strategic setpoints based on updated forecasts and actual
system conditions. Operating on a timeframe of minutes
to hours, this level manages transitions between
operating modes and prepares the system for anticipated
changes in generation or load.

3. Operational Level: Real-time control actions that
maintain system stability and power quality. Operating
on a timeframe of seconds to minutes, this level manages
power flows between components, regulates voltage and
frequency, and implements protective functions to
prevent component damage.

The control strategy defines four primary operating modes

for the hybrid system [21-22]:

1. Renewable Surplus Mode: When renewable
generation exceeds load demand, excess energy
charges the BESS. If the BESS approaches full
charge, the SOFC operates at minimum load to
maintain thermal conditions while minimizing fuel
consumption. In extended surplus periods, the
SOFC may be temporarily shut down if the thermal
cycling impact is acceptable based on the strategic
optimization.

2. Balanced Mode: When renewable generation
approximately matches load demand, the BESS
manages short-term fluctuations while the SOFC
operates at a steady, efficient output level determined
by the strategic optimization. This mode maximizes
system efficiency and minimizes stress on components.

3. Deficit Mode: When renewable generation falls below
load demand, the BESS and SOFC collaborate to meet
the deficit. The BESS handles rapid load changes and
short-duration deficits, while the SOFC gradually
increases output to handle sustained deficits, operating
at its most efficient point whenever possible.

4. Recovery Mode: Following periods of deep BESS
discharge, the SOFC operates at elevated output to
simultaneously serve the load and recharge the BESS,
restoring energy reserves for future deficit periods. This
mode is typically activated during periods of moderate
renewable generation when neither surplus nor deep
deficit conditions exist.

The control strategy incorporates predictive elements to

anticipate transitions between operating modes, particularly

for the SOFC, which benefits from gradual changes in
output to minimize thermal stress and maintain efficiency.

Machine learning algorithms continuously improve the

system’s predictive capabilities by analyzing historical
patterns of renewable generation, load demand, and system
performance [21], [23].
Technical Specifications and Parameters
The proposed hybrid architecture is designed to be scalable
and adaptable to various standalone applications, from small
residential systems (5-20 kW) to larger community or
industrial installations (50-500 kW). Key technical
specifications and parameters for a representative medium-
sized system (100 kW peak load) include [21], [23]:

1. Renewable Generation:

— Solar PV: 150-200 kWh capacity (location-

dependent)

— Wind: Optional 50-100 kWh capacity (location-
dependent)

— Combined capacity factor: 20-35% (location-
dependent)

2. Battery Energy Storage System:

— Chemistry: Lithium iron phosphate (LFP) for
enhanced safety and cycle life

— Capacity: 400-600 kWh (4-6 hours of average load)

— Power rating: 100-150 kW

— Round-trip efficiency: 85-90%

— Cycle life: 3,000-5,000 cycles at 80% depth of
discharge

— Operating temperature range: 0-45°C (with thermal
management)

3. Solid Oxide Fuel Cell:

— Type: Planar anode-supported cells with nickel-YSZ
anodes and LSM-YSZ cathodes

— Capacity: 30-50 kW (30-50% of peak load)

— Electrical efficiency: 50-60% (LHV basis)

— Overall efficiency with heat recovery: 80-90%

— Operating temperature: 750-850°C

— Fuel flexibility: Hydrogen, natural gas, biogas (with
appropriate processing)

— Turndown ratio: 30-100% of rated capacity

— Startup time from warm condition: 1-3 hours

— Startup time from cold condition: 6-12 hours

4. Thermal Management System:

— Heat recovery efficiency: 80-90% of available waste
heat

—  Temperature of recovered heat: 400-600°C (high-
grade), 60-80°C (low-grade after heat exchangers)

—  Thermal storage capacity: 200-400 kWh equivalent

5. Power Conversion System:

— Inverter efficiency: 95-98%

— Power quality: Voltage regulation +5%, frequency
regulation +0.5 Hz

—  Fault current capability: 200% of rated current for 5
seconds

6. Energy Management System:

—  Forecast horizon: 24-168 hours (1-7 days)

— Control update frequency: Strategic (24 hours),
Tactical (15 minutes), Operational (1 second)

—  Communication protocols: Modbus TCP/IP, DNP3,
IEC 61850
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These specifications represent baseline values for the
representative system and would be adjusted based on
specific application requirements, local conditions, and
economic considerations as determined by the cost-
effectiveness analysis framework described in the following
section [24].

3.2 Simulation of the Proposed System

Simulink model of the Proposed System

The suggested energy system is simulated utilizing
MATLAB Simulink software as displayed in Figure 5. The
control strategy involves PID controller approach, a

Current Measurament
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MATLAB function alongside MPPT strategy, which is used
to obtain peak PV modules power, to improve system
efficiency and boost system reliability. Simulink model
contains 5 subsystems: PV and MPPT Subsystem, Wind
Subsystem, Battery Subsystem, SOFC Stack Subsystem, and
Inverter Subsystem.
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Fig. 5 Simulink model of the proposed system

Solar PV Array Model
The PV cell equivalent model is displayed in Figure 6. The

PV model depends on the equations [25]: l — VVV .
I = Lo - Iy - Ly (1) | ly l A 3
lon = Iscr X (G/Grom) X [1+ & (T = Trom)] ) . Vou
lg = lo x [exp {a X (Vput lov Rg) INKTNG}-1]  (3) R, _
b

lo = Trs X ((T/ Tom)3) X{eXP[((1/ Tnom) — (1/T)) X (qE4/MK)]}
(4)

lsh = (Vv t lov R)/Ry ®)

where lg: diode current (A), Ign: current source (A), Iy PV
cell current (A), Vp,,: PV cell voltage (V), Rg: series resistance
(), Ry: parallel resistance (Q), I : R, current (A), I,: diode
saturation current (A), I,s: cell reverse saturation current (A),
k: Boltzman constant =1.3806 x e (-23) (J.K™), q: electron
charge = 1.6022 x e (-19) (C), n: diode ideality factor, Eg:
band-gap energy of semiconductor, T: cell temperature (°C),
Thom: Normal cell temperature (25 °C), Ng: number of series-
connected PV cells, Iscg: short circuit current at normal
radiation (A), G: radiation level (W/m?), Gpom: normal
radiation level (1000 W/m?), o: light generated current
coefficient temperature (A/K), Ppanei: PV panel output power
(W), Apaner: PV panel area (m?), Npv- PV panel efficiency and
I(t): solar irradiance function as a function of time.

[Geal cell

Fig. 6 Equivalent model of PV cell
Wind Turbine Model
The wind turbine output power is expressed using the
equation [26]:
Pm=Cp (A B) X PA X (Wning)® /2 (6)
Where C,= (1/2) x [(116/1) — 0.4 B — 5] x exp™®'*

)

, M= (1/[(1/(A +0.089)) — (0.035/(B>+1))])  (8)
. Wind turbine output torque (T,,) can be expressed using the
equation [26]:
Tm=(1/2) x pA x Cp X (Wyying / A) 9)
where P wind turbine mechanical power (W), C,: turbine
performance coefficient (portion of kinetic energy which is
turned by wind turbine into mechanical energy), p: air density
(kg/m3), A: the turbine swept area (m?), Wyins: Wind speed
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(m/s), A: tip speed ratio, B: blade pitch angle (degrees) and A;:
constant.

Battery Subsystem

Because of their relative simplicity, battery models that rely
on analogous circuits are preferred for system-level
development and control applications. Equivalent circuits are
used to represent the thermo-electric activity of the batteries.
The battery's charging and discharging characteristics are
similar in the battery model [25].

SOFC Stack Subsystem

Simulink software has model libraries for fuel cell simulation.
The SOFC stack is used as a power source in the fuel cell
Simulink model. As shown in chemical equations from (10) to
(12), SOFC model is a fuel-to-electricity straight conversion
technique that converts chemical energy in the fuel into
electrical energy through electrochemical reactions where H,
is hydrogen, O% stands for oxygen ions, H,O stands for water,
e~ stands for electrons and O, is oxygen [27].

Anode reaction: H, + 0 <« H,0+2e”  (10)
Cathode reaction: %Oz +26 «>» OF (11)

Overall cell reaction: H, +% 0,— H,0 (12)

Inverter Subsystem
One crucial component of a renewable energy system is an
inverter, which converts DC electricity to AC electricity,
which AC loads use. Inverters represent one type of power
electronics devices that can control the flow of electrical
power. Single phase DC to AC inverters transform a DC input
into an AC output quickly by using four switches. These
switches are controlled using a control technique that controls
voltage and also frequency. A stable and clean AC voltage
output can be obtained using output filter [28].
3.3 Cost-Effectiveness Analysis Framework
Economic Metrics and Evaluation Criteria
The cost-effectiveness of the proposed hybrid architecture is
evaluated using a comprehensive set of economic metrics and
criteria that capture both direct financial performance and
broader value propositions. The primary economic metrics
include [21], [24]:
1. Levelized Cost of Energy (LCOE): Calculated as the ratio
of total lifecycle costs (including capital, operation,
maintenance, fuel, and replacement costs) to total energy
production over the system lifetime, expressed in $/kWh. This
metric enables direct comparison with alternative energy
solutions and grid electricity costs where applicable.
2. Net Present Value (NPV): The difference between the
present value of all cash inflows and outflows over the system
lifetime, using an appropriate discount rate that reflects the
cost of capital for the specific application context. A positive
NPV indicates that the system creates economic value relative
to the alternative (typically a diesel generator-based system for
standalone applications).
3. Internal Rate of Return (IRR): The discount rate at
which the NPV of the project becomes zero, representing
the effective annual yield of the investment. This metric is

particularly relevant for commercial applications where
return on investment is a primary consideration.
4. Payback Period: The time required for the cumulative
cost savings relative to the alternative solution to equal the
initial  investment. Both simple payback (without
discounting) and discounted payback periods are calculated
to provide different perspectives on investment recovery
timeframes.
5. Total Cost of Ownership (TCO): The sum of all direct
and indirect costs associated with system ownership over its
lifetime, including initial capital, operation, maintenance,
fuel, replacement, and decommissioning costs. This metric
provides a comprehensive view of lifecycle costs for
budgeting purposes.
In addition to these quantitative metrics, the evaluation
framework incorporates qualitative criteria that influence
system value but may be difficult to monetize directly [21],
[24]:

1. Reliability and Resilience: The ability to maintain
continuous power supply during various disruption scenarios,
including extended periods of unfavorable weather conditions.

2. Environmental Impact: Reduction in greenhouse gas
emissions and other pollutants compared to conventional
alternatives, contributing to sustainability objectives.

3. Operational Complexity: The level of technical expertise
and intervention required for system operation and
maintenance, affecting practical implementation in remote
locations.

4. Scalability and Modularity: The ability to scale the system
to meet growing demand or adapt to changing requirements
over time.

5. Technology Maturity and Supply Chain Security: The
commercial readiness of system components and the reliability
of supply chains for equipment, replacement parts, and
consumables.

Cost Modeling Approach

The cost modeling approach employs a bottom-up
methodology that captures all relevant cost components and
their interactions throughout the system lifecycle. The model
incorporates the following key elements [21], [29]:

1. Capital Expenditure (CAPEX): Initial investment costs
for all system components, including:

— Renewable generation equipment (PV modules, wind
turbines, mounting structures)

— Battery energy storage system (battery modules, battery
management system, enclosures)

— Solid oxide fuel cell system (stack modules, balance of
plant, fuel processing)

— Power conversion equipment (inverters, transformers,
switchgear)

— Thermal management system (heat exchangers, pumps,
thermal storage)

— Control systems and communications infrastructure

— Installation labor and commissioning

— Project development costs (design, engineering, permitting)

2. Operational Expenditure (OPEX): Ongoing costs
associated with system operation, including:
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— Fuel costs for the SOFC, modeled with location-specific

pricing and potential escalation rates

— Scheduled maintenance costs based on manufacturer

recommendations and industry benchmarks

— Unscheduled maintenance and repairs based on reliability

modeling and component failure rates

— Monitoring and management costs, including remote

operations where applicable

— Insurance and warranty costs

— Land lease or opportunity costs where applicable

3. Replacement Costs: Periodic investments required to

replace components that reach end-of-life before the overall

system, including:

— Battery replacement (typically every 7-10 years depending

on usage patterns)

— SOFC stack replacement (typically every 5-7 vyears

depending on operating conditions)

— Inverter and electronics replacement (typically every 10-15

years)

— Other component replacements based on expected lifespans

4. End-of-Life Costs and Salvage Value: Costs associated

with system decommissioning and potential salvage value of

components at the end of the project lifetime, including:

— Decommissioning and removal costs

— Recycling or disposal costs for batteries and other

components

— Residual value of land improvements and infrastructure

— Potential second-life applications for battery systems

The cost model incorporates temporal factors that influence

economic performance over the project lifetime, including

[17], [23]:

1. Technology Cost Trajectories: Projected cost reductions

for key components based on industry learning curves and

manufacturing scale effects, particularly relevant for batteries
and SOFC systems that are experiencing rapid cost declines.

2. Fuel Price Projections: Scenario-based forecasts of fuel

prices over the project lifetime, incorporating potential

volatility and long-term trends based on regional and global
market dynamics.

3. Degradation Effects: Performance degradation of
components over time, including PV module output
reduction, battery capacity fade, and SOFC efficiency
decline, which affect energy production and replacement
scheduling.

4. Inflation and Discount Rates: Financial parameters that
reflect the time value of money and general price level
changes, calibrated to the specific economic context of the
application.
Comparison Methodology with Alternative Systems
To establish the relative cost-effectiveness of the proposed
hybrid architecture, a systematic comparison methodology is
employed, evaluating the hybrid BESS-SOFC system against
three alternative configurations commonly considered for
standalone renewable energy applications [21], [30]:
1. Renewable + Diesel Generator + BESS: A
conventional hybrid system combining renewable
generation with a diesel generator and modest battery

storage, typically sized for 1-2 days of autonomy with
the generator providing longer-duration backup.

2. Renewable + Extended BESS: A system relying
entirely on renewable generation and oversized
battery storage to achieve high reliability, typically
sized for 3-7 days of autonomy depending on local
renewable resource variability.

3. Renewable + Hydrogen System: A system
combining renewable generation with hydrogen
production (electrolyzer), storage, and reconversion
(PEM fuel cell), representing an alternative approach
to long-duration energy storage.

The comparison methodology involves the following steps
[21], [30]:

1. System Sizing Optimization: Each alternative
system is optimized for the same load profile and
reliability requirements as the proposed hybrid
architecture, using industry-standard sizing tools and
methodologies. This ensures a fair comparison based
on equivalent service provision rather than arbitrary
component sizing.

2. Performance Simulation: Detailed time-series
simulations are conducted for each system
configuration using consistent meteorological data,
load profiles, and component performance models.
The simulations capture operational dynamics,
including part-load efficiencies, startup/shutdown
behaviors, and degradation effects.

3. Economic Analysis: The economic metrics described
earlier are calculated for each system configuration
using the same cost modeling approach and financial
parameters. This provides a direct comparison of
economic performance across alternatives.

4. Sensitivity Analysis: Key parameters are varied
within reasonable ranges to assess the robustness of
economic outcomes under different scenarios. Critical
parameters include component costs, fuel prices,
discount rates, and renewable resource availability.

5. Multi-criteria Assessment: Beyond purely economic
considerations, the comparison incorporates the
qualitative criteria mentioned earlier, providing a
holistic evaluation of each system’s suitability for
different application contexts.

This comprehensive comparison methodology enables
identification of the conditions under which the proposed
hybrid BESS-SOFC architecture offers superior cost-
effectiveness compared to alternatives, as well as potential
limitations or constraints that might favor alternative
approaches in specific contexts.

4. Results and Discussion

This section presents the results of the technical
performance analysis, cost-effectiveness analysis, and
environmental impact assessment of the proposed hybrid
architecture integrating Battery Energy Storage Systems
(BESS) and Solid Oxide Fuel Cells (SOFC) for standalone
renewable energy systems. Additionally, a case study
application in a remote location is presented to demonstrate
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the practical implementation and benefits of the proposed
system.

4.1 Technical Performance Analysis

Energy Efficiency and System Reliability

The technical performance of the proposed hybrid
architecture was evaluated through detailed simulation
studies using one-year time-series data with hourly
resolution. Figure 7 illustrates the energy flow and system
efficiency for a representative 100 kW system under various
operating conditions. The overall system efficiency, defined
as the ratio of energy delivered to the load to the total
energy input (renewable energy plus fuel energy content),
ranges from 65% to 78% depending on the operating mode
and renewable energy availability. This represents a
significant improvement over conventional standalone
systems, which typically achieve overall efficiencies of 40-
55% due to lower utilization of renewable resources and less
efficient backup generation. The electrical efficiency of the
SOFC component ranges from 52% at minimum load to
58% at optimal loading conditions, with an average of 55%
during normal operation. When thermal energy recovery is
considered, the total SOFC efficiency increases to 85-90%,
though the utilization of this thermal energy depends on
specific application requirements. System reliability was
assessed using the Loss of Load Probability (LOLP) metric,
which quantifies the probability that the system will be
unable to meet the load demand. The proposed hybrid
architecture achieves an LOLP of less than 0.01%
(equivalent to less than 1 hour per year of potential supply
shortage) when properly sized according to the methodology
described in the previous section. This reliability level
exceeds typical requirements for critical standalone
applications and is comparable to grid-connected systems in
developed regions. The high reliability is achieved through

the complementary characteristics of the BESS and SOFC
components. The BESS effectively manages short-duration
fluctuations and diurnal cycles, while the SOFC provides
stable power during extended periods of renewable deficit,
preventing deep discharge of the BESS and ensuring
continuous power availability [21], [31]. Figure 8 illustrates
the suggested system simulation findings of response of
output power and output voltage, wind output power. A
second scenario of simulation when the BESS is utilized
only in the system without SOFC is presented. Moreover, a
third scenario of simulation when the SOFC is utilized only
in the system without BESS is presented. Figure 9 and
Figure 10 display the second and third scenario simulation
results of response of output power and output voltage
respectively. It can be clearly concluded that the suggested
system simulation response of output power in the scenario
when BESS and SOFC are utilized together is better than
response of output power in the scenario when BESS is
utilized only or SOFC is utilized only as when BESS and
SOFC are utilized together, response of output power has
less harmonics, more power quality, more stability and more
reliability. When BESS and SOFC are utilized together,
amplitude root mean square (RMS) values of the output
power and output voltage are 8 kW and 230 V in order.
Frequency of output voltage is 50 HZ. BESS preserves
stability during sharp disturbances due to BESS speedy
response time, high cycles, and increased efficiency. SOFC
aids system during steady-state scenarios to bear
intermittency of the wind and PV energy. Simulation
findings illustrate benefits of the suggested system,
including bolstering performance of the wind and PV units
and enhancing stability, quality, and reliability of system to
supply loads by energy.

Hybrid System Operation: 24-Hour Profile with Different Operational Modes
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Fig. 7 Hybrid system operation showing 24-hour profile with different operational modes, illustrating the dynamic interaction
between renewable generation, load demand, BESS state of charge, and SOFC output
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4.2 Cost-Effectiveness Analysis

Capital Expenditure (CAPEX) Comparison

The capital expenditure (CAPEX) for the proposed hybrid
BESS-SOFC architecture was compared with alternative
systems designed to provide equivalent reliability for
standalone applications.

The total CAPEX for the hybrid BESS-SOFC system is
approximately 650,000 —750,000 (6,500 —7,500/kW),
positioning it between the conventional
Renewable+Diesel+BESS system (500,000 —600,000) and
the Renewable + Extended BESS system
(800,000 —950,000). The Renewable+Hydrogen system
shows the highest CAPEX at 900,000 —1,100,000 due to
the high cost of electrolyzer and hydrogen storage
components.

The CAPEX distribution within the hybrid BESS-SOFC
system shows that renewable generation components
account for 35-40% of total costs, the BESS component for
25-30%, the SOFC system (including fuel processing) for
20-25%, and balance of system components (power
electronics, controls, installation) for the remaining 10-15%.
Sensitivity analysis indicates that SOFC costs have the most
significant impact on overall system CAPEX, with a 20%
reduction in SOFC costs translating to approximately 5%
reduction in total system CAPEX. This highlights the
importance of ongoing cost reduction efforts in SOFC
technology for improving the economic viability of the
proposed hybrid architecture [21], [16].

Operational Expenditure (OPEX) Comparison

The operational expenditure (OPEX) comparison reveals
significant advantages for the hybrid BESS-SOFC system
compared to alternatives, particularly in terms of fuel and
maintenance costs. Table 2 presents the annual OPEX
breakdown for the different system configurations.

The hybrid BESS-SOFC system shows annual OPEX of
30,000 —40,000, approximately 40-50% lower than the
Renewable+Diesel+BESS system (60,000 —70,000)
primarily due to reduced fuel consumption and lower
maintenance requirements. The Renewable+Extended BESS
system has the lowest annual OPEX at 15,000 —25,000 but
requires substantially higher CAPEX as noted earlier. The
Renewable+Hydrogen system shows annual OPEX
comparable to the hybrid BESS-SOFC system but with
higher variability depending on hydrogen production
efficiency and storage losses.

Fuel costs for the SOFC component represent the largest
portion of OPEX for the hybrid system, accounting for 50-
60% of annual operational costs. Sensitivity analysis shows
that a 20% reduction in fuel costs would reduce total OPEX
by approximately 10-12%, highlighting the importance of
fuel selection and potential benefits of transitioning to
lower-cost biogas or hydrogen as these fuels become more
economically viable.

Maintenance costs for the hybrid system are relatively low
compared to conventional alternatives, particularly diesel
generator-based systems, due to the reduced number of
moving parts and lower maintenance requirements of SOFC
technology. However, specialized maintenance for the
SOFC component requires consideration in remote
applications where technical expertise may be limited [21],
[17].

Levelized Cost of Energy (LCOE) Analysis

The Levelized Cost of Energy (LCOE) analysis provides a
comprehensive metric for comparing the economic
performance of different system configurations over their
lifetime. Figure 8 presents the LCOE comparison for the
four system configurations under baseline assumptions and
with sensitivity analysis for key parameters.
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The hybrid BESS-SOFC system achieves an LCOE of about
0.32 —0.38/kWh under baseline assumptions, positioning it
favorably compared to the Renewable + Diesel + BESS
system (0.40 —0.48/kWh) and the Renewable+Hydrogen
system (0.45 —0.55/kWh). The Renewable + Extended
BESS system shows a comparable LCOE range of
0.35 —0.42/kWh but with different risk profiles and
operational characteristics.

Sensitivity analysis reveals that the hybrid BESS-SOFC
system’s LCOE is most sensitive to renewable resource
availability, fuel costs, and SOFC capital costs. A 20%
improvement in renewable resource availability reduces
LCOE by approximately 15%, while a 20% reduction in fuel
costs reduces LCOE by approximately 8%. These findings

highlight the importance of proper site selection with
favorable renewable resources and the potential benefits of
fuel flexibility to adapt to changing fuel economics.

The LCOE advantage of the hybrid BESS-SOFC system
becomes more pronounced in applications with higher
reliability requirements, where the extended energy
provision capability of the SOFC component provides value
without the substantial CAPEX increase associated with
oversized battery storage. For applications with lower
reliability requirements or excellent renewable resources,
the Renewable+Extended BESS system may offer
competitive economics [21], [31].

LCOE Comparison of Different Standalone Renewable Energy Systems

0.6

0.5 4

e

1

— Min-Max Range

$0§50

£

s

7

~

a

> s5|'3

= 5

B

2 I

%S 031 \

@

3 Cost Afivantage

o

(7]

N 024

[

>

7]

-
Key Insights:

0.1 1 « Hybrid BESS-SOFC system offers lowest LCOE
= 20-30% cost reduction compared to diesel-based systems
« Comparable to extended BESS with better reliability
= Hydrogen systems show potential but remain costly
0.0 I l I

Hybrid BESS-SOFC

Renewable+Diesel+BESS

Renewable+Extended BESS Renewable+Hydrogen

Fig. 11 LCOE comparison of different standalone renewable energy systems, showing the cost advantage of the hybrid BESS-
SOFC architecture

4.3 Environmental Impact Assessment

Emissions Reduction Potential

The environmental impact of the proposed hybrid
architecture was assessed through lifecycle emissions
analysis, comparing greenhouse gas (GHG) emissions and
other environmental indicators across the different system
configurations.

The hybrid BESS-SOFC system demonstrates significant
emissions reduction potential compared to the conventional
Renewable + Diesel + BESS system, with 60-70% lower
lifecycle GHG emissions when operated with natural gas
and up to 85-90% lower emissions when operated with
biogas or hydrogen. The absolute emissions reduction
potential ranges from 500-700 tons CO2-equivalent over the
system lifetime compared to the diesel-based alternative.
When compared to the Renewable+Extended BESS system,
the hybrid BESS-SOFC system shows slightly higher
lifecycle emissions when operated with natural gas but
comparable or lower emissions when operated with biogas

or hydrogen. The Renewable + Hydrogen system
demonstrates the lowest overall emissions profile but at
significantly higher cost as noted in the economic analysis.
Beyond GHG emissions, the hybrid system offers
substantial reductions in other pollutants, including nitrogen
oxides (NOXx), sulfur oxides (SOx), and particulate matter
(PM), which are particularly relevant for air quality
considerations in sensitive environments. The elimination of
diesel combustion, which is a significant source of these
pollutants in conventional systems, provides immediate
local environmental benefits regardless of the fuel used for
the SOFC component [21], [24].

4.4 Case Study: Application in Remote/Off-grid Location
System Sizing and Configuration

To demonstrate the practical implementation and benefits of
the proposed hybrid architecture, a case study was
developed for a remote research station located on a small
island in the Pacific Ocean. The station has an average load
of 45 kW with peaks up to 75 kW and requires highly
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reliable power for sensitive scientific equipment and staff
accommodations. The location has excellent solar resources
(average daily insolation of 5.8 kWh/m?2) but experiences
seasonal variations and occasional extended cloudy periods
during the rainy season. The remote location makes diesel
fuel delivery expensive and logistically challenging, while
natural gas is available through periodic deliveries of
compressed natural gas (CNG) containers.
Based on the methodology described earlier, the hybrid
system was sized with the following components:
1. Renewable Generation:; 120 kW solar PV array
2. Battery Energy Storage: 300 kWh lithium iron
phosphate battery system (approximately 6-7 hours of
average load)
3. Solid Oxide Fuel Cell: 25 kW SOFC system with
natural gas reforming
4. Fuel Storage: 2,000 kg CNG storage (approximately
14 days of continuous SOFC operation at rated
capacity)
5.  Thermal Recovery: Heat recovery system providing
hot water for staff accommodations and laboratory use
The system was designed to achieve an LOLP of less than
0.01% while minimizing lifecycle costs and environmental
impact. The sizing optimization process considered various
configurations, with the selected design representing the
optimal balance between reliability, cost, and operational
considerations for the specific application [21], [29].
Performance Simulation Results
The simulation results indicate that the hybrid system can
meet the load requirements with high reliability, maintaining
continuous power supply even during the most challenging
periods of low renewable generation. The renewable
penetration rate (percentage of load served directly or
indirectly by renewable energy) averages 78% annually,
with seasonal variations ranging from 65% during the rainy
season to 90% during the dry season.
The SOFC component operates at an average capacity factor
of 35%, primarily providing power during nighttime hours
and extended cloudy periods. The system successfully
manages seasonal variations by adjusting SOFC operation
and fuel consumption according to renewable availability,
with fuel deliveries scheduled to coincide with regular
supply vessel visits to the island.
The thermal recovery system captures approximately 85%
of the available waste heat from the SOFC, providing an
average of 15-20 kW of thermal energy that offsets
approximately 70% of the hot water demand for the research
station. This thermal integration further enhances the overall
system efficiency and provides additional value beyond
electrical generation [21], [22].
Economic Viability Assessment
The economic viability of the case study implementation
was assessed using the cost-effectiveness framework
described earlier, with location-specific adjustments for
transportation costs, fuel pricing, and installation challenges.
The hybrid BESS-SOFC system demonstrates superior
economic performance for this specific application, with an
LCOE of $0.42/kwh compared to $0.58/kWh for the

Renewable + Diesel + BESS alternative and $0.51/kWh for
the Renewable+Extended BESS option. The higher LCOE
compared to the baseline analysis reflects the additional
costs associated with the remote location, particularly for
transportation and installation.

The initiall CAPEX for the hybrid system
(850,000)is higher than the diesel —

basedalternative (650,000) but lower than the extended
battery option ($1,100,000). The payback period relative to
the diesel-based system is approximately 6.5 years, well
within the expected 20-year system lifetime.

Sensitivity analysis specific to the case study location
reveals that fuel delivery costs have a particularly significant
impact on the economic comparison. The hybrid system’s
advantage increases substantially if diesel delivery costs rise
or become more volatile due to transportation challenges,
while its advantage decreases if natural gas delivery
becomes more difficult or expensive.

The case study demonstrates that the proposed hybrid
architecture can provide a technically viable and
economically attractive solution for remote applications
with good renewable resources but challenging logistics for
fuel delivery. The system’s ability to leverage high
renewable penetration while maintaining reliability through
the SOFC component offers particular value in such
contexts, where conventional alternatives face significant
operational and economic challenges [21], [23].

5. Conclusion

This research paper has presented a novel hybrid
architecture integrating Battery Energy Storage Systems
(BESS) and Solid Oxide Fuel Cells (SOFC) for standalone
renewable energy systems, with a particular focus on cost-
effectiveness. The proposed architecture leverages the
complementary characteristics of these technologies to
address the challenges of intermittent renewable generation
while providing reliable and efficient power for off-grid
applications.

Summary of Key Findings

The technical performance analysis demonstrated that the
hybrid BESS-SOFC architecture can achieve overall system
efficiencies of 65-78%, significantly higher than
conventional standalone systems. The integration of BESS
for short-duration storage and rapid response with SOFC for
efficient long-duration generation enables the system to
maintain high reliability (LOLP < 0.01%) while maximizing
renewable energy utilization. The hierarchical control
strategy effectively manages the different response
characteristics of the components, allowing the SOFC to
operate near its optimal efficiency point while the BESS
handles transient fluctuations.

The cost-effectiveness analysis revealed that the hybrid
architecture achieves an LCOE of 0.32 —0.38/kWh under
baseline assumptions, comparing favorably to conventional
alternatives such as Renewable+Diesel+BESS systems
(0.40 —0.48/kwh) and Renewable+Hydrogen systems
(0.45 —0.55/kWh). While the initial capital expenditure for
the hybrid system is moderately higher than diesel-based
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alternatives, the substantially lower operational costs result
in favorable lifecycle economics for most applications. The
sensitivity  analysis  identified renewable  resource
availability, fuel costs, and SOFC capital costs as the most
significant factors influencing economic performance,
highlighting areas where technological improvements or
policy interventions could further enhance viability.

The environmental impact assessment demonstrated
significant emissions reduction potential for the hybrid
system, with 60-70% lower lifecycle GHG emissions
compared to diesel-based alternatives when operated with
natural gas, and up to 85-90% lower emissions when
operated with biogas or hydrogen. Beyond GHG reductions,
the elimination of diesel combustion provides immediate
local air quality benefits through reduced NOx, SOx, and
particulate emissions, which can be particularly valuable in
sensitive environments.

The case study application in a remote research station
validated the practical implementation potential of the
proposed architecture, demonstrating how the system can be
optimized for specific location characteristics and
operational requirements. The economic analysis for this
real-world scenario confirmed the hybrid system’s
advantage over alternatives, with an LCOE of $0.42/kWh
compared to $0.58/kWh for the diesel-based alternative,
despite the additional costs associated with the remote
location [21].

Significance and Implications

The findings of this research have several significant
implications for the development and deployment of
standalone renewable energy systems. First, they
demonstrate  that  hybrid  architectures  combining
complementary storage and generation technologies can
overcome the limitations of single-technology approaches,
providing more cost-effective and reliable solutions for
challenging applications. This suggests that future research
and development efforts should focus on optimized
integration rather than solely on improving individual
technologies in isolation. Second, the results highlight the
potential of SOFC technology as a clean and efficient
alternative to conventional generators for standalone
applications, particularly when integrated with appropriate
energy storage and renewable generation. As SOFC costs
continue to decline with increased manufacturing scale and
technological improvements, their economic viability for
such applications will further improve, potentially enabling
widespread adoption in markets currently dominated by
diesel generators.

Third, the demonstrated environmental benefits of the
hybrid architecture align with global efforts to reduce
carbon emissions and air pollution, suggesting that policy
support mechanisms that recognize these benefits could
accelerate  deployment.  Carbon pricing, emissions
regulations, or incentives for clean energy technologies
could significantly enhance the economic case for such
systems, particularly in regions with aggressive climate
targets or air quality concerns.

Finally, the case study results indicate that the hybrid

architecture is particularly valuable for remote or island

locations where fuel logistics are challenging and expensive.

This suggests potential early adoption markets where the

technology could establish a foothold before expanding to

broader applications as costs decline and performance

improves [31].

Limitations of the Current Study

While this research provides valuable insights into the

potential of hybrid BESS-SOFC architectures, several

limitations should be acknowledged. First, the technical
performance analysis relies on simulation models that, while
detailed, may not capture all real-world operational
complexities and degradation mechanisms. Validation
through long-term field demonstrations would strengthen
confidence in the projected performance metrics. Second,
the economic analysis is based on current and projected cost
data that carries inherent uncertainty, particularly for
emerging technologies like SOFCs. Actual costs may vary
based on manufacturing scale, technological breakthroughs,
supply chain dynamics, and regional factors not fully
captured in the model. The sensitivity analysis partially
addresses this limitation but cannot eliminate the underlying
uncertainty. Third, the case study, while informative,
represents a single application scenario with informative,
represents a single application scenario with specific
characteristics that may not be representative of all potential
deployment contexts. Additional case studies across diverse
geographical, climatic, and operational conditions would
provide a more comprehensive understanding of the
architecture’s applicability and limitations. Finally, the
research focuses primarily on technical and economic
aspects, with less detailed treatment of implementation
challenges such as regulatory barriers, financing
mechanisms, and stakeholder acceptance. These non-
technical factors can significantly influence real-world

adoption rates and should be addressed in future work [21].

Recommendations for Future Research and

Development

Based on the findings and limitations of this study, several

directions for future research and development are

recommended:

1. Long-term Field Demonstrations: Implement and
monitor pilot installations of the hybrid architecture in
diverse operating environments to validate performance
projections, identify operational challenges, and refine
control strategies based on real-world experience.

2. Advanced Control Algorithms: Develop and test more
sophisticated control algorithms, potentially
incorporating machine learning and predictive analytics,
to further optimize the interaction between BESS and
SOFC components and enhance system performance
under varying conditions.

3. Thermal Integration Optimization: Explore advanced
approaches for utilizing SOFC waste heat, including
seasonal thermal storage, absorption cooling, or process
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heat applications, to further improve overall system
efficiency and value proposition.

3. Alternative Fuel Pathways: Investigate the technical and
economic implications of various fuel options for the
SOFC component, including biogas, hydrogen, and
ammonia, to enhance environmental performance and
leverage emerging clean fuel infrastructure.

4. Modular Design Approaches: Develop standardized,
modular system designs that can reduce engineering costs,
simplify installation, and enable more flexible scaling to
match evolving load requirements in standalone
applications.

5. Policy and Market Analysis: Examine how different
policy frameworks, market structures, and financing
mechanisms could influence the adoption of hybrid
BESS-SOFC systems, identifying optimal support
mechanisms to accelerate deployment where appropriate.

6. Life Cycle Optimization: Conduct more detailed analysis
of component lifetime optimization, replacement
strategies, and end-of-life management to minimize
lifecycle costs and environmental impacts.

In conclusion, the novel hybrid architecture integrating
BESS and SOFC technologies presented in this paper offers
a promising approach for enhancing the cost-effectiveness,
reliability, and environmental performance of standalone
renewable energy systems. While challenges remain, the
potential benefits warrant continued research, development,
and demonstration efforts to refine the technology and
facilitate its adoption in suitable applications. As renewable
energy continues to expand globally, such innovative hybrid
approaches will play an increasingly important role in
enabling reliable, efficient, and sustainable power
generation in off-grid and remote contexts.
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