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Abstract: Hydrogen energy is now a crucial technological option for decarbonizing energy systems.
Comprehensive utilization is a typical mode of hydrogen energy deployment, leveraging its excellent
conversion capabilities. Hydrogen is often used in combination with electrical and thermal energy.
However, current hydrogen utilization modes are relatively singular, resulting in low energy utiliza-
tion efficiency and high wind curtailment rates. To improve energy utilization efficiency and promote
the development of hydrogen energy, we discuss three utilization modes of hydrogen energy, includ-
ing hydrogen storage, integration into a fuel cell and gas turbine hybrid power generation system,
and hydrogen methanation. We propose a hydrogen energy system with multimodal utilization
and integrate it into an electrolytic hydrogen–thermal integrated energy system (EHT-IES). A mixed-
integer linear programming (MILP) optimization scheduling model for the EHT-IES is developed
and solved using the Cplex solver to improve the operational feasibility of the EHT-IES, focusing on
minimizing economic costs and reducing wind curtailment rates. Case studies in northwest China
verify the effectiveness of the proposed model. By comparing various utilization modes, energy
storage methods, and scenarios, this study demonstrated that integrating a hydrogen energy system
with multimodal utilization into the EHT-IES offers significant technical benefits. It enhances energy
utilization efficiency and promotes the absorption of wind energy, thereby increasing the flexibility of
the EHT-IES.

Keywords: hydrogen energy; electric–hydrogen–thermal integrated energy systems; flexibility;
economy

1. Introduction

With the continuous growth of the global population and rapid economic development,
the demand for energy has surged significantly. However, as conventional energy, e.g.,
fossil fuels, has taken millions of years to form from ancient biological material, the reserve
is diminishing rapidly [1]. Furthermore, the combustion of fossil fuels is a major contributor
to environmental issues, including global warming, primarily due to substantial carbon
dioxide emissions. The agriculture, livestock, and industrial sectors are key sources of these
emissions [2,3]. For these reasons, the development and utilization of sustainable energy
sources have become critical priorities [4].

Among various renewable energy options, hydrogen stands out due to its unique
physical and energy properties. Hydrogen is particularly advantageous because it is clean,
abundant, stable, and an efficient energy carrier. First, its combustion produces only water,
making it a zero-carbon energy source [5]. Second, hydrogen widely exists in nature. Vast
amounts of hydrogen can be obtained from water, oil, etc. Third, hydrogen is a more stable
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energy source than other renewable resources since its use is not dependent on the local
temperature, weather, or geographical environment [6]. Finally, hydrogen is considered
a favorable energy carrier. Hydrogen plays a pivotal role in energy storage. Hydrogen is
quite suitable for long-term storage due to its high energy storage density [7]. In contrast, a
battery is only suitable for short-term storage because of its low energy storage density and
self-discharge [8].

Hydrogen energy can be generated from a variety of renewable sources such as wind
and solar energy, and it can release both electrical and thermal energy in fuel cells and
combined heat and power (CHP) systems. Thus, hydrogen energy can be regarded as a
bridge linking multiple energy sources. The integration of various energy sources lays
the foundation for electric–hydrogen–thermal integrated energy systems (EHT-IESs). Tra-
ditional integrated energy systems (IESs) operate as electric–thermal coupled systems,
simultaneously generating thermal and electrical energy to participate in the supply of
electrical loads. This process enables bidirectional energy flow between electrical and ther-
mal networks, as highlighted in References [9,10]. Reference [11] proposed a coordinated
optimization model for electric–thermal systems that considered the combination of trans-
mission system units, aimed at enhancing the operational flexibility of the electrical system
to facilitate greater absorption of wind power. Hydrogen energy systems, comprising
electrolyzers, storage tanks, and fuel cells, are integrated into EHT-IESs. Electrolyzers, such
as anion exchange membrane electrolysis cells (AEMECs), proton exchange membrane
electrolysis cells (PEMECs), alkaline electrolysis cells (AECs) and solid oxide electrolysis
cells (SOECs), play a crucial role in these systems. AEMECs provide a cost-effective solution
with the use of non-precious metal catalysts and hydrocarbon-based membranes, PEMECs
offer high efficiency and a compact design, AECs are renowned for their durability and
lower cost, and SOFCs can operate at high temperatures and provide combined heat and
power generation. Although battery storage is more suitable for medium to short-cycle
storage, hydrogen storage is better suited for long-cycle storage. Considering the extensive
potential of hydrogen energy, hydrogen storage can also be used for short-cycle storage
and is more compatible with hydrogen energy systems. Therefore, by replacing traditional
battery storage with hydrogen storage tanks, hydrogen energy systems achieve a tri-energy
coupling of electricity, hydrogen, and heat. Reference [12] explored the utilization of cur-
tailed wind for hydrogen production through electrolysis and established a wind–hydrogen
storage scheduling model. Some scholars have considered forming hydrogen storage units
composed of hydrogen production, storage, and utilization equipment, integrating these
into power systems with a high proportion of new energy sources. Reference [13] detailed
the combination of electrolyzers, hydrogen storage tanks, and fuel cells into a hydrogen
storage system applied in the capacity configuration of isolated DC microgrids; mean-
while, Reference [14] developed an optimization model for the scheduling of a combined
electric–gas energy microgrid that considered hydrogen storage. By transitioning from
traditional integrated energy systems to electric–hydrogen-thermal coupled systems, not
only is energy utilization optimized, but the development of renewable energy sources is
also promoted.

In the context of energy systems, “flexibility” lacks a universal definition. Flexibility
in power systems refers to the capacity to utilize relevant resources to meet changes
in load, primarily manifested in operational flexibility [15]. The rapid development of
renewable energy has brought substantial benefits [16]. However, its significant volatility
has disrupted the stability of power systems, leading to a continuous rise in the demand
for flexible resources in power systems [17]. Currently, there are various research directions
in the study of flexibility [18]. Kehler and Hu [19] proposed practical approaches to power
system flexibility in different periods. Luo [20] discussed the relationship between the
flexibility requirements for thermal power units and the wind power integration capacity.

To ensure stable operation during load variations, power systems need to provide
flexible services for both upward and downward adjustments [21]. According to reports
from the International Energy Agency, flexibility is considered the ability to address the
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variability of renewable energy to meet customer energy demands. The higher the flexibility
of the IIES, the stronger its ability to respond to emergencies and uncertainties, thereby
more effectively balancing supply and demand relationships, and reducing economic losses
due to excess or insufficient capacity. Therefore, the level of flexibility is directly linked to
the economic benefits of the IES, that is, the quality of flexibility value. Flexibility value can
be demonstrated through reducing the curtailment of wind and solar power, improving
energy utilization efficiency, and lowering energy costs. Energy storage is a method closely
related to the concept of flexibility, as energy storage technologies can effectively overcome
the intermittency of sustainable energy. However, some new energy storage technologies
face limitations in their application to large-scale power systems. Compared to hydrogen
storage, compressed air energy storage has higher underground reservoir costs, pumped
hydro storage faces more regional limitations, and battery storage has a lower energy
density. Therefore, hydrogen storage has become an ideal choice for system flexibility.

With the increase in the renewable energy penetration rate, strong fluctuations in and
stochasticity of renewable energy, such as wind and solar energy, decrease the flexibility of
IES [22]. Reference [23] proposed a planning model for an electric–hydrogen integrated
energy system (EH-IES), including hydrogen production and storage, aimed at enhancing
the flexibility and efficiency of energy systems by using hydrogen as a key energy carrier.
Reference [24] enhanced system flexibility by introducing a seasonal hydrogen storage
model within an electric–hydrogen integrated energy system. Reference [25] adopted a
multi-criteria design approach, integrating both battery and hydrogen storage systems to
address more flexibly the intermittency of renewable energy sources. These studies involve
one or two utilization modes of hydrogen to improve flexibility.

Hydrogen energy systems in an EHT-IES can provide a buffer between sustainable
energy variability and load fluctuations through hydrogen production [26]. Hydrogen
energy systems exhibit a dual-response mechanism, simultaneously addressing the supply
and demand sides. In hydrogen energy systems, the charging reaction enhances the
renewable energy absorption capacity, while the discharging reaction provides flexibility
for meeting load demands. When the electricity generated by sustainable energy exceeds
the load demand, surplus renewable energy is used to produce hydrogen, promoting energy
penetration. Conversely, when the load demand is not met, fuel cells release electrical
energy to compensate for the shortfall. The flexibility of the EHT-IES is evident in the
conversion process between hydrogen and electricity.

However, despite extensive research on the production, storage, and utilization of
hydrogen energy, the utilization stage of hydrogen energy suffers from relatively singular
utilization modes. This results in low hydrogen utilization efficiency, limited improvement
in wind energy curtailment, and increased operational costs for EHT-IESs. The value
of hydrogen energy utilization modes to improve energy system flexibility needs to be
further explored.

This paper proposes a hydrogen energy system with multimodal utilization and
integrates it into the IES. Consequently, an optimized scheduling model for an EHT-IES
considering multimodal hydrogen utilization is presented. Case studies validate the
effectiveness of the proposed model in enhancing flexibility. The main contributions of this
paper are as follows:

(1) A hydrogen energy system that employs multiple hydrogen utilization modes is
proposed, including storing hydrogen, injecting hydrogen into fuel cell gas turbine
hybrid systems for cogeneration of heat and power, and injecting hydrogen into
methanation reactors to produce methane. It aims to improve energy utilization
efficiency and economic benefits.

(2) An EHT-IES scheduling model incorporating multimodal hydrogen utilization is
proposed, which enhances system flexibility and overall performance. Compara-
tive analyses of different hydrogen utilization modes, energy storage solutions, and
various scenarios demonstrate the increased flexibility of the EHT-IES.
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(3) Policy recommendations are formulated to support the widespread adoption of hydro-
gen energy systems, emphasizing flexibility enhancement. These recommendations
include subsidies to lower the costs of hydrogen production technologies, investments
in research for technological advancements, and the strategic development of infras-
tructure to facilitate the integration of renewable energy sources. By implementing
these policies, the flexibility of the EHT-IES can be significantly improved, promoting
a more adaptive and resilient energy system.

The remainder of this paper is organized as follows: Section 2 introduces the structures
of hydrogen energy systems, Section 3 presents the operation of the EHT-IES, Section 4
proposes the scheduling method for the EHT-IES considering the multi-mode utilization
of hydrogen energy, Section 5 describes the simulation and analysis of the results, and
Section 6 concludes this paper.

2. Structures of Hydrogen Energy Systems

Generally, hydrogen energy systems consist of electrolyzers, storage tanks, and fuel
cells. Hydrogen is produced via water electrolysis and stored in storage tanks. Then,
hydrogen is converted into electricity or heat by fuel cells.

2.1. Hydrogen Production Units

Hydrogen is primarily produced from three sources: water, biomass, and hydrocar-
bons [27]. Electrolytic hydrogen, derived from water using electricity, heat, and photonic
energy [28], aligns well with sustainable energy goals. Although currently, hydrogen pro-
duction from fossil fuels is prevalent due to cost-effectiveness and maturity, it conflicts with
dual carbon objectives due to significant CO2 emissions. Conversely, water electrolysis,
known for its high purity hydrogen output, is increasingly favored for its scalability and
minimal environmental impact [29].

The main component for hydrogen production via water electrolysis is electrolyzers.
These devices electrolyze water into hydrogen and oxygen, converting electrical energy into
chemical energy. Electrolyzers are classified into several types based on their electrolyte
materials and operating conditions [30]:

(1) AECs:

AECs use a liquid alkaline electrolyte such as potassium hydroxide (KOH) or sodium
hydroxide (NaOH). They operate at relatively low temperatures (60–80 ◦C) and pressures
(1–30 bar). AECs are fully industrialized and known for their stability and reliability in
various applications. However, they require dealkalization processes and have moderate
energy efficiency (63–71%).

(2) PEMECs:

PEMECs use a solid polymeric membrane as the electrolyte, which is acidic in nature.
They operate at similar temperatures to AECs (50–80 ◦C) but at higher pressures (30–80 bar).
PEMECs are progressively being commercialized and are valued for their high hydrogen
purity (≥99.99%) and relatively high current density (1.0–2.0 A/cm2). They only require
dehydration for purification.

(3) SOECs:

SOECs operate at very high temperatures (900–950 ◦C) using a solid oxide electrolyte.
They are currently at the laboratory stage but promise high energy efficiency (close to 100%)
due to their high-temperature operation. SOECs produce very pure hydrogen (≥99.99%)
but involve complex high-temperature systems and are currently costly.

(4) AEMECs:

AEMECs are an emerging technology using an alkaline polymeric membrane. They
operate at lower temperatures (40–60 ◦C) and moderate pressures (1–10 bar). AEMECs
combine the advantages of AECs and PEMECs, offering moderate energy efficiency
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(60–70%) and high hydrogen purity (≥99.9%). They are less complex, requiring only
dehydration processes.

Table 1 shows the features of the four types of electrolysis cells. Electrolyzers can
operate in constant or variable power mode. The voltage fluctuations of electrolyzers
probably increase the energy loss and cause low hydrogen purity. Therefore, the voltage of
the electrolyzers is kept as stable as possible. According to Faraday’s laws, the hydrogen
production rate is proportional to the current of the electrolyzers. Relationships among the
AEC current, temperature, and energy conversion efficiency were further established. Re-
searchers concluded that the energy conversion efficiency first increases and then decreases
with increasing current and is not affected by temperature. Hu [31] considered electrolysis
waste heat and reported that the hydrogen production efficiency is positively correlated
with the temperature. As one of the earliest developed electrolysis technologies, AECs
have demonstrated their stability and reliability in multiple application scenarios, making
them a viable technology for commercial-scale hydrogen production.

Table 1. Features of electrolysis cells.

AEC PEMEC SOEC AEMEC

Electrolyzer type Low-temperature
electrolyzers

Low-temperature
electrolyzers

High-temperature
electrolyzers

Low-temperature
electrolyzers

Electrolyte 25–30% KOH/NaOH Polymeric membrane with
an acidic nature Solid oxide Polymeric membrane with

an alkaline nature

Operation
temperature/◦C 60–80 50–80 900–950 40–60

Operation
pressure/bar 1–30 30–80 1 1–10

Industrialization
degree Full industrialization Progressive

commercialization Laboratory stage Emerging technology

Single machine
scale/(Nm3H2/h) ≤1000 200–400 ≤40 10–100

System energy
consumption/(kWh/Nm3) 5.0–5.9 5.0–6.5 3.7–4.0 5.5–6.0

Lifetime/h 60,000–90,000 30,000–90,000 10,000–30,000 10,000–30,000

Hydrogen production
purity ≥99.8% ≥99.99% ≥99.99% ≥99.9%

System complexity Dealkalization Only dehydration High-temperature system Only dehydration

Anode reaction 4OH− → O2 + 2H2O + 4e− H2O→ 2H+ + 0.5O2 + 2e− H2O + 2e− → H2 + O2
− 2OH− → 0.5O2 + H2O + 2e−

Cathode reaction 2H2O + 2e− → H2 + 4OH− 2H+ + 2e− → H2 O2− → 0.5O2 + 2e− 2H2O + 2e− → H2 + 2OH−

Current density
(A/cm2) 0.25–0.45 1.0–2.0 0.2–1.0 0.5–1.0

Electrolyzer efficiency
(%) 63–71 60–68 Close to 100 60–70

Investment cost
(CNY/kW) 6000–12,000 11,000–16,800 >16,000 9000–14,000

2.2. Hydrogen Storage Units

The factors that should be preferentially considered for hydrogen storage are the
weight, volume, cost, and safety of the storage material. There are three different classes of
hydrogen storage technologies based on the hydrogen storage form: high-pressure gaseous
hydrogen storage, low-temperature liquid hydrogen storage, and metal solid hydrogen
storage. Hydrogen compression is the most straightforward storage method. According to
the ideal gas state equation, the amount of hydrogen is proportional to the pressure of the
storage tank. Therefore, the pressure needs to be as high as possible. The maximum rated
pressure of the storage tanks was 700 bar by the end of 2017. Hydrogen liquidation involves
cooling hydrogen to a low temperature below 20 K. Solid hydrogen is stored in metal
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hydrides via physical or chemical pathways [29]. The physical MH storage device is very
heavy, approximately 50 kg, and can store 1 kg of hydrogen. Most chemical MHs are not
naturally found and must be synthesized from pure metals and hydrogen. The synthetic
process consumes a large amount of energy and is not economically feasible. Table 2
lists the features of the three hydrogen storage technologies. Of course, other hydrogen
storage materials and measures are available. For example, water-soluble polymers, porous
materials, and liquid organic hydrogen storage carriers have been developed. Moreover,
hydrogen can be stored in wind turbine towers or underground salt caverns.

Table 2. Features of hydrogen storage technologies.

Hydrogen Storage
Technology Advantages Disadvantages Technology

Breakthroughs Comments

High-pressure
gaseous hydrogen

storage

Technology maturity and
simpleness, fast fill rate,
high release efficiency

Large space requirements,
insecurity

Improved
volumetric energy
density and safety

80% hydrogen
fueling station

adoption

Low-temperature
liquid hydrogen

storage

High volumetric energy
density, high liquid

hydrogen purity

Easy evaporation, high
cost, large energy

consumption

Decreased energy
consumption, cost,

and volatility

Mainly applied to the
aerospace field

Metal solid hydrogen
storage

High volumetric energy
density, hydrogenation,
and dehydrogenation

reversibility, safety

High cost, heavy, hydrogen
adsorption and release
have high temperature

requirements

Enhanced mass
hydrogen storage
density, lower cost

Prominent direction
of future

development

Currently, the most widely used hydrogen storage methods are high-pressure gaseous
storage and solid-state storage. The former has a high mass hydrogen storage density
but a relatively low volumetric hydrogen storage density, while the latter has a high
volumetric hydrogen storage density but a lower mass hydrogen storage density. High-
pressure composite hydrogen storage tanks combine the advantages of both methods,
exhibiting a higher mass hydrogen storage density and a higher volumetric hydrogen
storage density. The main components of hydrogen storage are tanks, i.e., typical high-
pressure gas cylinders. Many hydrogen storage tanks are connected in series during use.

Maintaining a constant storage temperature in high-pressure composite hydrogen
storage tanks is essential for ensuring the stability and safety of hydrogen storage. Temper-
ature fluctuations can significantly impact the storage and safety performance of hydrogen.
To achieve this, several methods can be employed [32,33]:

(1) Insulation design: Hydrogen tanks can be designed with insulation to reduce the
impact of external temperature changes on internal temperature. This design can
utilize insulating materials or air layers.

(2) Temperature monitoring: Use temperature sensors to monitor the temperature inside
the tank and adjust cooling or heating systems as needed to maintain a constant tem-
perature.

(3) Cooling systems: Cooling systems such as refrigeration units or liquid nitrogen
circulation systems can be employed to cool the hydrogen tank and maintain a
constant temperature.

(4) Heating systems: In cold environments, heating systems can be used to heat the
hydrogen tank to prevent temperatures from dropping too low.

(5) Insulating materials: Utilize efficient insulating materials to wrap the hydrogen tank,
reducing the impact of temperature variations on internal temperature.

(6) Heat exchange systems: Heat exchange systems can be used to balance internal and
external temperatures, maintaining a constant storage temperature.

By combining and adjusting these methods based on specific requirements, a constant
storage temperature can be effectively maintained, ensuring the safe and efficient storage
of hydrogen.
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2.3. Hydrogen Utility Units

Hydrogen has applications in various sectors, such as the energy, transportation,
industry, and architecture fields. Both petroleum refining and chemical fertilizer production
require hydrogen. In the power industry, hydrogen, as an energy carrier, converts and
outputs energy mainly through fuel cells and hydrogen internal combustion engines.
Although hydrogen can generate electricity in a manner similar to the combustion of fossil
fuels, hydrogen can be directly converted into electricity by fuel cells, which can effectively
prevent energy loss. Hydrogen, as a fuel, also enters natural gas pipelines to supply heat.

The main component of hydrogen utilization units is fuel cells. Fuel cells convert
the chemical energy of hydrogen into electricity, the basic operation principle of which
is opposite to that of electrolyzers. Four hydrogen fuel cells have been investigated:
proton exchange membrane fuel cells (PEMFCs) [34], solid oxide fuel cells (SOFCs), molten
carbonate fuel cells (MCFCs), and phosphoric acid fuel cells (PAFCs). Table 3 shows the
features of these hydrogen fuel cells. PEMFCs are the most common fuel cells in hydrogen
energy systems. Compared with other fuel cells, PEMFCs can still operate at relatively low
temperatures (60–90 ◦C) and have a high power density. The performance of a PEMFC
depends on the temperature, hydrogen pressure, and membrane water content of the
fuel cell.

Table 3. Features of four hydrogen fuel cells.

Hydrogen
Fuel Cell Type

Operation
Temperature/◦C

Power
Density/(mW/cm2)

Electricity
Efficiency/% Cost Applications

PEMFC Approximately 100 500–2500 40–50 High Home heating systems
SOFC 1000 250–2000 50–60 High Middle–large industrial CHP systems
MCFC 600–700 100–300 45–55 Low Large industrial CHP systems
PAFC 175–200 150–300 40 High Commercial CHP systems

The development of these systems reflects a significant shift towards leveraging
hydrogen’s unique properties to enhance the flexibility and efficiency of the EHT-IES,
underscoring its potential to fundamentally alter energy systems for enhanced sustainability
and resilience.

2.4. Hydrogen Energy Multimodal Utilization

In addition to hydrogen storage and supply by fuel cells, hydrogen utilization modes
also include injection into hybrid power generation systems composed of fuel cells and
gas turbines, as well as methanation of hydrogen. The injection of hydrogen into a hybrid
power system for electricity and heat generation enables electricity–hydrogen–electricity
and electricity–hydrogen–heat coupling. The hybrid power system fully leverages the
electrothermal characteristics of fuel cells and gas turbines, achieving efficient utilization of
hydrogen energy and providing a clean source of electricity and heat for thermal loads.

Compared to chemical batteries, fuel cells are less expensive, use simpler equipment,
and offer a broader power range, enabling better adaptation to fluctuations in new energy
sources. However, when operating independently, fuel cells encounter the issue of incom-
plete fuel oxidation, leading to partial fuel emission into the environment and resulting
in energy waste. To address this issue, fuel cells can be operated in conjunction with
other devices. Gas turbines have thermodynamic parameters compatible with fuel cells, so
the integration of gas turbines into a fuel cell-based hybrid power generation system can
achieve optimal results.

Hydrogen and carbon dioxide undergo the Sabatier reaction to synthesize methane,
which can be directly injected into gas turbine units, sold to reduce the economic costs of
the entire system or supplied to the natural gas network for gas loads.

Hydrogen combustion heating is an effective way to utilize hydrogen energy, which
has a higher calorific value than natural gas. However, from environmental and safety
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perspectives, hydrogen combustion heating has several issues, such as the emission of
nitrogen oxides (NOx): when air is heated to high temperatures, N2 and O2 in the air begin
to react, producing NOx; moreover, direct hydrogen combustion poses explosion risks.
Therefore, considering the current stage of hydrogen combustion technology, converting
hydrogen into methane for heating is a more appropriate approach.

In summary, as illustrated in Figure 1, the multimodal utilization routes of hydrogen
can significantly enhance the hydrogen utilization efficiency, markedly improving the
overall energy utilization rate of the system.
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The “Electricity” part encompasses various power supply methods, including the
main power grid, wind power, and a fuel cell and gas turbine hybrid power generation
system. Specifically, when wind power output is insufficient to meet the total electricity
demand, the main power grid plays a safeguarding role. This design not only ensures
the continuity and reliability of power supply but also helps to reduce wind curtailment
through grid dispatch when there is an excess of wind power. Furthermore, when wind
power generation is unstable or insufficient, the hybrid power generation system can



Sustainability 2024, 16, 4939 9 of 25

utilize the hydrogen produced within the system to provide the necessary power, thereby
improving the system’s energy efficiency and overall sustainability.

The “Hydrogen” part includes electrolyzers, hydrogen storage tanks, the fuel cell and
gas turbine hybrid power generation system, and a methane reactor. It covers multiple key
aspects of hydrogen production, storage, utilization, and conversion.

The “Thermal” part involves a range of equipment and systems related to thermal
energy production and utilization, including the main natural gas network, methane
reactor, gas boiler, and the fuel cell and gas turbine hybrid power generation system.
The main task of the “Thermal” part is to meet the thermal load demand of the EHT-IES
through the coordinated operation of various heat supply devices. Specifically, the hybrid
power generation system provides thermal energy through cogeneration while generating
electricity. The main natural gas network and methane reactor supply gas to the gas boiler,
which burns the natural gas to provide the required thermal energy. The use of the gas
boiler offers a flexible and reliable thermal energy supplement, ensuring that the continuous
demand for thermal energy from users is met.

3.2. Advantages

Compared with traditional energy systems, EHT-IESs with hydrogen energy systems
have the following four distinct technological advantages:

(1) Enhanced renewable energy integration: Hydrogen energy systems significantly
improve the capability of the EHT-IES to integrate and manage new renewable energy
sources. They can store and release energy over longer periods and in larger amounts
than traditional battery storage, making them ideal for storing excess energy from
intermittent sources like solar and wind.

(2) Economic efficiency with scale: The economic efficiency of hydrogen energy storage
improves with scale and duration. As storage scale increases, the total cost decreases
due to economies of scale in production and operational efficiencies, making hydrogen
storage increasingly viable for large-scale energy storage applications.

(3) Flexibility in storage and transportation: Hydrogen energy offers exceptional flexi-
bility in storage and transportation. Hydrogen can be easily transported over long
distances via pipelines or high-pressure tanks, enabling its use in a variety of settings
without heavy infrastructure investments.

(4) Geographical adaptability and ecological protection: Hydrogen storage technologies
are geographically adaptable and environmentally benign. Unlike other energy
storage methods that may have specific geographical requirements, hydrogen storage
does not impose such limitations. Additionally, hydrogen energy systems produce
only water as emission, making them environmentally preferable and compliant with
strict regulations.

Overall, the anticipated decrease in the cost of electrolyzers due to technological
advancements is expected to further increase the adoption of hydrogen energy systems,
displacing more environmentally invasive and geographically constrained battery storage
solutions in the long term.

4. EHT-IES Scheduling Formulation and Solution

This paper concentrates on the external characteristics of the EHT-IES and the overar-
ching energy scheduling challenges. While the internal nonlinear dynamics of components
such as electrolyzers, fuel cells, and gas turbines are significant on short time scales, these
effects can be approximated by linear models over the extended time scales under consider-
ation (e.g., hours or days). This simplification enables a more manageable analysis of the
system’s performance and scheduling efficiency over longer periods [35].
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4.1. Hydrogen Energy Systems
4.1.1. Electrolyzer Model

The use of surplus wind energy or low-cost electric power for the electrolysis of water
to produce hydrogen and then the storage of hydrogen in storage tanks is considered.
Given that the peak power of the electrolytic cell required for this study is 1000 kW, a
flexible and efficient electrolyzer type is necessary. PEMECs are ideal due to their ability
to handle variable loads and rapid response times, making them suitable for fluctuating
power inputs typical in renewable energy integration. A PEMEC with a nominal capacity
slightly above the peak power requirement is recommended to handle the highest loads
effectively. For example, a model like the Siemens Silyzer 300, manufactured by Siemens
Energy in Erlangen, Germany, or similar, typically available in scalable units up to several
megawatts (MW), offers around 65–70% efficiency and can operate efficiently under partial
loads [36]. This selection ensures that the electrolyzer can handle the power requirements
efficiently and flexibly, making it the optimal choice for the scenario studied in this paper.

For an electrolyzer with an input electric power Pt
EH during period t, its model can be

expressed as follows:
Ct

EH = αEHPt
EH (1)

Wt
H2

= ε · ηEHPt
EH (2)

where Ct
EH represents the operating cost of the electrolyzer during period t, in CNY per

hour; αEH is the operating cost coefficient of the electrolyzer, in CNY per kWh; Wt
H2

is the
hydrogen production during period t, in cubic meters per hour under normal conditions; ε
is the electricity-to-hydrogen conversion coefficient, in cubic meters per kWh; and ηEH is
the efficiency of the electrolyzer.

4.1.2. Hydrogen Storage Tank Model

This paper focuses on the use of high-pressure composite hydrogen storage tanks
to provide stable hydrogen energy for a hybrid power generation system. The primary
objective of this study is to explore various utilization modes of hydrogen energy. By
considering the hydrogen production and storage processes as a unified system, we aim
to compare the effects of different hydrogen utilization scenarios on the EHT-IES. In all
comparative scenarios, the hydrogen production and storage processes remain consistent.
Given that the cost of compressing hydrogen is related to the storage volume, this study
does not account for compression costs. The model for the hydrogen storage tank is
established as follows:

Wt
HS = Wt−1

HS + ηHSWin,t
HS −Wout,t

HS (3)

Win,t
HS = Wt

H2
(4)

where Wt
HS and Wt−1

HS represent the amounts of hydrogen stored in the storage tank during
periods t and t − 1, respectively, in cubic meters per hour (Nm3/h). Win,t

HS and Wout,t
HS refer

to the inflow and outflow rates of hydrogen to and from the storage tank during period t,
respectively, in cubic meters per hour (Nm3/h). ηHS denotes the efficiency of hydrogen
storage in the tank.

4.1.3. Fuel Cell Model

Compared to PEMFCs, which require liquid electrolytes, SOFCs use solid electrolytes
that do not leak, making them easier to maintain. Additionally, SOFCs can directly convert
the chemical energy of carbon monoxide (CO) into electrical energy through their unique
high-temperature electrochemical processes, whereas PEMFCs are susceptible to CO poi-
soning. A distinctive feature of SOFCs compared to traditional fuel cell technologies is
their operation mechanism based on high temperatures. This high-temperature mechanism
endows SOFCs with significant fuel flexibility advantages. These fuel cells use oxygen
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ions as charge carriers and can operate efficiently at around 1000 ◦C. The high-temperature
conditions not only allow SOFCs to use a variety of fuels, including but not limited to
pure hydrogen, natural gas, and other carbon-based fuels, but also make them particularly
valuable in CHP systems. Specifically, the high-temperature heat released by SOFCs can
be effectively utilized to supply heat loads, achieving efficient energy use. Furthermore,
the operating temperature range of SOFCs matches that of gas turbines, making them
ideal complementary devices that can work synergistically with gas turbines in hybrid
power systems, thereby enhancing overall system stability and energy conversion efficiency.
Therefore, this paper selects SOFCs as the type of fuel cell [37]:

Ct
FC = δFCPt

FC (5)

UFC = Enernst −Uact −Uobm −Uconc (6)

Pt
FC = UFCNFC IFC (7)

Pt
FC = PH2

FC ηe
FC (8)

Qt
FC = PH2

FC ηh
FC (9)

where Ct
FC represents the operating cost of the hydrogen fuel cell during period t, in CNY

per hour; δFC is the operating cost coefficient, in CNY per kWh; UFC denotes the voltage of
a single hydrogen fuel cell, in kV; Enernst is the Nernst potential, in kV; Uact is the activation
voltage, in kV; Uobm refers to the ohmic voltage, in kV; Uconc is the concentration voltage,
in kV; NFC indicates the number of hydrogen fuel cells; IFC is the current flowing through a
single cell, in amperes; PH2

FC represents the hydrogen power consumed by the fuel cell, in
kW; Pt

FC, and Qt
FC are the electrical power and thermal power outputs from the hydrogen

fuel cell, respectively, in kW; and ηe
FC and ηh

FC are the electrical and thermal efficiencies of
the hydrogen fuel cell, respectively.

4.1.4. Gas Turbine Model

This paper selects the Siemens SGT-400 gas turbine, which is recognized for its high
fuel flexibility and reliability. It can adapt to various fuel types, including natural gas, lique-
fied petroleum gas (LPG), liquefied natural gas (LNG), and hydrogen, with the capability to
use up to 100% of hydrogen fuel. This flexibility and adjustability ensure that the SGT-400
gas turbine can be effectively utilized across a variety of application scenarios, providing
crucial support for the development of the hydrogen energy industry. The mathematical
model is as follows [38]:

Ct
GT = βGTPt

GT (10)

Pt
GT = ηGTPH2

GT (11)

Qt
GT = ρPt

GT (12)

where Ct
GT represents the operating cost of the hydrogen-fueled gas turbine during period t,

in CNY per hour; βGT is the operating cost coefficient for the hydrogen-fueled gas turbine,
in CNY per kWh; PH2

GT represents the hydrogen power consumed by the gas turbine, in
kW; Pt

GT and Qt
GT denote the electrical power output and thermal power output of the

hydrogen-fueled gas turbine during period t, respectively, in kW; ηGT is the electrical
efficiency of the hydrogen-fueled gas turbine; and ρ represents the heat-to-power ratio of
the hydrogen-fueled gas turbine.
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4.1.5. Methane Reactor Model

Hydrogen is introduced into a methane reactor where it reacts with carbon dioxide to
produce natural gas and water. The mathematical model is as follows:

Pt
MR = Pt

MR,H2
ηMR (13)

where Pt
MR represents the natural gas power output of the methane reactor at time t; Pt

MR,H2
is the hydrogen power input to the methane reactor at time t; ηMR is the energy conversion
efficiency of the methane reactor.

4.1.6. Gas Boiler Model

A gas boiler converts chemical energy from burning natural gas into thermal energy,
which is then supplied to heat users. Due to the high stability of gas boilers and a gas-to-heat
conversion efficiency of up to 93%, the thermal efficiency can be considered approximately
constant. Therefore, there is a linear relationship between the thermal power output and
the input gas power of the gas boiler. The mathematical model for this process is as follows:

Ct
GB = σGBQt

GB (14)

Qt
GB = Pg

GB × ηGB (15)

where Ct
GB represents the operating cost of the gas boiler during period t, in CNY per hour;

σGB is the unit operating cost coefficient for the gas turbine, in CNY per kWh; Qt
GB denotes

the thermal power output of the gas boiler during period t, in kW; Pg
GB is the gas power

consumed by the gas boiler during period t, also in kW; ηGB represents the gas-to-heat
efficiency of the gas boiler, reflecting its heating performance.

4.2. Objective Function

The system aims to maximize the utilization of the coupling characteristics between
electrical energy, hydrogen energy, and thermal energy to optimize system operation and
improve energy efficiency. By fully leveraging the interrelationships between different
energy sources, efficient energy conversion and storage can be achieved, offering new
possibilities for comprehensive energy transformation.

This paper establishes an optimized dispatch model for multimodal hydrogen energy
utilization with the goals of minimizing the electrothermal operating costs of the system
and maximizing the integration of wind energy. The objective function is as follows:

minF = FMES + FCUT (16)

where FMES represents the operating cost of the system; FCUT represents the cost of
wind curtailment.

FMES =
T

∑
t=1

(Ct
BUY + Ct

EH + Ct
GT + Ct

FC + Ct
GB) · ∆t (17)

Ct
BUY = λt

ePt
BUY (18)

FCUT =
T

∑
t=1

Ct
CUT · ∆t (19)

Ct
CUT = λPt

WA (20)

Pt
WA = Pt

Wmax − Pt
W (21)
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where Ct
BUY, Ct

EH, Ct
GT, Ct

FC, and Ct
GB represent the cost per unit time for purchasing elec-

tricity, for operating the electrolyzer, for running the hydrogen-fueled gas turbine, for
operating the hydrogen fuel cell, for the curtailed wind energy, and for the gas boiler, re-
spectively, in CNY; ∆t is the simulation time step, and T is the total number of time intervals
in a dispatch period; Pt

BUY is the power purchased by the system from the upper-level
power grid during period t; λt

e represents the electricity price during the time period t; Ct
CUT

represents the cost of wind curtailment per unit time; λ represents the penalty coefficient
for wind curtailment, in CNY per kWh; Pt

WA denotes the wind power curtailed during
period t, in kW; Pt

W represents the actual power generated from wind during period t; and
Pt

Wmax is the predicted power of wind energy during time period t.

4.3. Constraint Conditions
4.3.1. Power Supply Balance

Pt
W + Pt

BUY + Pt
GT + Pt

FC = Pt
EH + Pt

Load (22)

where Pt
GT denotes the power generated by the hydrogen-fueled gas turbine during period

t; Pt
EH is the power output from the hydrogen fuel cell during period t; Pt

EH indicates the
power consumption of the electrolyzer during period t; and Pt

Load is the total power load
supplied during period t, all in kW.

4.3.2. Heat Supply Balance

Qt
GT + Qt

FC + Qt
GB = Qt

Load (23)

where Qt
GT represents the thermal power output from the hydrogen-fueled gas turbine

during period t; Qt
FC denotes the thermal power output from the hydrogen fuel cell during

period t; Qt
GB is the thermal power output from the gas boiler during period t; and Qt

Load
indicates the thermal load during period t, all measured in kW.

4.3.3. Gas Power Balance

Pg
GB = Pt

MR (24)

4.3.4. Hydrogen Power Balance

Wt
H2

/ε = PH2
GT + PH2

FC + Pt
MR,H2

+ Wt
HS/ε (25)

4.3.5. Wind Power Output Constraint

0 ≤ Pt
W ≤ Pt

Wmax (26)

4.3.6. Electrolyzer Power Constraints

0 ≤ Pt
EH ≤ PEH,max (27)

∆PEH,min ≤ ∆Pt
EH ≤ ∆PEH,max (28)

where PEH,max is the maximum input power for the electrolyzer, in kW; ∆Pt
EH represents

the change in power input into the electrolyzer during period t, in kW; and ∆PEH,max and
∆PEH,min are the maximum and minimum values for the change in the electrolyzer input
power within a unit period, respectively, in kW.
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4.3.7. Power Constraints of the Hydrogen Storage Tank

0 ≤Wt
HS ≤WHS,max (29)

RHS,min ≤ Rt
HS ≤ RHS,max (30)

where WHS,max represents the maximum hydrogen storage capacity of the hydrogen storage
tank, in Nm3; Rt

HS denotes the residual hydrogen state in the storage tank during period t;
and RHS,max and RHS,min are the maximum and minimum values for the residual hydrogen
state in the storage tank, respectively.

4.3.8. Unit Output Constraints

PFC,min ≤ Pt
FC ≤ PFC,max (31)

PGT,min ≤ Pt
GT ≤ PGT,max (32)

PGB,min ≤ Pt
GB ≤ PGB,max (33)

∆PFC,min ≤ ∆Pt
FC ≤ ∆PFC,max (34)

∆PGT,min ≤ ∆Pt
GT ≤ ∆PGT,max (35)

∆QGB,min ≤ ∆Qt
GB ≤ ∆QGB,max (36)

where PFC,max and PFC,min represent the maximum and minimum outputs of the hydrogen
fuel cell, respectively, in kW; PGT,max and PGT,min denote the maximum and minimum out-
puts of the hydrogen-fueled gas turbine, respectively, in kW; PGB,max and PGB,min indicate
the maximum and minimum outputs of the gas boiler, respectively, in kW; ∆Pt

FC represents
the change in output power of the fuel cell during time period t, in kW; ∆PFC,max, ∆PFC,min
represent, respectively, the maximum and minimum values of the change in output power
of fuel cells within a unit time period, in kW; ∆Pt

GT represents the change in output power
of the gas turbine during time period t, kW; ∆PGT,max and ∆PGT,min, respectively, represent
the maximum and minimum values of the change in output power of gas turbines within
a unit time period, in kW; ∆Qt

GB represents the change in output power of the gas boiler
during time period t, in kW; and ∆QGB,max and ∆QGB,min, respectively, represent the maxi-
mum and minimum values of the change in output power of gas boilers within a unit time
period, in kW.

The proposed scheduling model for the electricity–hydrogen–heat coupled system is a
mixed-integer linear programming (MILP) model, which can utilize established commercial
solvers such as Gurobi and Cplex to solve scheduling strategies.

5. Case Studies and Results
5.1. Case Settings

Based on solving the day-ahead scheduling problem, this study takes 1 h as the simu-
lation time step, the lowest daily operating cost as the goal, and the winter in Northwest
China [39], where wind abandonment is more serious, as the scenario for the example
simulation. The data were sourced from actual wind power plants in the northwestern
region of China, and the ARIMA (autoregressive integrated moving average) prediction
method was employed to forecast a characteristic day, which serves as the load data uti-
lized in this study. For a visual representation of our data, please refer to Figure 3 for the
predicted renewable energy output and Figure 4 for the forecasted conventional load. We
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developed a 24 h optimal scheduling plan for each device of the electric–hydrogen–thermal
coupled system.
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This paper selects electrolytic cells, hydrogen storage tanks, fuel cells, gas turbines,
and gas boilers as the main devices. This study aims to investigate the overall operational
characteristics and energy scheduling strategies of the EHT-IES. To streamline the model
and mitigate computational complexity, a fixed-size assumption is employed throughout
the analysis. The parameters for the electrolytic cell are set as follows: ε = 0.19 Nm3/kWh,
ηEH = 70%. The parameters for the hydrogen storage tank are set as follows: the capacity of
the storage tank is 1000 m3, ηHS = 95% [40], and the initial hydrogen stored in the tank is
half of the rated capacity, which is 500 m3. The parameters for the hydrogen fuel cell are set
as follows: ηe

FC = 70%, ηh
FC = 45%. The parameters for the hydrogen gas turbine are set as

follows: ηGT = 40%, ρ = 1.5, and the proportion of hydrogen in the fuel is set to 100%. The
parameters for the gas boiler are set as follows: ηGB = 93%; wind curtailment penalty factor
λ = 0.32 CNY/kWh.

In this paper, we selected several key devices for our study, including electrolytic tanks,
hydrogen storage tanks, fuel cells, hydrogen gas turbines, and gas boilers. Our analysis is
based on a time-based pricing structure for electricity, which is outlined as follows:

The peak periods occur from 9:00 a.m. to 12:00 p.m. and from 5:00 p.m. to 8:00 p.m.,
with a tariff rate of 1.20 CNY per kilowatt-hour (kWh). The off-peak period runs from
11:00 p.m. to 6:00 a.m. the following day, featuring a reduced tariff of 0.38 CNY per kWh.
All other hours fall within the normal pricing period, with a tariff rate of 0.68 CNY per kWh.

This paper develops an optimization scheduling model for the EHT-IES as an MILP
model, which can be solved using mature commercial solvers such as Gurobi and Cplex.

5.2. Simulation Results

The simulation results obtained with the method proposed in this paper are presented
in Figures 5–8.
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Using Figure 5 as an example, the model is solved using the Cplex solver to determine
the hourly power output values of the gas turbine, fuel cell, wind power, and grid purchases.
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By stacking these values, a 24 h output profile of the power generation equipment can
be obtained.

Figures 5 and 6 depict the output of the hydrogen storage unit, while Figure 7 illus-
trates the variations in the hydrogen storage tank. Additionally, Figure 8 provides insight
into the wind power consumption. The overall operating cost of the system employing this
method is 418,853 CNY.

From Figures 5 and 7, the scheduling process of EHT-IES is shown in Table 4.

Table 4. Hydrogen storage and energy management schedule.

Time Period Electricity Price System Operation Surplus Hydrogen Trend

1:00 to 6:00 Valley Procure electricity for water electrolysis and hydrogen
storage Steadily increases

7:00 to 9:00 Standard Reduce reliance on grid electricity, release hydrogen
from storage Declines

10:00 to 12:00 Peak Cease purchasing electricity, release hydrogen to meet
load demand Further diminishes

13:00 to 16:00 Standard Acquire modest electricity to reduce pressure on
hydrogen storage Stabilizes and slightly increases

17:00 to 20:00 Peak Release hydrogen energy to meet demand Declines to a critical level

21:00 to 24:00 Valley Purchase electricity for water electrolysis and restore
hydrogen storage Restores to initial value

Furthermore, our approach prioritizes wind power when catering to the load require-
ments in each designated period. If there is excess wind power generation, then this
surplus energy is channeled toward the electrolysis of water for hydrogen production and
subsequent storage. Conversely, when wind power production decreases, a hydrogen
storage tank is employed to satisfy the remaining load demand.

Figures 5 and 6 provide notable insights. They reveal that electrolytic tanks, hydrogen
storage tanks, gas boilers, and fuel cells are active in nearly all periods. Gas boilers judi-
ciously operate to meet thermal load demands, achieving an impressive comprehensive
utilization efficiency exceeding 90%. Notably, the surplus hydrogen within the hydro-
gen storage tank follows the pattern of hydrogen production during low-electricity-price
periods and hydrogen usage during high-electricity-price periods.

Furthermore, Figure 8 illustrates that our approach ensures a minimal wind abandon-
ment rate of only 3.91%. This low rate is indicative of substantial improvements in the
energy utilization efficiency following the integration of hydrogen storage technology. By
effectively utilizing hydrogen storage, the strategy optimizes the usage of wind-generated
energy, minimizing unnecessary waste and concurrently curtailing the financial drawbacks
typically associated with unused wind energy. This strategic incorporation of hydrogen
storage not only elevates the overall energy use efficiency but also plays a critical role in
enhancing the economic viability and environmental sustainability of the energy system.

5.3. Flexibility Enhancement Analysis
5.3.1. Comparative Experiment

The multi-mode utilization of hydrogen energy can enhance energy efficiency and
reduce the operational costs of the EHT-IES. In contrast, dual-mode and single-mode
utilization of hydrogen energy fail to fully exploit its potential, leading to higher instances
of wind curtailment and increased economic costs. To highlight the advantages of multi-
mode utilization of hydrogen energy, the following comparative case is established and
compared with the simulation results obtained in this study.
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(1) Hydrogen dual-mode utilization

The hydrogen injection into the methane reactor for methane production, which is
considered in the hydrogen multi-mode, is canceled. At this time, the hydrogen energy
utilization mode includes hydrogen storage and hydrogen injection into the mixed power
generation system for combined heat and power generation. Natural gas required by the
system is purchased directly from the gas network. The simulation result shows that the
total operating cost of the system is 493,515 CNY.

(2) Hydrogen single-mode utilization

The combined heat and power generation in the hydrogen dual-mode utilization
is canceled. At this time, the hydrogen energy utilization mode is only the hydrogen
storage mixed system power generation, and the heat load is fully satisfied by the gas
boiler. Natural gas required by the system is purchased directly from the gas network. The
simulation result shows that the total operating cost of the system is 611,094 CNY.

The wind power absorption of the electric–hydrogen–thermal coupled system under
different hydrogen energy utilization modes is shown in Figure 9.
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(3) Electrochemical Energy Storage Replacement

Lithium-ion batteries with high power rating and large energy density are selected to
replace the hydrogen storage tank in the hydrogen multi-mode utilization scheme, forming
a comparative case of electrochemical energy storage. Five sets of lithium battery packs
with a capacity of 100 kW are combined to form the electrochemical energy storage unit
for the comparative case in this paper, and the state of charge of the lithium batteries is set
between 0.1 and 0.9.

In the same scenario, the results obtained from simulation using the electrochemical
energy storage scheme are shown in Figures 10 and 11. SOC (state of charge) represents the
current level of charge in the energy storage system.

Sustainability 2024, 16, 4939 19 of 25 
 

−400
−300
−200
−100
0
100
200
300
400

kW

2 4 6 8 10 12 14 16 18 20 22 24
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

 Battery power  SOC

TIME

SO
C 

va
lu

e

 
Figure 10. Electrochemical energy storage output. 

 
Figure 11. Wind power output under the electrochemical energy storage scheme. 

5.3.2. Analysis and Discussion 
Based on Figures 9 and 11, it can be observed that the curtailment rates of wind power 

under hydrogen single-mode utilization and dual-mode utilization are 5.22% and 4.16%, 
respectively, while the curtailment rate under the electrochemical energy storage scheme 
is 7.66%. These rates are all higher than the curtailment rate of the proposed scheme in 
this paper (3.91%). This is because under hydrogen single-mode utilization and dual-
mode utilization, the system relies only on externally supplied natural gas, which means 
that the hydrogen gas needed to produce natural gas within the coupled system cannot 
be utilized in a timely manner. This leads to an accumulation of hydrogen gas in the hy-
drogen storage tank, preventing the coupled system from effectively absorbing more 
wind power and causing the curtailment rate to increase. On the other hand, the energy 
storage capacity of lithium battery packs is limited, and their ability to respond to wind 
power fluctuations is relatively weak. When wind power generation exceeds the load de-
mand, the capacity of the lithium battery packs may quickly reach saturation, preventing 
them from storing additional electricity and resulting in curtailment of wind power. 

In contrast, the hydrogen multi-mode utilization scheme proposed in this paper has 
a larger hydrogen storage capacity and a longer energy storage cycle. It can absorb more 
wind energy, and the hydrogen storage tank can flexibly store hydrogen gas without be-
ing limited by critical capacity. Therefore, it performs better in wind energy absorption 
and has a lower curtailment rate. 

The output of the electrochemical energy storage solution, as depicted in Figure 10 
(positive values indicate charging, and negative values indicate discharging), reveals that 
the lithium-ion battery packs exhibit a substantial output. The average output is close to 
300 kW, reaching approximately 400 kW in multiple periods, representing approximately 
80% of the full load capacity. The lithium-ion battery packs undergo frequent charge and 
discharge cycles within the dispatch period, adhering to a typical pattern. However, due 
to rigid energy storage capacity constraints, the adjustment capability of lithium-ion bat-
tery packs is limited, thereby reducing the peak shaving ability and overall energy utili-
zation efficiency. 

Figure 10. Electrochemical energy storage output.



Sustainability 2024, 16, 4939 19 of 25

Sustainability 2024, 16, 4939 19 of 25 
 

−400
−300
−200
−100
0
100
200
300
400

kW

2 4 6 8 10 12 14 16 18 20 22 24
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

 Battery power  SOC

TIME

SO
C 

va
lu

e

 
Figure 10. Electrochemical energy storage output. 

 
Figure 11. Wind power output under the electrochemical energy storage scheme. 

5.3.2. Analysis and Discussion 
Based on Figures 9 and 11, it can be observed that the curtailment rates of wind power 

under hydrogen single-mode utilization and dual-mode utilization are 5.22% and 4.16%, 
respectively, while the curtailment rate under the electrochemical energy storage scheme 
is 7.66%. These rates are all higher than the curtailment rate of the proposed scheme in 
this paper (3.91%). This is because under hydrogen single-mode utilization and dual-
mode utilization, the system relies only on externally supplied natural gas, which means 
that the hydrogen gas needed to produce natural gas within the coupled system cannot 
be utilized in a timely manner. This leads to an accumulation of hydrogen gas in the hy-
drogen storage tank, preventing the coupled system from effectively absorbing more 
wind power and causing the curtailment rate to increase. On the other hand, the energy 
storage capacity of lithium battery packs is limited, and their ability to respond to wind 
power fluctuations is relatively weak. When wind power generation exceeds the load de-
mand, the capacity of the lithium battery packs may quickly reach saturation, preventing 
them from storing additional electricity and resulting in curtailment of wind power. 

In contrast, the hydrogen multi-mode utilization scheme proposed in this paper has 
a larger hydrogen storage capacity and a longer energy storage cycle. It can absorb more 
wind energy, and the hydrogen storage tank can flexibly store hydrogen gas without be-
ing limited by critical capacity. Therefore, it performs better in wind energy absorption 
and has a lower curtailment rate. 

The output of the electrochemical energy storage solution, as depicted in Figure 10 
(positive values indicate charging, and negative values indicate discharging), reveals that 
the lithium-ion battery packs exhibit a substantial output. The average output is close to 
300 kW, reaching approximately 400 kW in multiple periods, representing approximately 
80% of the full load capacity. The lithium-ion battery packs undergo frequent charge and 
discharge cycles within the dispatch period, adhering to a typical pattern. However, due 
to rigid energy storage capacity constraints, the adjustment capability of lithium-ion bat-
tery packs is limited, thereby reducing the peak shaving ability and overall energy utili-
zation efficiency. 

Figure 11. Wind power output under the electrochemical energy storage scheme.

5.3.2. Analysis and Discussion

Based on Figures 9 and 11, it can be observed that the curtailment rates of wind power
under hydrogen single-mode utilization and dual-mode utilization are 5.22% and 4.16%,
respectively, while the curtailment rate under the electrochemical energy storage scheme
is 7.66%. These rates are all higher than the curtailment rate of the proposed scheme in
this paper (3.91%). This is because under hydrogen single-mode utilization and dual-mode
utilization, the system relies only on externally supplied natural gas, which means that the
hydrogen gas needed to produce natural gas within the coupled system cannot be utilized
in a timely manner. This leads to an accumulation of hydrogen gas in the hydrogen storage
tank, preventing the coupled system from effectively absorbing more wind power and
causing the curtailment rate to increase. On the other hand, the energy storage capacity of
lithium battery packs is limited, and their ability to respond to wind power fluctuations
is relatively weak. When wind power generation exceeds the load demand, the capacity
of the lithium battery packs may quickly reach saturation, preventing them from storing
additional electricity and resulting in curtailment of wind power.

In contrast, the hydrogen multi-mode utilization scheme proposed in this paper has
a larger hydrogen storage capacity and a longer energy storage cycle. It can absorb more
wind energy, and the hydrogen storage tank can flexibly store hydrogen gas without being
limited by critical capacity. Therefore, it performs better in wind energy absorption and
has a lower curtailment rate.

The output of the electrochemical energy storage solution, as depicted in Figure 10
(positive values indicate charging, and negative values indicate discharging), reveals that
the lithium-ion battery packs exhibit a substantial output. The average output is close to
300 kW, reaching approximately 400 kW in multiple periods, representing approximately
80% of the full load capacity. The lithium-ion battery packs undergo frequent charge
and discharge cycles within the dispatch period, adhering to a typical pattern. However,
due to rigid energy storage capacity constraints, the adjustment capability of lithium-ion
battery packs is limited, thereby reducing the peak shaving ability and overall energy
utilization efficiency.

In comparison, the hydrogen storage tank provides a flexible transitional period for
charging and discharging in the EHT-IES, effectively eliminating rigid energy storage
capacity constraints and enhancing the overall capacity. This implies that in terms of
scheduling and addressing energy demand fluctuations, the EHT-IES exhibits greater
flexibility and adaptability than the electrochemical energy storage solution. By leveraging
the hydrogen storage capacity of the storage tank, the EHT-IES is better equipped to
address energy supply and demand variations during peak and off-peak periods, ultimately
reducing energy wastage.

5.4. Economic Advantages
5.4.1. Cost Comparison Analysis of Different Hydrogen Utilization Modes

As shown in Table 5, when the utilization modes of hydrogen decrease, the efficiency
of hydrogen utilization decreases accordingly, leading to a sharp increase in the system’s
operating costs. This is because under the hydrogen single-mode and dual-mode utilization,
the system needs to purchase natural gas from the outside, resulting in continuously rising
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operating costs. However, in the hydrogen multi-mode utilization proposed in this chapter,
the system can produce natural gas through the methane reactor, obtaining it at a much
lower cost than purchasing it directly from the outside. Additionally, if there is surplus
hydrogen energy after the electrical and thermal loads of the system are fully met, the
hydrogen can be converted into natural gas and sold to the gas network, further reducing
the operating costs of the system.

Table 5. Cost comparison of different hydrogen energy utilization modes.

Utilization Mode Operating Cost/CNY Energy Utilization Efficiency Failure Rate

Single-Mode 611,094 45% 5.22%
Dual-Mode 493,515 72% 4.16%
Multi-Mode 418,853 91% 3.91%

Therefore, by adopting the hydrogen multi-mode utilization scheme, the system can
utilize the hydrogen energy it produces and convert it into more economically viable
natural gas, thereby reducing operating costs. This multi-mode utilization strategy not only
improves the efficiency of energy utilization but also reduces reliance on external energy
sources, further promoting the goal of sustainable development.

5.4.2. Cost Comparison Analysis of Different Energy Storage Solutions

Table 6 provides a comparison of wind power absorption and costs between hydrogen
storage and electrochemical storage. The “Consumption/kW” values are derived from
the scheduling results presented in Figures 8 and 11. Specifically, the “Consumption/kW”
values are obtained by summing the wind power consumption for each time period shown
in Figures 8 and 11. Overall, electrochemical energy storage demonstrates high economic
viability. This can be attributed to the maturity of electrochemical energy storage technology
and market-driven competition leading to a gradual reduction in costs. However, despite
its economic advantages, electrochemical energy storage lags behind hydrogen storage in
terms of accommodating new energy sources.

Table 6. Cost comparison between hydrogen energy storage and electrochemical energy storage.

Consumption/kW Wind Curtailment Rate

Hydrogen energy storage 23,858 3.91%
Electrochemical energy storage 22,591 7.66%

Hydrogen storage excels in integrating wind energy through the use of storage tanks,
significantly reducing the wind abandonment rate. Hydrogen energy storage systems
can store excess renewable energy generated during periods of low demand and release
it during peak demand, providing a flexible and efficient way to balance supply and de-
mand. This capability is particularly advantageous in regions with high renewable energy
penetration and curtailment issues, such as northwest China during the heating season.

However, implementing hydrogen storage comes with certain economic costs. Com-
pared to electrochemical energy storage, hydrogen storage involves additional technological
and equipment investments, such as those for hydrogen production, storage, and utiliza-
tion, which may increase the overall investment and operational expenses. The initial
costs for hydrogen storage infrastructure can be substantial, encompassing the production
facilities for electrolysis, storage tanks, and fuel cells or turbines for electricity generation.

When selecting the appropriate energy storage method, factors such as the energy
absorption capacity, sustainability, and environmental impact, not just economic considera-
tions, need to be comprehensively evaluated. Safety is a critical aspect of any energy storage
system. Hydrogen storage systems have advanced significantly in terms of safety, utilizing
robust materials and technologies such as composite tanks and solid-state storage options
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like metal hydrides, which minimize risks of leakage and explosion. Comprehensive safety
protocols and industry standards ensure that hydrogen storage can be safely implemented
even for long-term use. While battery storage systems also have safety considerations,
including the risk of thermal runaway and fires, both storage technologies require strin-
gent safety measures to ensure their safe operation. While electrochemical energy storage
systems, such as lithium-ion batteries, offer high efficiency and are well suited for short to
medium-term storage, hydrogen storage is also applicable for short-term storage scenarios.
Hydrogen storage provides a higher energy density and the ability to store energy without
significant losses, making it an attractive choice for applications requiring energy storage.
Despite its traditional association with long-term storage, hydrogen’s unique characteristics
enable its effective use in short-term storage applications as well.

In conclusion, the choice between hydrogen storage and electrochemical energy stor-
age should be based on a holistic assessment of various factors, including the specific
application requirements, environmental impact, and long-term sustainability. Integrating
hydrogen storage into an EHT-IES can enhance energy security, reduce renewable energy
curtailment, and improve overall system flexibility and efficiency. As part of our study, we
have demonstrated that hydrogen storage, despite its higher initial costs, offers significant
technical and economic benefits when integrated into a comprehensive energy system
designed to optimize energy use across different sectors and time frames.

5.5. Comparison of Different Seasons

The scenarios selected in this paper are based on the heating season in the northwest
region of China. To demonstrate the wide applicability of the proposed multimodal
hydrogen utilization model, simulations were conducted for representative days in spring,
summer, and autumn, following the methodology outlined in Reference [32]. The wind
power forecast outputs and load curves for these three representative days are presented in
Figures 12 and 13, respectively.
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In the scheduling of the EHT-IES with multimodal hydrogen utilization, the wind
curtailment situations for the three seasons—spring, summer, and autumn—are shown in
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Figure 14. The wind curtailment rates are 2.2% for spring, 0% for summer, and 1.7% for
autumn. This demonstrates that the proposed model has a wide applicability and performs
well in terms of wind curtailment rates across different scenarios.
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The results indicate that the proposed EHT-IES model with multimodal hydrogen
utilization is effective in minimizing wind curtailment throughout various seasons. The sig-
nificant reduction in curtailment, especially the complete elimination in summer, highlights
the model’s capacity to optimize energy use and enhance system flexibility. Consequently,
the proposed model not only facilitates greater integration of renewable energy but also im-
proves the overall efficiency and stability of the energy system. These findings suggest that
the multimodal utilization approach can be a viable solution for regions with significant
seasonal variations in energy demand and renewable energy supply.

6. Conclusions and Policy Suggestions
6.1. Conclusions

This paper proposes a multimodal hydrogen energy system and integrates it into
the EHT-IES to address issues related to low hydrogen utilization efficiency. This study
demonstrates that multimodal hydrogen utilization can effectively improve hydrogen
energy efficiency, mitigate wind energy curtailment, and reduce the operational costs of
EHT-IESs, thereby enhancing their overall flexibility.

By comparing different hydrogen utilization modes, it was found that the EHT-IES
with multimodal hydrogen utilization has better wind power absorption capacity compared
to single-mode and dual-mode hydrogen utilization. Additionally, when compared with
different energy storage methods, hydrogen storage tanks provide a flexible transition
space for charging and discharging, showcasing efficient energy conversion and superior
peak-shaving capabilities. Furthermore, simulations conducted on characteristic days in
spring, summer, autumn, and winter indicate that the multimodal hydrogen utilization
scheme is suitable for all seasons and effectively absorbs wind energy.

6.2. Policy Suggestions

To promote the development of hydrogen energy and highlight the technological
and economic dominance of the EHT-IES with hydrogen energy systems, we propose the
following policy recommendations.

(1) Implement subsidies or tax incentives to reduce the costs of electrolyzers and hydro-
gen fueling facilities. This strategy aims to make hydrogen energy storage competitive
with other technologies while fostering environmental sustainability and economic
growth. Engagement from government regulators, energy storage manufacturers,
and renewable energy developers is crucial for the successful implementation of
these incentives.
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(2) Enhance funding and support for research and development focused on improving the
efficiency and operational longevity of electrolyzers. Optimizing operational protocols
to minimize the frequency of startups and shutdowns can extend the service life of
electrolyzer arrays and stabilize hydrogen production. This initiative will benefit from
collaborations between academia, technology developers, and governmental agencies
providing research grants.

(3) Develop and deploy smart grid technologies that enable personalized load shifting
recommendations based on real-time data analytics. These technologies should help
distribute energy demand more evenly throughout the day, reducing peak loads
and enhancing grid stability. Pilot projects by utility companies in high electric
vehicle usage areas could demonstrate the effectiveness of these technologies before
broader rollout.

(4) Conduct detailed studies to determine the necessary expansion of electric vehicle
(EV) charging infrastructure, focusing on the strategic placement and the number of
new public chargers required to support the growing number of EVs. These studies
should consider leveraging EV batteries as grid resources during peak demand times,
enhancing grid flexibility and stability. Collaboration with urban planners, private
sector investors, and transportation authorities will be essential.

6.3. Future Research Directions

(1) Incorporate detailed cost calculations: Future research will focus on integrating spe-
cific power requirements and electricity costs associated with compressed hydrogen
storage into our model. This includes examining the influence of various compressor
technologies and hydrogen storage tank materials on the overall costs.

(2) Conduct sensitivity analysis: To understand the economic implications better, we plan
to perform sensitivity analyses. These analyses will evaluate how changes in compres-
sion and storage costs under different scenarios affect the overall system economics.

(3) System component size and investment cost analysis: We aim to expand our current
model to include a detailed analysis of system component sizes and their associated
investment costs. This enhancement will provide a more thorough assessment of the
system’s economic feasibility.

(4) Investment recovery period evaluation: Future work will also involve more detailed
economic analyses that consider the impact of different investment recovery periods.
This will help in understanding the long-term economic viability of the system under
various financial scenarios.
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