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Abstract: This study examines the optimal energy mix for industrial complexes by incorporating
renewable energy systems, decarbonization strategies, and sector coupling technologies. Using data
from the Balan Industrial Complex in Korea, five energy scenarios were evaluated, ranging from
conventional systems (Scenario 1) to advanced renewable configurations (Scenario 5). The results
show that Scenario 5, which integrates sector coupling systems and decarbonization technologies, is
the most cost-effective and environmentally sustainable. Scenario 5 achieves the lowest Net Present
Cost (NPC), and significantly reduces CO2 emissions. Furthermore, an analysis of electricity prices
and CO2 costs from Korea, the United States, and Germany highlights the critical role of regional
electricity tariffs and carbon pricing in determining the economic feasibility of energy systems. While
renewable setups require higher initial investments, Scenario 5 proves to be the most economically
viable over time, offering both cost savings and environmental benefits. These findings provide
valuable insights for policymakers and industry leaders, emphasizing the importance of customized
strategies to optimize energy systems in industrial applications.

Keywords: net-zero energy; industrial complexes; renewable energy systems; decarbonization;
sector coupling

1. Introduction

The urgency and significance of achieving carbon neutrality have been highlighted by
the increasing visibility of extreme climate phenomena, such as heat and cold waves, re-
sulting from climate change. Carbon neutrality entails balancing greenhouse gas emissions
and absorption to reach net-zero emissions. Prioritizing emission reductions in sectors with
high greenhouse gas outputs is essential due to their substantial impact. Consequently, de-
carbonizing the energy sector, which contributes approximately 75% of global greenhouse
gas emissions, has become a critical and urgent objective.

Two key strategies are employed to decarbonize the energy sector: improving energy
efficiency and demand management to conserve energy, and reducing greenhouse gas
emissions during energy use. The latter, known as energy transition, is widely adopted by
many countries as an effective means to cut emissions. This has led to various initiatives in
both government policies and the private sector. A notable example is the RE100 initiative,
where private companies voluntarily commit to increasing their use of renewable energy
sources [1].

The RE100 initiative is a voluntary global campaign that aims for companies to use
100% renewable energy for their electricity needs by 2050. This initiative highlights corpo-
rate efforts towards carbon neutrality, and explores practical ways to increase renewable
energy usage. As of April 2024, 428 companies, including major global firms like BMW, Ap-
ple, and Google, are participants. In South Korea, participation began with six companies
in 2020, growing to 36 by March 2024. However, these Korean companies currently source
only 9% of their energy from renewables, significantly lower than the global average [2].
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Recently, global manufacturing companies are increasingly transitioning to renew-
able energy, leading to a steady rise in manufacturing firms joining the RE100 initiative.
Customer demand for carbon neutrality, including supply chain requirements, is growing.
Consequently, RE100 participants are urging their supply chain partners to adopt renewable
energy, making it crucial for export competitiveness. In South Korea, 16.9% of manufactur-
ing and export firms report buyer requests for renewable energy usage, with 41.7% facing
immediate pressure to comply. Additionally, 44.7% are required to submit greenhouse gas
emission data, necessitating comprehensive responses from exporters [2].

Greenhouse gas (GHG) emissions in South Korea have seen a substantial increase from
1990 to 2017, with a total rise of approximately 143% compared to 1990 levels. The energy
sector has been identified as the primary contributor to this growth, encompassing activities
such as power and heat generation, commercial operations, residential consumption, indus-
trial energy use, and transport. This sector accounts for the largest share of GHG emissions,
emphasizing the significant impact that energy-related activities, particularly within the
industrial domain, have had on the country’s overall emissions trajectory. Although there
has been a noticeable slowdown in emissions growth since 2013, suggesting some progress
in mitigation efforts, the energy sector’s continued dominance in GHG output highlights
the urgent need for comprehensive decarbonization strategies. These findings underscore
the challenges South Korea faces in achieving sustainable energy transitions and meeting
its GHG emission reduction targets, especially within the industrial sector [3].

Domestic industrial complexes account for 53.5% of South Korea’s total energy con-
sumption and 83.1% of the industrial sector’s energy use. This energy consumption heavily
relies on fossil fuels, with oil and coal comprising 51.4% and 23.7%, respectively. Con-
sequently, the industrial sector generates 350,486.7 thousand tCO2eq of greenhouse gas
emissions, contributing significantly to the country’s overall emissions [4].

To transition to carbon neutrality, many efforts are being made to deploy large-scale re-
newable energy sources (RES) as power generation sources in industrial complexes. Despite
notable progress, achieving this goal remains challenging. Exploring alternative energy
sources and innovative solutions to achieve RE100 in industrial complexes is essential to
meet current and future demands. Hydrogen emerges as a promising zero-carbon option,
offering flexibility as an energy carrier and potential applications across various fields, po-
sitioning it as a transformative technology for a sustainable future [5]. Additionally, much
research is being conducted on using thermal load controllers (TLC) that cover thermal
demand using excessive electricity.

Meanwhile, Germany has pioneered the innovative concept of sector coupling to
address the high energy costs, which is now gaining global attention. Sector coupling
integrates energy end-use and supply sectors, such as heating, power, and gas, enhancing
energy systems’ flexibility, reliability, adequacy, and efficiency. This approach also shows
promise in reducing decarbonization costs. Ramsebner et al. (2021) [6], Fridgen et al.
(2020) [7], and Wu et al. (2016) [8] emphasize the importance of integrating various energy
systems and sector coupling to enhance efficiency, reduce carbon emissions, and improve
the resilience and flexibility of energy infrastructure. They advocate for a holistic approach
that includes the interconnection of energy, transportation, and communication networks
to optimize energy flows and support a sustainable energy transition.

The primary aim of this paper is to propose a comprehensive and generic Net-Zero
Energy Mix (NZEM) architecture that integrates the electricity, heat, and hydrogen sectors
within a single entity to achieve a net-zero energy system. The proposed NZEM will
encompass wind energy, solar photovoltaic (PV) panels, Thermal Load Control (TLC), Bat-
tery Energy Storage Systems (BESS), and green hydrogen systems, including electrolyzers,
hydrogen storage tanks, and fuel cells. In addition, this research seeks to determine the
economic design of the NZEM for the Balan Industrial Complex, incorporating realistic
locational, operational, and economic inputs, as well as techno-economic models of key
components such as BESS, TLC, electrolyzers, fuel cells, and renewable energy sources.
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As shown in Figure 1, the Balan Industrial Complex is a large-scale industrial area
located in the Seoul metropolitan region of Korea (37◦10.9′ N, 126◦56.5′ E) with approx-
imately 400 companies operating as of the fourth quarter of 2023 [9]. It is also a major
industrial complex that primarily deals with chemicals, primary metals, and electronic
equipment manufacturing, sectors that are representative of high greenhouse gas emis-
sions in Korea [10]. The complex has a significant demand for electricity and heat energy,
making it an ideal candidate to evaluate the potential benefits of optimizing its energy mix.
Currently, the Balan Industrial Complex relies heavily on conventional energy sources,
with electricity primarily supplied from the national grid and heat energy generated via
on-site boilers and diesel generators. This reliance on conventional energy systems results
in high carbon emissions and limited efficiency, highlighting the need to explore more
sustainable, renewable, and cost-effective energy solutions.

Figure 1. Location of Balan Industrial Complex.

A central aspect of this investigation is the analysis of the combined effects of sector
coupling—including electricity, heat, and hydrogen—and decarbonization strategies on
the design of the NZEM. Furthermore, a financial feasibility study was conducted by
comparing the total CO2 emissions and electricity rates across different scenarios and
different countries.

The main contributions of this study are the proposal of a novel, realistic, and forward-
looking NZEM architecture that integrates multiple sectors using the sector coupling
approach and decarbonization strategies, demonstrating the feasibility of achieving a
net-zero energy mix for the Balan Industrial Complex. Additionally, this research pro-
vides a comprehensive policy framework for policymakers, investors, NZEM operators,
and planners, offering actionable insights supported by practical case studies to facilitate
the transition to a carbon-neutral and economically viable energy system.

The structure of this paper is organized as follows: Section 2 provides an overview of
the NZEM architecture, outlining the integration of various components and their roles
within the energy mix system. Section 3 focuses on system modeling, encompassing the
technical specifications and design inputs of each component, along with the methodolo-
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gies employed for the simulation process. Section 4 offers a comprehensive analysis of
essential simulation data, including climate conditions, load profiles, specific component
attributes, financial parameters, and CO2 emission cost evaluations. Section 5 delves into
the description of scenarios, comparative results analysis, and the re-evaluation of the
Levelized Cost of Energy (LCOE), taking into account factors such as CO2 emissions and
excess energy. Lastly, Section 6 concludes the paper by summarizing the major findings,
discussing policy implications, and suggesting recommendations for future research and
practical applications.

2. Literature Review

The global transition towards decarbonization and the RE100 initiative has signifi-
cantly reshaped the energy strategies of industries worldwide. As industrial sectors face
increasing pressure to reduce greenhouse gas (GHG) emissions, the integration of renew-
able energy systems (RES) is becoming essential. Numerous studies have focused on
renewable energy integration, sector coupling, and decarbonization strategies, yet gaps
remain in the understanding of how such transitions are economically feasible within in-
dustrial complexes. This section reviews the most recent and relevant literature concerning
RE100, sector coupling, and decarbonization, with a particular focus on their application to
industrial complexes and the necessary policy frameworks.

2.1. The Necessity of RE100 and Renewable Energy Integration

The RE100 initiative, which encourages corporations to commit to 100% renewable
electricity, has become a central force driving renewable energy adoption across various
sectors. Zining Wang et al. (2024) [11] highlight the economic and environmental benefits
of integrating renewable energy into industrial settings, noting that the RE100 initiative not
only reduces GHG emissions, but also enhances corporate social responsibility. Their study
emphasizes the economic viability of adopting RE100 through cost reductions in renewable
technologies and subsidies.

Similarly, Bing He et al. (2024) [12] examine the impact of renewable energy policies
in Southeast Asia, demonstrating that the implementation of RE100 initiatives can lead to
significant economic and environmental improvements in industries, particularly when
supported by regional policies. They suggest that governmental incentives, alongside
corporate commitments, can accelerate renewable energy adoption in industrial complexes,
thereby achieving RE100 targets.

In Latin America, research by Samuel Lotsu et al. (2019) [13] provides insights into
the challenges of achieving 100% renewable energy in developing countries. Their study
identifies economic barriers and the need for foreign investment in renewable energy
infrastructure to meet the demands of industrial sectors. These findings emphasize the
importance of policy-driven solutions in overcoming financial and technical hurdles associ-
ated with renewable energy integration in industrial settings.

2.2. Sector Coupling for Energy Efficiency and Decarbonization

Sector coupling, which involves integrating different energy systems (such as electric-
ity, heat, and transport) to improve efficiency and reduce emissions, has gained significant
attention in recent literature. According to Moser et al. (2020) [14], sector coupling plays a
critical role in optimizing energy systems, especially when coupled with renewable energy
sources. Their study demonstrates that integrating sector coupling technologies such as
power-to-heat (P2H) and power-to-gas (P2G) can significantly reduce energy costs and
CO2 emissions within industrial complexes.

Recent research by Goyal and Bhattacharya (2024) [15] builds on this by exploring the
potential of sector-coupled microgrids for decarbonizing industrial energy systems. Their
findings reveal that integrating sector coupling with renewable energy can lead to a 30%
reduction in operational costs, while simultaneously decreasing the reliance on fossil fuels.
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These results underscore the economic advantages of sector coupling as part of a broader
decarbonization strategy.

Jifeng Zhang et al. (2024) [16] conducted a study on the application of sector coupling
in Europe, highlighting that countries such as Germany have seen substantial efficiency
gains in industrial energy systems through the integration of sector coupling. Their research
indicates that sector coupling is essential for achieving the ambitious net-zero energy targets
outlined by the European Union.

2.3. Decarbonization and the Role of CO2 Emission Costs

Decarbonization strategies have become central to achieving net-zero energy systems,
particularly in industrial complexes. The imposition of carbon pricing mechanisms has
proven to be an effective tool in driving industrial sectors towards decarbonization. Ac-
cording to Grubb et al. (2021) [17], incorporating CO2 emission costs into industrial energy
systems encourages the adoption of cleaner technologies and renewable energy sources,
which in turn reduces overall carbon emissions. Their study demonstrates that carbon
pricing is a critical component in making decarbonization economically viable.

Furthermore, Nykvist et al. (2021) [18] conducted an analysis on the effectiveness of
carbon pricing in accelerating the adoption of renewable energy technologies. They found
that industries in regions with higher CO2 emission costs, such as the European Union, are
more likely to transition to renewable energy, thus highlighting the significance of carbon
pricing policies in supporting decarbonization efforts.

At the country level, Li et al. (2024) [19] explored how China’s carbon pricing system
has incentivized the industrial sector to reduce emissions by adopting energy-efficient
technologies. Their study illustrates that even in countries with emerging renewable energy
markets, strong carbon pricing mechanisms can lead to substantial environmental benefits.

2.4. Case Studies of 100% Renewable Energy Systems in Industrial Complexes

Global case studies have further emphasized the role of 100% renewable energy
systems in industrial settings. For instance, research by Goyal et al. (2024) [20] on sector-
coupled microgrids in the United States has shown that such systems can achieve 100%
renewable energy integration while reducing operational costs by over 40%. Similarly,
studies on renewable energy adoption in the Canary Islands and the Galapagos Islands by
Lotsu et al. (2020) [21] highlight how island-based industrial complexes have transitioned
to renewable energy with significant economic and environmental benefits.

In Japan, studies on the role of renewable energy in the industrial sector by Bing
He et al. (2024) [12] demonstrate that adopting a mix of solar, wind, and geothermal energy
has led to a marked reduction in GHG emissions. These findings reinforce the notion that
100% renewable energy systems can be both economically viable and environmentally
beneficial, provided that appropriate policies are in place to support such transitions.

2.5. Research Gaps and Future Directions

The current body of literature emphasizes the importance of integrating renewable
energy, decarbonization strategies, and sector coupling in advancing towards RE100 targets
and achieving net-zero energy systems. Despite significant progress, notable research
gaps remain, particularly concerning the challenges faced by industrial complexes across
different global regions. There is a pressing need for localized studies that consider the
unique dynamics of regional electricity prices, carbon pricing mechanisms, and policy
frameworks in understanding the energy transition of industrial sectors. While many
studies rely on model-based analyses or hypothetical data, research grounded in real-world
applications is limited, especially within industrial complexes.

To date, no comprehensive studies have thoroughly examined the practical imple-
mentation of a net-zero energy mix, designed specifically for carbon neutrality, within the
Korean industrial complex using sector coupling and green hydrogen technologies. This
study addresses these gaps by proposing an economically viable and sustainable energy
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mix that leverages these technologies to meet RE100 objectives and decarbonization targets.
Furthermore, future research should assess the long-term economic feasibility of integrating
emerging technologies, such as hydrogen-based systems and advanced energy storage
solutions, both of which are expected to play a critical role in enabling net-zero industrial
operations. Ramsebner et al. (2021) [6] underscored the value of sector coupling in enhanc-
ing energy system efficiency. This research applies these insights to a Korean industrial
setting, aiming to offer practical solutions for sustainable decarbonization pathways.

3. Methodology

Software tools such as HOMER Pro® 3.18.3, iHOGA® 3.4, Hybrid® 2-1.3, and RETScreen®

4.0 have been extensively utilized for the simulation and optimization of isolated hybrid
energy systems. In this study, HOMER Pro® 3.18.3, developed by the National Renewable
Energy Laboratory (NREL) in the United States, has been selected due to its advanced capa-
bilities in modeling and optimizing complex, multi-sector energy systems. HOMER Pro® is
particularly well-suited for simulating NZEM architectures, as it allows for the integration
of physical and operational characteristics of a wide range of energy components, including
renewable energy sources, energy storage systems, and hydrogen technologies. Further-
more, it supports sector coupling—encompassing electricity, heat, and hydrogen—which is
essential for the objectives of this research.

A key strength of HOMER Pro® lies in its robust optimization algorithms, which
enable the comprehensive evaluation of both the technical and economic performance of
various system configurations. This includes the capacity to conduct sensitivity analyses on
parameters such as fuel costs, component pricing, and carbon emissions, providing a holistic
assessment of the economic feasibility and sustainability of different NZEM scenarios.

Given these advanced features, HOMER Pro® is particularly well-suited to the goals
of this research, which seeks to design an economically viable and technically robust NZEM
for the Balan Industrial Complex. The components of the NZEM are modeled with a high
degree of precision, allowing for the simulation of real-world conditions and enabling
informed decision-making for future NZEM implementations. The components of the
NZEM are modeled as follows.

Figure 2 shows a detailed account of modeling various components within the NZEM.
The focus is on configuring and specifying diesel generators, solar PV systems, wind
turbines, electrolyzers, hydrogen storage, fuel cells, BESS, Power Conversion Systems
(PCS), and TLC.

3.1. Power System Architecture

The power system architecture shown in Figure 3 represents the typical energy supply
configuration found in many industrial complexes across South Korea. In this system,
electrical and thermal loads are managed through a combination of grid electricity and
on-site generation. The grid serves as the primary source of electrical power for industrial
operations, while the on-site generator supplements the electrical load and provides ad-
ditional capacity when necessary. Additionally, thermal energy needs are addressed by
utilizing excess heat from the on-site generator, which is directed to a boiler for heating
purposes. This conventional setup, commonly employed in industrial facilities, relies heav-
ily on fossil fuels for generation and has limited integration of renewable energy sources,
leading to both grid dependency and significant carbon emissions. As such, it reflects the
need for energy system improvements to enhance sustainability and efficiency within the
industrial sector.
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Figure 2. System architecture of Net-Zero Energy Mix (NZEM).

Figure 3. Conventional power and thermal energy system configuration in South Korean industrial
complexes [15].



Energies 2024, 17, 5404 8 of 31

Figure 4 represents the optimal configuration for integrating renewable energy tech-
nologies with sector coupling and decarbonization efforts, illustrating a comprehensive
energy system design. It incorporates wind energy (WD), PV systems, BESS, and fuel cells
alongside hydrogen production via electrolyzers. The system seamlessly manages both elec-
tric and thermal loads, with the use of TLC enhancing energy efficiency. By connecting AC
and DC circuits through a converter, this architecture enables greater flexibility in energy
usage and storage. The inclusion of a hydrogen tank allows for long-term energy storage,
further decoupling production and demand. This scenario aims to produce the most eco-
nomical energy mix through a strategic balance of renewable energy sources and advanced
technologies, striving to maximize efficiency while minimizing CO2 emissions. The goal of
this study is to demonstrate how sector coupling and decarbonization, when combined
with renewables, can lead to the most cost-effective and sustainable energy solution.

Figure 4. Economic energy system architecture with sector coupling and decarbonization [15].

3.2. Diesel Generators

Diesel generators are essential for backup power and ensuring system reliability.
In HOMER Pro®, generators are modeled by specifying their size, fuel type, and cost
parameters. The size of the generators is defined by entering the range of generator sizes to
be considered in the simulation. Cost parameters include the initial capital cost, replace-
ment cost, and annual operation and maintenance (O&M) costs. The fuel consumption is
characterized by input parameters for the fuel curve, which includes the intercept coeffi-
cient (no-load fuel consumption divided by rated capacity) and the slope (marginal fuel
consumption). Emission factors for pollutants such as carbon dioxide, carbon monoxide,
unburned hydrocarbons, particulate matter, and nitrogen oxides are specified to account
for environmental impacts. Maintenance intervals, downtime, and associated costs are set
to ensure proper upkeep of the generator. Additionally, an operating schedule is defined,
which indicates how long the generator should operate, how long it should not operate,
and how long this can be determined based on economic considerations.

3.3. Solar PV and Wind Turbines

Renewable energy sources, particularly solar photovoltaic (PV) and wind turbines, are
integral to achieving a net-zero energy mix (NZEM). To evaluate the performance of these
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renewable sources, various parameters such as system specifications, including the type of
solar PV system (flat panel or concentrating PV systems), maintenance factors, and wind
turbine characteristics, are taken into account [22].

The power output of the solar photovoltaic array is calculated using Equation (1) [23],

PPV = YPV fPV

(
GT

GT,STC

)
[1 + αP(Tc − Tc,STC)] (1)

In Equation (1), YPV (kW) represents the rated capacity of the PV array, fPV (%) de-
notes the PV derating factor, GT (kW/m2) is the solar radiation incident on the PV array,
and GT,STC (kW/m2) corresponds to the incident radiation under standard test conditions
(STC). The terms αP (%/°C), Tc (°C), and Tc,STC (°C) represent the temperature coefficient
of power, PV cell temperature, and PV cell temperature under standard conditions, re-
spectively. This equation adjusts for variations in solar irradiance, temperature, and panel
efficiency, providing a more accurate estimation of energy output under different environ-
mental conditions.

Wind turbine performance is defined by factors such as power curves, downtime,
maintenance tasks, hub height, and cost parameters. Wind speed variations with altitude
are especially critical for determining wind turbine output, which can be estimated using
Equation (2) [24],

Uhub = Uanem

ln
(

Zhub
Z0

)
ln
(

Zanem
Z0

) (2)

In Equation (2), Uhub (m/s) and Uanem (m/s) represent wind speeds at the hub height
and base height, respectively, while Zhub (m) and Zanem (m) denote their respective heights.
Z0 (m) represents the surface roughness length. This equation is crucial for adjusting wind
speed measurements to the hub height, which is where wind turbines typically operate,
allowing for accurate estimation of potential power output.

The wind power output PWTG (kW) is determined using Equation (3) [25]:

PWTG =
ρ

ρ0
· PWTG,STP (3)

In Equation (3), PWTG,STP (kW) represents the rated power output of the wind turbine
under standard conditions, ρ is the air density at operational conditions, and ρ0 is the
air density under standard temperature and pressure (1.225 kg/m3). This relationship
accounts for changes in air density due to variations in temperature and altitude, directly
influencing the energy yield from wind turbines.

Moreover, wind turbines generate power within a specific range of wind speeds,
ceasing production above the cutoff speed or at very low wind speeds. The power output
of wind turbines is further described by Equation (4) [25]:

Pwind =
1
2

ρAV3 (4)

In Equation (4), ρ represents air density (1.225 kg/m3), V is the wind speed (m/s),
and A is the cross-sectional area of the wind turbine. This equation highlights how wind
power output depends significantly on wind speed and air density, underscoring the impor-
tance of optimizing turbine placement and operational conditions for maximum efficiency.

3.4. Electrolyzers and Hydrogen Storage

Electrolyzers and hydrogen storage systems enable the use of hydrogen as a clean
energy source. Electrolyzers are specified by their capacity, efficiency, lifetime, minimum
load ratio, schedule, and costs. Hydrogen storage systems are defined by the initial tank
level, capacities, and associated costs.
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3.5. Fuel Cells

Fuel cells, which convert stored hydrogen into electricity, are modeled to enhance
system flexibility. The capacity of fuel cells is customizable, with the default HOMER
Pro® model being 250 kW. The cost and operational parameters include the capital cost,
replacement cost, O&M costs, fuel type, and efficiency.

3.6. Power Conversion Systems (PCS)

PCS is essential for coupling DC and AC elements within the NZEM. The design pa-
rameters for PCS include the lifetime, efficiencies for inverter and rectifier modes, capacities,
and costs.

3.7. Battery Energy Storage Systems (BESS)

BESS is modeled to store excess energy and provide it during periods of high demand
or low generation. The battery models use a modified kinetic storage model represent-
ing Li-Ion-type batteries, accounting for temperature dependency, calendar degradation,
and cycling lifetime. The design inputs for BESS include the initial state-of-charge (SOC),
minimum SOC, and degradation limits. The differential equations governing the maximum
power that the BESS can charge and discharge are given in Mohammad Reza Akhtari [22].

3.8. Thermal Load Controllers (TLC)

TLC facilitates the conversion of excess electrical output into thermal energy, thereby
enhancing the integration of renewable sources within the energy system. These controllers
are typically modeled as electric boilers that handle thermal loads. However, it is important
to note that the HOMER Pro software-3.18.3 does not support detailed modeling of TLCs;
the only adjustable parameters available are costs and losses, which should be carefully
considered for optimizing system performance [22].

3.9. Net Present Cost (NPC) and Levelized Cost of Energy (LCOE)

The NPC of a power system represents the total present value of all costs incurred
over the system’s entire lifespan, minus the present value of all revenues generated during
the same period. These costs encompass capital expenses, replacement costs, operation and
maintenance (O&M) expenses, fuel costs, emission penalties, and expenses associated with
purchasing power from the grid. On the revenue side, factors such as salvage value and
grid sales revenues are included. In the context of this study, HOMER software calculates
the overall NPC by aggregating the discounted cash flow for each year of the project’s
lifetime [26].

The LCOE serves as a key metric for evaluating the average cost per kilowatt-hour
(kWh) of electricity produced by a power system over its entire operational life. This metric
is crucial in assessing the overall cost-effectiveness of energy projects, as it incorporates
both capital and operational expenses. HOMER calculates the LCOE by dividing the total
annualized cost of electricity generation (after subtracting the portion allocated to serving
the thermal load) by the total electrical load served. This calculation is represented by
Equation (5),

LCOE =
Cann,tot − cboiler · Hserved

Eserved
(5)

In this equation, Cann,tot (USD/yr) denotes the total annualized cost of the power
system, while cboiler (USD/kWh) represents the boiler’s marginal cost. Hserved (kWh/yr)
refers to the total thermal load served, and Eserved (kWh/yr) is the total electrical load
served by the system.

The term cboiler · Hserved in the numerator accounts for the portion of the annualized
cost attributed to serving the thermal load. In systems where no thermal load is provided
(Hserved = 0), this term is excluded from the calculation. This approach ensures that the
LCOE calculation accurately reflects the capital and operational expenses of the energy
system, providing a comprehensive evaluation of its cost-effectiveness [27].
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4. System Modeling and Analysis
4.1. Climate Statistics

The Temperature Resource used in this study utilized data provided by NASA Pre-
diction Worldwide Energy Resource (Power), which is the average of monthly average air
temperature from January 2017 to December 2022 [28]. The monthly average temperature
data analysis, as depicted in Figure 5, reveals significant seasonal variations throughout the
year. The temperature profile indicates a distinct peak during the summer, with the high-
est average temperatures occurring in July and August, reaching approximately 25.6 °C.
The winter months, particularly January and February, exhibit the lowest temperatures,
averaging around −1.8 °C and 0.2 °C, respectively. The annual average temperature is
calculated to be 12.18 °C, marked by a dashed line on the graph. These data underscores the
seasonal temperature fluctuations that can significantly impact energy demand, particularly
for heating and cooling, thus influencing the design and operation of energy systems in
this region.

Figure 5. Monthly average temperature profile of Balan Industrial Area.

The wind resource data used in this study, sourced from NASA Prediction Worldwide
Energy Resource (POWER), represents the monthly average wind speed at 10 m above
the earth’s surface from January 2017 to December 2022 [28]. Figure 6 shows the monthly
average wind speed data, indicating a slightly fluctuating wind profile throughout the year.
The wind speeds range from approximately 3 m/s in June to 4.6 m/s in December, with an
annual average wind speed of 3.9 m/s. This modest wind speed, particularly during the
colder months, suggests a moderate potential for wind energy as a renewable resource.
Although wind speeds are relatively low for maximum power output, the somewhat
higher wind speeds observed in winter can partially offset the reduced solar radiation
and contribute to balancing the renewable energy generation portfolio. However, the data
suggests that while wind energy systems offer potential as a renewable resource, they
may benefit from integration with other renewable sources or energy storage solutions to
enhance stability and manage seasonal variability more effectively.
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Figure 6. Monthly average wind speed profile of Balan Industrial Area.

The Solar GHI Resource used in this study utilized the National Solar Radiation data
provided by the National Renewable Energy Laboratory Database [29]. Figure 7 presents
the monthly average solar Global Horizontal Irradiance (GHI) data, along with the clearness
index, which measures the clarity of the atmosphere. The solar radiation peaks during the
summer months, particularly in May and June, with daily radiation values reaching up
to 5.777 kWh/m²/day. In contrast, the winter months, specifically December and January,
experience the lowest solar radiation, averaging around 2.056 kWh/m²/day. The clearness
index fluctuates throughout the year, with the highest values in the summer, indicating
clearer skies and higher solar energy potential. The annual average radiation is noted as
4.06 kWh/m²/day.

Figure 7. Monthly average solar Global Horizontal Irradiance (GHI) profile of Balan Industrial Area.
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4.2. Load Profiles

Electric loads in HOMER Pro® are simulated by setting key parameters such as peak
month, load profile type (e.g., industrial), and scaling factors. In this study, the electric load
profile is customized for the Balan Industrial Complex using the latest data from the Korea
Electric Power Corporation (KEPCO) for March 2024. This ensures the simulation accurately
reflects the current electricity demand and peak power values specific to the complex.
By aligning the load profile with typical industrial energy usage patterns, the model
captures realistic consumption and peak scenarios, providing an accurate representation
of the complex’s energy needs. Several studies support the assumption that thermal load
constitutes a significant portion of industrial energy demand. Denholm et al. (2022) [30]
conducted an analysis of an industrial virtual power plant (IVPP) model, revealing that
thermal load accounted for approximately 40% of electrical load in heavy industrial settings.
Similarly, Sandberg and Avelin (2020) [31] found a strong correlation between electricity
and thermal energy consumption, indicating substantial heat requirements in industrial
processes. Given Korea’s heat-intensive sectors such as chemical (33.7%), primary metal
(25.4%), and oil refining (22.7%), the thermal load is reasonably assumed to be 50% of the
electricity demand in the Balan Industrial Park [10].

In Table 1, the electric load profile shows an average daily consumption of 386,011.92 kWh,
translating to an average power demand of 16,083.83 kW. The peak electric load, which occurs
during periods of highest demand, reaches 31,465.59 kW. The monthly variations, as illustrated
in Figure 8, demonstrate a consistent load pattern with minimal fluctuations, indicating a
stable and predictable demand for electricity throughout the year. This stability is beneficial
for the efficient planning and operation of the energy system, as it allows for better integration
of renewable energy sources and more reliable forecasting of energy needs.

Table 1. Summary of electric and thermal load characteristics.

Component Average (kWh/day) Average (kW) Peak (kW)

Electric Load 386,011.92 16,083.83 31,465.59
Thermal Load 193,005.94 8041.91 15,732.79

Figure 8. Monthly electric load profile.

In parallel, the thermal load profile in Figure 9, which has been simplified to represent
approximately half of the electric load, displays similar characteristics. Table 1 indicates
that the thermal load has an average daily consumption of 193,005.94 kWh, with an average
power demand of 8041.91 kW and a peak demand of 15,732.79 kW.

Figure 9. Monthly thermal load profile.
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4.3. Components

Table 2 provides a detailed overview of the technical specifications and operational
parameters for the various components included in the energy system under study.

Table 2. Technical specifications of energy system components.

Component Abbreviation Details

BESS BE Initial SOC = 40%, Minimum SOC = 20%

Converter CV Efficiency = 95%

Diesel Generator DG CHP Heat Recovery Ratio = 25%, Min. Load Ratio = 25%, Min. Runtime = 30 min,
Fuel = 1.19 USD/L

Electric Load - Average = 389,253.78 kWh/day, Peak 31,729.85 kW, Load Factor = 0.51, Industrial Type

Generic Electrolyzer ET Efficiency = 85%, Minimum Load ratio = 0%

Fuel Cell FC CHP Heat Recovery Ratio = 60%, Min. Load Ratio = 25%, Min. Runtime = 0 min,
H2 Fuel = 1.58 USD/L

Hydrogen Tank HT Initial Tank Level = 20%

Solar PV PV Derating Factor = 80%

Wind Turbine WT Hub Height = 80 m

Thermal Load - Average = 194,626.89 kWh/day, Peak 15,864.92 kW, Load Factor = 0.51

Boiler BL Boiler Efficiency = 85%

Diesel generators are typically utilized to meet peak electricity demand when photo-
voltaic (PV) panels are not generating power [32]. In consideration of this function and
accounting for a 10% uncertainty in peak load, the minimum operational load ratio for the
generator was established at 25%. Additionally, to address the thermal load requirements,
a diesel-based boiler is capable of producing thermal energy whenever excess electricity
is insufficient.

HOMER software offers an extensive library of components that includes a diverse
range of technical input data commonly utilized in various studies [23,33]. However, for this
research, instead of relying solely on the HOMER library, the component data were primarily
obtained from the latest market price data, manufacturer catalogs, and technical brochures.
Additionally, recent studies and academic papers published after 2023 were referenced to
ensure that the most up-to-date and accurate information was incorporated. This approach
enhances the precision and reliability of the analysis by reflecting current market trends and
technological advancements in component costs and specifications in Table 3.

Table 3. Cost, operational parameters, and CO2 emissions of energy system components.

Component Capital Cost Replacement Cost O&M Cost Lifetime

BESS [34] USD 482/kWh USD 482/kWh USD 12/kWh/year 365 cycles/year for 20 years

Converter USD 300/kW USD 300/kW USD 0/kW/year 20 years

Diesel Generator USD 500/kW USD 500/kW USD 0.03/kW/operating
hour 90,000 h

Electrolyzer [34,35] USD 1000/kW USD 1000/kW USD 50/kW/year 20 years

Fuel Cell [36] USD 1000/kW USD 1000/kW USD 3.5/kW/operating
hour 80,000 h

Hydrogen Tank [37] USD 507/kg USD 507/kg USD 60/kg/year 20 years

Thermal Load Controller USD 200/kg USD 200/kg USD 0/kg/year 20 years

Solar PV [38] USD 876/kW USD 876/kW USD 7.7/kW/year 20 years

Wind Turbine [39] USD 1274/kW USD 1274/kW USD 55/kW/year 20 years
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Table 3 provides a comprehensive breakdown of the capital, replacement, and oper-
ational costs associated with various components of the energy system. Additionally, it
outlines the expected lifetime of each. In addition, in order to improve the reliability of this
study and reflect the latest component prices, it was written based on price data from each
component catalog, market price, and related papers published after 2023.

4.4. Financial Statistics

Table 4 outlines the key financial parameters utilized in the economic analysis of the
energy system. These factors are critical for evaluating the long-term financial viability and
cost-effectiveness of the project. The project lifetime is set at 20 years, providing a time
horizon for assessing the costs and benefits associated with the system’s components and
operations. An inflation rate of 3% is applied, accounting for the expected rise in costs over
the project’s duration due to economic conditions. The discount rate, set at 6%, reflects the
time value of money and the risk associated with the investment, impacting the present
value of future cash flows. The diesel price is assumed to be USD 1.19 per liter, while the
hydrogen price is set at USD 1.58 per liter. Diesel and hydrogen prices were modeled based
on 2024 price data for Korea, sourced from Global Petrol Prices [40].

Table 4. Financial factors for the energy system analysis.

Component Content

Project lifetime 20 years
Inflation rate 3%
Discount rate 6%
Diesel price USD 1.19/L

Hydrogen price USD 1.58/L

4.5. Emission Costs

Using diesel fuel, in generators and boilers, means that there would be pollutants such
as carbon monoxide, unburned hydrocarbons, and nitrogen oxides. HOMER Pro deter-
mines the emissions factor for each pollutant. After the simulation, the annual emissions
of that pollutant are calculated by multiplying the emissions factor by the total annual
fuel consumption.

In this research, carbon emission pricing data from the World Bank’s Carbon Price
Dashboard [41] for the year 2024 was used, which offers detailed information on emissions
trading systems (ETS) and carbon pricing frameworks implemented in different countries.
According to the data presented in Table 5, the European Union (EU) has implemented a
carbon price of USD 61.3 per ton of CO2, supported by stringent emission reduction targets
and robust market frameworks. Similarly, the United Kingdom (UK) has established a
carbon price of USD 45.06 per ton of CO2, following its post-Brexit ETS alignment. In the
United States, there is significant variation in carbon prices across states, with California’s
prominent cap-and-trade system setting a cost of USD 38.59 per ton. Japan, one of the
leading Asian nations in carbon pricing, has set a rate of USD 36.91 per ton of CO2.
Meanwhile, South Korea’s ETS, though operational, currently features a comparatively
low carbon price of USD 6.3 per ton, reflecting a more conservative approach to carbon
market implementation.

4.6. Electricity Price

Table 6 provides a comparative analysis of electricity prices across three key regions:
Germany, the United States, and South Korea. The table distinguishes between residential
and industrial electricity prices, expressed in USD per kilowatt-hour (kWh). Notably,
the electricity price for industrial sectors is significantly lower than that for residential
users in all regions. In the case of Germany, the industrial electricity price stands at USD
0.275/kWh, which is considerably lower than the residential rate of USD 0.368/kWh.
Similarly, the industrial electricity price in the United States is USD 0.137/kWh, com-
pared to USD 0.162/kWh for residential consumers. South Korea also reflects this trend,
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with industrial electricity priced at USD 0.115/kWh versus USD 0.131/kWh for residen-
tial consumption. As my research focuses heavily on the industrial sector, the industrial
electricity prices from this table will serve as critical data inputs for cost analysis in energy
mix configurations.

Table 5. Carbon Emission Trading System (ETS) prices by country.

Country Price in ETSs (USD/ton)

EU 61.30
UK 45.06
US 38.59

Japan 36.91
Korea 6.30

Table 6. Residential and industrial electricity prices by country.

Country Residential Price (USD/kWh) Industrial Price (USD/kWh)

Germany [42] 0.368 0.275
US [43] 0.162 0.137

Korea [44] 0.131 0.115

5. Simulation Results Analysis

The models are simulated in HOMER Pro® [45] and Python simulation works. The per-
formances are tested on the net-zero energy mix of the Balan Industrial Complex. Different
scenarios are developed to determine the economic design of the proposed NZEM and to
examine the effect of sector-coupling and decarbonization strategy.

5.1. Development of Scenarios

Table 7 provides a comprehensive breakdown of the five energy system scenarios
modeled in this study, with each representing distinct configurations of energy generation
technologies, sector-coupling mechanisms, and decarbonization pathways. These scenarios
were developed to evaluate the economic, environmental, and operational implications of
different energy system configurations in the context of net-zero energy transition efforts.

Table 7. Description of energy system scenarios.

Scenarios Scenario Configuration Description

Scenario 1 On-Grid + BL
Base System (On Grid + Boiler)

[The electricity rates for each country were calculated by reflecting them in
On-Grid’s Power Grid Price.]

Scenario 2 DG + WD + PV + BE Diesel Generator + Renewable Energy System(Wind, Solar PV and BESS)
without Decarbonization/Sector Coupling

Scenario 3 DG + WD + PV + BE + HT + EL + TLC
Scenario 2 + Sector Coupling

[Diesel Generator + Renewable Energy System(Wind, Solar PV and BESS) +
Hydrogen System + TLC, but no Fuel Cell]

Scenario 4 WD + PV + BE + HT + EL + FC
Scenario 2 + Decarbonization

[Renewable Energy System + Hydrogen System + Fuel Cells, but no Diesel
Generator and TLC]

Scenario 5 WD + PV + BE + HT + EL + FC + TLC Scenario 2 + Decarbonization + Sector-Coupling
[All sectors included, but no Diesel Generator]

Scenario 1 serves as the baseline and represents a traditional energy system that relies
on grid-connected electricity (On-Grid) and a boiler (BL) to meet energy demands. This
scenario assumes no integration of renewable energy sources, decarbonization strategies,
or sector-coupling mechanisms. The electricity rates in this scenario are calculated based
on country-specific grid power prices, making it representative of the current industrial
energy framework in regions like the EU, the US, and South Korea.
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Scenario 2 introduces a significant shift toward renewable energy by incorporating
wind turbines, PV panels, and BESS. It also includes a diesel generator (DG) to supplement
energy production. However, this scenario does not include decarbonization or sector-
coupling strategies. The configuration of Scenario 2 simulates the partial integration of
renewable energy technologies without fully transitioning to a low-carbon or sector-coupled
system, which serves as an intermediate step toward deeper decarbonization.

Scenario 3 builds upon Scenario 2 by adding sector-coupling technologies, specifically
the integration of hydrogen systems and TLC. In this scenario, the diesel generator remains
in use alongside renewable energy systems, but there is no inclusion of fuel cells (FC). Sector-
coupling in this context refers to the alignment of energy production and consumption
across different sectors, such as electricity, heating, and hydrogen, which enables more
efficient utilization of renewable energy. This scenario examines the potential benefits of
sector-coupling in reducing emissions and enhancing energy system flexibility, though it
does not fully achieve a zero-emissions outcome.

Scenario 4 represents a decarbonization-focused configuration. It eliminates the diesel
generator and thermal load controllers while introducing fuel cells to the renewable energy
mix. This scenario is designed to test the impact of decarbonizing the energy system by
completely removing reliance on fossil fuel-based energy generation and moving toward
a fully renewable-powered system. The integration of fuel cells facilitates the storage and
conversion of renewable energy into electricity, further advancing the decarbonization efforts.

Scenario 5 is the most advanced configuration, combining both decarbonization and
sector-coupling strategies. This scenario integrates wind turbines, solar PV, battery storage,
hydrogen systems, fuel cells, and thermal load controllers into the energy mix, while
entirely eliminating the diesel generator. By incorporating all sectors and focusing on
a fully renewable and sector-coupled system, Scenario 5 represents a comprehensive
approach to achieving a net-zero energy system. The elimination of the diesel generator
underscores the focus on transitioning to clean energy sources, while the inclusion of
sector-coupling technologies demonstrates the potential for optimizing energy usage across
different sectors, further reducing emissions and enhancing system resilience.

5.2. Effect of Sector Coupling

The comparison between Scenario 2 and Scenario 3, as illustrated in Figure 10, demon-
strates the impact of sector coupling on both the Net Present Cost (NPC) and the Levelized
Cost of Electricity (LCOE). In Scenario 2, which incorporates renewable energy sources
without sector coupling, the NPC reaches USD 630 million. In contrast, Scenario 3, which
integrates sector coupling through systems such as hydrogen storage and thermal load
controllers, results in an NPC as USD 711 million. This increase indicates that while sector
coupling enhances the flexibility and sustainability of the energy system, it also intro-
duces higher upfront capital and operational costs due to the added complexity of the
integrated systems.

The LCOE comparison further supports this finding. In Scenario 2, the LCOE is USD
0.225/kWh, while in Scenario 3, it rises to USD 0.262/kWh. This higher LCOE reflects
the additional costs associated with implementing sector coupling technologies. However,
despite the initial increase in costs, the potential long-term benefits of sector coupling
such as improved system resilience, more efficient use of renewable energy, and enhanced
integration across sectors may justify these investments. This comparison highlights
the trade-off between the investment required for advanced energy configurations and
their resulting economic outcomes, emphasizing the need for a balanced approach when
integrating new technologies into energy systems.
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Figure 10. Comparison of NPC and LCOE across scenarios.

Table 8 provides a detailed analysis of thermal load management and energy source
contributions across five scenarios, examining the distribution of thermal load, boiler
consumption (BL), thermal load control (TLC), diesel generation (DG), fuel cell (FC) us-
age, and excess thermal energy production. In Scenario 1, the full thermal demand of
71,038 MWh/year is met entirely by the boiler, with no TLC, DG, or FC integration, result-
ing in zero excess thermal energy. Scenario 2 follows a similar pattern, with all thermal
load supplied by the boiler and no other energy sources involved, resulting in no excess
thermal production. In Scenario 3, TLC is introduced, supplying 1127 MWh/year, which re-
duces the boiler’s contribution to 45,187 MWh/year while incorporating 25,251 MWh/year
from diesel generation. This scenario also shows 527 MWh/year of excess thermal energy,
indicating a potential surplus that may need optimization. Scenario 4 makes minimal
adjustments, with the boiler’s contribution slightly increased to 71,074 MWh/year. There is
a small negative contribution from the fuel cell (−36 MWh/year), but no TLC or DG usage,
resulting in no excess thermal energy. Finally, Scenario 5 demonstrates a significant shift,
where TLC contributes 108,478 MWh/year, reducing the boiler usage to 52,776 MWh/year.
No diesel generation or fuel cell input is included, but this scenario generates a substantial
90,182 MWh/year of excess thermal energy, highlighting an area for further optimization.

Table 8. Thermal load management and energy source contribution across different scenarios.

Scenario Thermal Load (MWh/y) BL (MWh/y) TLC (MWh/y) DG (MWh/y) FC (MWh/y) Excess Thermal (MWh/y)

1 71,038 71,038 - - - -
2 71,038 71,038 - - - -
3 71,038 45,187 1127 25,251 - 527
4 71,038 71,074 - - −36 -
5 71,038 52,776 108,478 - - 90,182

5.3. Effect of Decarbonization

The comparison between Scenario 2 and Scenario 4 in Figure 10 highlights the eco-
nomic effects of decarbonization strategies. Scenario 2, which integrates renewable energy
sources such as wind, solar, and battery energy storage without decarbonization, shows
an NPC of approximately USD 630 million. In contrast, Scenario 4, which incorporates
decarbonization by removing the diesel generator and integrating fuel cells, results in a
slightly lower NPC of USD 620 million. This modest reduction in NPC suggests that decar-
bonization can be implemented with minimal additional costs, and the long-term savings
from reduced reliance on fossil fuels contribute positively to the overall economic feasibility.

However, the LCOE in Scenario 4 slightly increases from USD 0.225/kWh in Scenario
2 to USD 0.227/kWh. This minor rise indicates that while decarbonization reduces the
NPC, it may also introduce slight increases in the cost per unit of energy due to the capital
and operational expenses associated with integrating advanced technologies like fuel
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cells. Despite this increase, the long-term benefits of decarbonization such as improved
system sustainability and reduced emissions can justify the marginal rise in LCOE. This
comparison demonstrates that while decarbonization may involve slight increases in unit
costs, it remains an economically and environmentally favorable strategy for achieving
long-term sustainability.

5.4. Energy Mix Comparison: BAU vs. Economic NZEM

Figures 11 and 12 present the total energy production by source in Scenario 1 and Sce-
nario 5, respectively, offering a comparison between a conventional energy system and an
advanced system with extensive renewable integration and sector coupling. In Scenario 1,
the energy production is predominantly supplied by grid power (blue), with a considerable
portion also being met by boiler systems (orange) throughout the year. This setup reflects a
traditional energy system with minimal renewable energy integration, maintaining a stable
and consistent reliance on grid and boiler energy for the majority of the energy supply.
The overall energy production in this scenario remains relatively constant, showing that it
primarily relies on consistent but non-renewable sources.

Figure 11. Monthly energy production distribution for Scenario 1 (Grid and Boiler).

Conversely, Scenario 5 showcases a more diversified and advanced energy mix, incor-
porating wind turbines (blue), solar PV (yellow), thermal load controllers (TLC, purple),
and maintaining a smaller role for the boiler system (green). Figure 12 illustrates that
TLC has become the dominant energy source, significantly increasing its contribution
throughout the year and marking a shift towards optimized thermal energy management.
Wind turbines and solar PV systems provide substantial and consistent energy contribu-
tions, highlighting the integration of diverse renewable sources. The role of the boiler is
minimized further in this scenario, underscoring the transition from fossil fuel dependency
to a more renewable-focused setup.

Critically comparing the two scenarios, it is evident that the total energy production
in Scenario 5 far exceeds that of Scenario 1. While Scenario 1 relies heavily on grid and
boiler systems with limited capacity for expansion, Scenario 5 leverages multiple renewable
sources and TLC to significantly boost its overall production, making the system more
resilient and capable of meeting higher energy demands.
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Figure 12. Monthly energy production distribution for Scenario 5 (including WD, PV, BL and TLC).

Table 9 provides a summary of the economic configuration for each of the five scenarios
explored in this study, outlining the optimal combination of equipment and technologies
used in each case. It details the system capacities for various energy components across the
scenarios, illustrating the transition from a baseline system to more advanced configurations
with sector coupling and decarbonization technologies.

Table 9. Economic system component capacity across different scenarios.

Scenario DG (kW) PV (kW) WD (kW) BE (kWh) CV (kW) FC (kW) TLC (kW) Grid (kW)

1 - - - - - - - 999,999
2 35,000 97,042 37,500 266,000 30,000 - - -
3 35,000 60,332 9000 219,000 30,554 - 30,000 -
4 - 132,945 43,500 360,000 31,365 250 - -
5 - 140,350 49,500 323,000 27,080 250 250,000 -

In Scenario 1, the baseline system relies entirely on grid power, with a grid capacity of
999,999 kW and no integration of renewable energy sources or advanced technologies like
Battery Energy Storage Systems (BESS), electrolyzers, or Thermal Load Controllers (TLC).

Scenario 2 marks a shift towards renewable energy, incorporating 97,042 kW of PV
capacity and 37,500 kW of wind energy. It also includes 266,000 kWh of BESS for energy
storage, but does not integrate hydrogen or fuel cell technologies, highlighting a system
focused on renewables without sector coupling.

In Scenario 3, a diesel generator with a capacity of 35,000 kW is introduced, alongside
60,332 kW of PV and 9000 kW of wind capacity. This scenario also integrates 219,000 kWh
of BESS and adds a TLC with a capacity of 30,000 kW. Additionally, it includes 30,554 kW
of converters, demonstrating a system utilizing sector coupling and hybrid energy sources
while maintaining some fossil fuel reliance.

Scenario 4 further expands the renewable energy capacity, featuring 132,945 kW of PV
and 43,500 kW of wind energy. It includes the largest BESS capacity at 360,000 kWh, and
introduces a small electrolyzer (250 kW), completely eliminating the diesel generator to
emphasize decarbonization.

Finally, Scenario 5 represents the most advanced configuration, with 140,350 kW of
PV, 49,500 kW of wind capacity, and 323,000 kWh of BESS. It includes a converter capacity
of 27,080 kW, 250 kW of fuel cells, and a significant 250,000 kW TLC, showcasing a system
optimized for sector coupling and decarbonization without reliance on diesel generators.
This advanced setup maximizes the use of renewable energy technologies and storage
solutions, promoting a highly sustainable and resilient energy system.
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5.5. Effect of CO2 Emissions

Table 10 provides a comprehensive comparative analysis of CO2 emissions and their
associated costs across the five scenarios, offering insights into the environmental and
economic impacts of different energy system configurations. In Scenario 1, which relies
entirely on conventional energy sources, annual CO2 emissions are at their peak, reaching
112,265 tons. This high emission level underscores the carbon-intensive nature of traditional
energy systems, emphasizing the urgent need for integrating renewable technologies to
reduce environmental impact.

As the scenarios progress, incorporating increasingly higher levels of renewable energy
technologies and advanced systems, CO2 emissions decrease significantly. For instance,
Scenario 2 reduces emissions to 31,753 tons per year, demonstrating the effectiveness of
initial renewable energy integration efforts. Further reductions are seen in Scenario 4,
with emissions dropping to 22,483 tons per year. The lowest emission level is achieved
in Scenario 5, which integrates extensive decarbonization measures and sector coupling
technologies, resulting in emissions of only 16,695 tons per year. This demonstrates the
capability of advanced system configurations to significantly lower emissions, approaching
net-zero levels.

Table 10. CO2 Emissions and associated costs.

Section Area Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

CO2 Emissions (ton/year) - 112,265 31,753 55,799 22,483 16,695

CO2 EU 6,881,873 1,946,458 3,420,478 1,378,207 1,023,403
Emission US 4,332,325 1,225,348 2,153,283 867,618 644,260

Cost (USD/year) Korea 707,272 200,043 351,533 141,642 105,178

Table 10 also details the annual CO2 emission costs based on the carbon pricing
frameworks in the EU, US, and Korea, revealing substantial regional differences in the
economic burden of emissions. In Scenario 1, the EU faces the highest emission cost at
USD 6,881,873 per year, reflecting the stringent carbon pricing policies of the region. This is
followed by the US at USD 4,332,325, while Korea incurs a comparatively lower cost of USD
707,272, due to its less rigorous carbon pricing structure. These variations highlight the
influence of regional regulatory policies on the economic incentives for reducing emissions.

As emissions decrease in the subsequent scenarios, the associated costs drop consider-
ably. For example, in Scenario 5, the EU’s emission cost declines to USD 1,023,403, the US
to USD 644,260, and Korea to USD 105,178. This trend indicates the financial benefits
linked to emission reductions achieved through advanced energy configurations. However,
the regional disparities in carbon pricing also raise concerns about the global alignment of
carbon strategies. While the higher costs in the EU create a substantial economic incentive
for rapid decarbonization, regions with lower pricing mechanisms, such as Korea, may
lack sufficient motivation to aggressively pursue decarbonization efforts. This discrepancy
poses challenges for global efforts aimed at achieving net-zero emissions. The analysis
highlights the importance of harmonizing carbon policies across regions to ensure a coordi-
nated and effective global response to climate change. By aligning economic incentives, it
is possible to create a consistent and unified approach that drives decarbonization efforts
worldwide, regardless of regional variations in carbon pricing.

5.6. NPC and LCOE Comparison Reflecting CO2 Emission Cost and Electricity Rates

Figure 13 illustrates the effect of CO2 emission costs on the NPC and LCOE across
different energy scenarios in Korea. The NPC values range from USD 397 million in
Scenario 1, which relies solely on conventional energy sources, to USD 711 million in
Scenario 3, which integrates both renewable and conventional sources. The inclusion of
CO2 costs causes a noticeable increase in NPC across all scenarios, with the most significant
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rise observed in Scenario 3, indicating the financial implications of carbon pricing on energy
systems that still depend heavily on fossil fuels.

The LCOE values also show a similar pattern, increasing from USD 0.115/kWh in
Scenario 1, which uses only conventional energy sources, to USD 0.262/kWh in Scenario 3,
where a mix of renewable and conventional energy sources is used. When CO2 costs are
added, the LCOE rises across all scenarios, reflecting the additional financial burden from
carbon pricing. However, in scenarios with higher renewable energy adoption, like Scenario
5, the increase in LCOE is smaller. This demonstrates that renewable energy systems are
less affected by carbon pricing compared to fossil-fuel-based systems. The smaller rise
in LCOE for Scenario 5 suggests that cleaner energy systems have the potential to keep
costs lower even when carbon prices are applied, making them more financially viable
in the long term. This also highlights that investing in renewables can be an effective
way to reduce the economic impact of carbon pricing, providing both environmental and
cost–benefits.

Despite these increases, the relatively modest rise in both NPC and LCOE suggests
that Korea’s current carbon pricing framework may not be stringent enough to incentivize
a rapid transition towards renewable technologies. The small cost differential indicates
that the economic pressure applied by the existing carbon pricing policy is insufficient to
drive significant investment in decarbonization and advanced technologies. To accelerate
the shift toward a more sustainable energy system, a more aggressive carbon pricing
strategy may be necessary. Such a strategy would not only encourage the adoption of
cleaner technologies, but also enhance the economic and environmental resilience of Korea’s
energy infrastructure by aligning financial incentives with emissions reductions.

Figure 13. Comparison of NPC and LCOE with and without CO2 cost inclusion for Korea.
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Figure 14 illustrates the effect of CO2 emission costs on the NPC and LCOE across
different energy scenarios in Germany. Without CO2 costs, NPC values range from
USD 620 million in Scenario 4, which integrates the most renewable technologies, to
USD 738 million in Scenario 1, which relies heavily on conventional energy sources. When
CO2 costs are included, NPC values rise, with Scenario 1 increasing to USD 841 million,
demonstrating the impact of Germany’s high carbon prices designed to discourage fossil
fuel usage.

The LCOE values show a similar trend. In Scenario 1, LCOE increases from USD
0.275/kWh to USD 0.314/kWh when CO2 costs are factored in, highlighting the financial
impact of Germany’s carbon pricing on carbon-intensive systems. In contrast, Scenario
5, which has a high renewable energy share, experiences a slight decrease in LCOE from
USD 0.233/kWh to USD 0.231/kWh when CO2 costs are applied. This decrease suggests
that systems heavily reliant on renewables become even more cost-effective under carbon
pricing, benefiting from their low emissions profile.

These results underscore how Germany’s robust carbon pricing framework incen-
tivizes a shift to cleaner energy systems by making carbon-intensive setups less economi-
cally viable. The decrease in LCOE for Scenario 5 specifically highlights that renewable
energy configurations not only reduce emissions, but also offer financial advantages when
carbon costs are considered. However, to ensure ongoing progress toward emissions reduc-
tion targets, maintaining or increasing carbon pricing levels may be necessary, reinforcing
Germany’s strategy of aligning economic incentives with environmental goals.

Figure 14. Comparison of NPC and LCOE with and without CO2 cost inclusion for Germany.

Figure 15 illustrates the impact of CO2 emission costs on the NPC and LCOE across
different energy scenarios in the United States, and a comparison with South Korea’s
data provides further insights. In the US, without CO2 costs, NPC values range from
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USD 444 million in Scenario 1, which relies on conventional energy sources, to USD 711
million in Scenario 3, which incorporates a mix of renewable and conventional technologies.
When CO2 costs are included, NPC values increase moderately; for example, Scenario 1
rises to USD 509 million, while Scenario 3 increases to USD 743 million. This moderate
increase reflects the relatively lower carbon pricing in the US, resulting in a less substantial
financial impact compared to regions with higher carbon costs, such as Germany.

Figure 15. Comparison of NPC and LCOE with and without CO2 cost inclusion for US.

The LCOE values also exhibit a modest rise. In Scenario 1, the LCOE increases from
USD 0.137/kWh to USD 0.161/kWh when CO2 costs are applied. In Scenario 3, the LCOE
rises from USD 0.262/kWh to USD 0.271/kWh. These smaller increments highlight that
the US carbon pricing policies exert limited economic pressure on carbon-intensive energy
systems, contrasting with the more aggressive impact seen in Germany.

Comparing the three countries, Germany exhibits the highest sensitivity to CO2 emis-
sion costs, a result of its ambitious climate policies and higher carbon pricing structure.
The NPC and LCOE values increase significantly when CO2 costs are applied, demonstrat-
ing how stringent regulations can create substantial financial incentives for transitioning to
cleaner energy systems. In contrast, South Korea shows the smallest changes in NPC and
LCOE, reflecting its relatively modest carbon pricing and lower electricity rates. The United
States falls between these two extremes, with moderate increases in both NPC and LCOE
due to its intermediate carbon pricing policies. This middle-ground approach leads to some
financial pressure on carbon-intensive systems but does not fully incentivize a rapid shift
toward renewable technologies as seen in Germany. These results suggest that countries
with stricter emissions regulations and higher carbon prices experience more significant
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economic impacts from carbon pricing mechanisms, emphasizing the importance of robust
regulatory frameworks in driving the energy transition.

As shown in Table 11, the variation in NPC across the different countries is influenced
by both the inclusion of the CO2 emission costs and differing electricity prices in each
region. While the CO2 costs are an important factor, the electricity price in each country
plays a significant role in shaping the overall NPC outcomes.

Table 11. NPC comparison reflecting electricity rates and CO2 emission cost.

Country CO2 Cost Inclusion Scenario 1
(M USD)

Scenario 2
(M USD)

Scenario 3
(M USD)

Scenario 4
(M USD)

Scenario 5
(M USD)

Korea X 397 630 711 620 634
O 407 633 718 622 635

Germany X 738 630 711 620 634
O 841 659 750 640 649

US X 444 630 711 620 634
O 509 648 743 633 643

For Korea, the relatively low industrial electricity price (USD 0.115/kWh) and modest
CO2 pricing structure minimize the impact on the NPC when emission costs are incorporated.
In Scenario 1, the NPC increases slightly from USD 397 million to USD 407 million, and in
Scenario 5, the change is minimal, rising from USD 634 million to USD 635 million. This
small increase can be attributed to Korea’s lower electricity tariffs, which lessen the financial
burden associated with energy consumption and emissions costs. However, this economic
stability also poses challenges for Korea’s transition to renewable energy, as low electricity
rates and carbon prices provide insufficient financial incentives for industries to adopt
renewable technologies. Consequently, while NPC values remain stable, this may suggest
an economic barrier to significant renewable energy integration under current policies.

In contrast, Germany’s higher industrial electricity price (USD 0.275/kWh) results in
a more pronounced increase in NPC when CO2 costs are applied. In Scenario 1, the NPC
rises from USD 738 million to USD 841 million, while in Scenario 5, it increases from
USD 634 million to USD 649 million. The higher electricity prices amplify the cost impact,
particularly in scenarios that rely heavily on fossil fuels, as energy consumption costs
increase significantly. Nonetheless, despite Germany’s higher electricity rates, Scenario 5
remains more economically viable than Scenario 1, showcasing the benefits of investing in
renewable energy systems to reduce long-term costs and emissions.

In the US, with an industrial electricity price of USD 0.137/kWh, the impact on NPC is
moderate. In Scenario 1, the NPC increases from USD 444 million to USD 509 million when
CO2 costs are included. Similarly, in Scenario 5, the NPC rises from USD 634 million to
USD 643 million. This moderate increase reflects the balance between the US’s intermediate
electricity prices and CO2 emission costs, resulting in a noticeable but less drastic impact
compared to Germany.

Overall, the comparison highlights how CO2 costs and electricity prices interact to
shape NPC outcomes. In Korea, the lower electricity prices lead to smaller changes in NPC,
even when CO2 costs are included, while Germany’s higher prices emphasize the financial
impact of fossil fuel reliance and the importance of renewable integration. The US falls
between the two extremes, reflecting a balance of these factors. This analysis underscores
the need for both energy pricing and CO2 cost considerations in determining the economic
viability of energy systems, with Scenario 5 consistently presenting the most cost-effective
solution across regions when decarbonization strategies are fully integrated.

6. Discussion

Figure 10 illustrates the NPC and LCOE for various scenarios in South Korea before ac-
counting for CO2 emission costs. The analysis reveals that Scenario 5, despite incorporating
the most comprehensive mix of renewable energy, sector coupling, and hydrogen-based
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systems, still shows a relatively higher NPC and LCOE compared to the baseline Scenario
1. Specifically, the NPC of Scenario 5 is approximately 59% greater than that of Scenario 1.
This indicates that, without the influence of CO2 costs, the additional investments required
for renewable energy technologies, hydrogen infrastructure, and sector coupling lead to
higher initial capital expenditures which, in turn, elevate the overall NPC. The significant
upfront costs associated with installing and maintaining these advanced systems currently
outweigh the operational savings, rendering Scenario 5 less economically attractive without
carbon pricing.

Similarly, the LCOE for Scenario 5 is higher than that of Scenario 1, indicating that
the cost per unit of energy produced increases with the integration of renewable energy
and sector coupling technologies. This suggests that in the absence of CO2 pricing mecha-
nisms, the conventional energy mix in Scenario 1 remains more cost-effective due to lower
initial investments and the established infrastructure for conventional energy generation.
These findings highlight that while Scenario 5 offers clear environmental and sustainability
benefits, its economic feasibility is limited without the incorporation of CO2 costs. This
underscores the importance of implementing carbon pricing policies or government subsi-
dies to make renewable energy systems financially competitive. Without such measures,
there is limited financial incentive for industrial complexes to adopt the more sustainable,
but initially more costly, energy mix presented by Scenario 5. This observation sets the
stage for further analysis on how the inclusion of CO2 costs and electricity rates influences
the overall economic viability of these energy scenarios.

Table 11 provides a comprehensive comparison of NPC across different scenarios for
South Korea, the United States, and Germany, incorporating both CO2 emission costs in
Table 5 and the industrial electricity rates outlined in Table 6. The analysis reveals that the
combined effect of these factors significantly impacts the economic feasibility of each energy
mix, especially when comparing Scenarios 1 and 5. In South Korea, the relatively low indus-
trial electricity rate of USD 0.115/kWh, coupled with a modest CO2 cost of approximately
USD 6.3 per ton, limits the financial incentive for a rapid transition to renewable energy.
Although Scenario 5 initially appeared more economically viable when carbon pricing was
applied, the modest level of CO2 pricing fails to create sufficient economic pressure to
incentivize substantial investments in renewable technologies. Consequently, despite the
potential decarbonization benefits, the current economic structure in Korea may restrict the
pace and extent of renewable energy adoption, highlighting the need for stronger policies
and higher carbon pricing to accelerate the shift towards cleaner energy systems.

In Germany, the impact is even more pronounced. The high industrial electricity rate
of USD 0.275/kWh, combined with a CO2 emission cost exceeding USD 60 per ton, results
in a substantial increase in NPC for Scenario 1, which predominantly relies on conventional
energy sources. Consequently, Scenario 5 becomes the more economically attractive option,
despite its higher initial investment, due to reduced fossil fuel reliance and a significant
decrease in CO2 emissions. This outcome emphasizes that in countries with high electricity
rates and carbon pricing, renewable energy integration and sector coupling technologies
are crucial for achieving long-term cost savings and sustainability.

The United States, with its moderate industrial electricity rate of USD 0.137/kWh
and a CO2 cost of around USD 38.59 per ton, exhibits a similar trend where the economic
balance shifts in favor of Scenario 5. The inclusion of CO2 costs makes Scenario 1 less
competitive, while the moderate electricity rate supports the cost-effectiveness of renewable
energy technologies and sector coupling, as seen in Scenario 5. The economic impact of
CO2 costs in the US is more noticeable than in Korea, reflecting a more balanced approach
between conventional and renewable systems.

Overall, the analysis demonstrates that both CO2 emission costs and industrial elec-
tricity rates significantly influence the NPC and LCOE across different scenarios. The data
suggest that when these factors are integrated, Scenario 5 emerges as the most economically
viable option across all three countries. This highlights the importance of including CO2
pricing and electricity tariffs in the evaluation of energy system costs, showing the substan-
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tial economic benefits that could result from transitioning to renewable energy systems,
particularly in regions with high electricity prices or stringent carbon policies.

These findings provide critical insights into achieving a cost-effective and sustainable
energy transition in industrial complexes, particularly when integrating renewable energy,
sector coupling, and decarbonization strategies. The comparative analysis of NPC and
LCOE across different scenarios suggests that transitioning to renewable energy systems
may seem less economically favorable without CO2 costs; however, the inclusion of carbon
pricing and electricity rates significantly shifts the economic landscape in favor of more
sustainable energy mixes.

For industrial complexes in South Korea, the relatively low electricity rates and modest
CO2 emission costs offer an opportunity to transition toward renewable energy systems
and sector coupling. Given that Scenario 5 showed notable economic advantages when
both CO2 costs and electricity rates were factored in, policymakers should leverage this by
providing incentives, subsidies, or regulatory support to facilitate the integration of renew-
able technologies in the industrial sector. Such support could include financial incentives
for investments in renewable infrastructure, tax credits for energy-efficient technologies,
or subsidies for adopting hydrogen-based systems and energy storage solutions.

In conclusion, this study emphasizes the need for supportive policies and regulatory
frameworks to accelerate the shift towards a sustainable energy mix in industrial complexes.
Policymakers should consider the economic conditions of each country, including electricity
rates and CO2 emission costs, to develop tailored strategies that encourage the adoption of
renewable energy technologies, sector coupling, and decarbonization initiatives.

7. Conclusions

This study investigated the optimal energy mix for industrial complexes by evaluating
five scenarios, ranging from conventional energy systems to configurations incorporating
renewable energy, sector coupling, and decarbonization strategies. The findings reveal
that while advanced scenarios like Scenario 5, which integrates comprehensive renewable
technologies and sector coupling, significantly reduce CO2 emissions, they do not neces-
sarily offer the most cost-effective solution under current economic conditions. In fact,
the updated results show that Scenario 5, despite its environmental benefits, incurs higher
NPC and LCOE values compared to more balanced scenarios.

The economic feasibility of renewable energy systems in industrial complexes heavily
depends on electricity tariffs and carbon pricing mechanisms. For countries like Germany,
which have high electricity costs and stringent carbon pricing policies, renewable-based
configurations are economically viable in some scenarios, but may still face challenges due
to the high upfront costs associated with advanced technologies like hydrogen storage and
thermal load controllers (TLCs). In contrast, countries such as South Korea, with lower
electricity rates, need to implement or strengthen carbon pricing policies to make renewable
configurations, such as those seen in Scenario 5, economically attractive. The United States,
with its moderate electricity rates and carbon pricing, shows a balance where renewable
integration becomes feasible only when CO2 costs are sufficiently incorporated to offset the
initial investments.

7.1. Recommendations and Practical Implications

The findings of this study highlight several critical policy measures that can facil-
itate the transition to a sustainable energy mix in industrial complexes. Governments
should prioritize financial support mechanisms, such as subsidies, tax incentives, or grants,
to lower the significant initial capital investment required for renewable energy technolo-
gies. By alleviating financial barriers, these mechanisms can enhance the attractiveness of
such technologies for industrial stakeholders, especially in scenarios where upfront costs
are a significant deterrent.

In addition, strengthening carbon pricing mechanisms is essential to promote the
economic viability of low-carbon energy systems. Implementing higher carbon prices
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would create stronger economic incentives for industries to transition to cleaner energy
configurations, particularly in countries like South Korea, where electricity rates are low.
Such measures can ensure that renewable energy systems remain financially competitive
while also covering the costs of implementing advanced technologies like hydrogen storage
and sector coupling.

Promoting sector coupling integrating electricity, heat, and gas systems can further
enhance the flexibility, efficiency, and resilience of industrial energy systems. This approach
allows for the optimal use of resources, such as waste heat recovery and hydrogen-based
storage, reducing reliance on fossil fuels while stabilizing energy supply. By aligning sector
coupling efforts with policy support, governments can foster more adaptable and robust
energy systems capable of meeting diverse industrial demands.

Lastly, policymakers should leverage successful case studies of renewable energy
integration in industrial complexes to provide practical examples for replication. These
examples, including those in advanced industrial hubs, demonstrate effective strategies
for scaling renewable technologies and achieving decarbonization targets. Highlighting
these successful implementations can guide industries and governments in adopting best
practices and promoting the diffusion of proven technologies.

7.2. Research Limitations

This study primarily focused on lithium-ion Battery Energy Storage Systems (BESS),
but did not account for the potential of emerging battery technologies like solid-state, flow,
or sodium-ion batteries. These next-generation technologies could offer improvements
in energy density, cost-efficiency, and lifespan, potentially impacting the economic and
operational feasibility of renewable systems. Future research should explore these newer
options to provide a comprehensive assessment of energy storage solutions.

Additionally, this analysis did not include Carbon Capture and Storage (CCS) tech-
nologies, which could significantly reduce CO2 emissions from industrial energy systems.
The exclusion of CCS represents a limitation, as integrating these technologies with renew-
able solutions could enhance both the economic and environmental outcomes of achieving
net-zero targets for industrial complexes. Future studies should investigate the feasibility
and benefits of incorporating CCS alongside renewable energy integration.
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AC Alternating Current
BESS Battery Energy Storage Systems
BL Boiler
CCS Carbon Capture and Storage
CO2 Carbon Dioxide
CV Converter
DC Direct Current
DG Diesel Generator
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ET Electrolyzer
ETS Emissions Trading System
FC Fuel Cell
GHG Greenhouse Gas
GHI Global Horizontal Irradiance
H2 Hydrogen
HT Hydrogen Tank
LCOE Levelized Cost of Energy
NPC Net Present Cost
NZEM Net-Zero Energy Mix
NREL National Renewable Energy Laboratory
O&M Operation and Maintenance
On-Grid On-grid-connected electricity
PV Solar Photovoltaic
PCS Power Conversion Systems
RES Renewable Energy Sources
SOC State-of-charge
TLC Thermal Load Controllers
WD Wind Energy (Turbine)
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