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Abstract—With the increasing integration of large-scale re-
newable energy (RE) sources into power systems, electricity-hy-
drogen coupling system has emerged as a transformative solu-
tion through flexible energy conversion and complementary uti-
lization of electricity and hydrogen. It effectively addresses
structural challenges in conventional energy systems regarding
spatiotemporal regulation, environmental constraints, and sup-
ply security while creating significant opportunities in techno-
logical innovation and industrial transformation, accelerating
the transition from traditional fossil fuels to clean energy. This
paper reviews the strengths and limitations of the electricity-hy-
drogen coupling system in production, storage, and utilization
in scenarios of high RE penetration. It examines the architectur-
al frameworks and current development status of key technolo-
gies within the electricity-hydrogen coupling system, and builds
on their operational characteristics across multiple timescales to
analyze both short-term energy balance control and medium-
and long-term optimal dispatch. This paper further investigates
representative application scenarios, systematically evaluates
demonstration projects deployed, and critically analyzes prevail-
ing challenges alongside prospective research pathways.

Index Terms—Electricity-hydrogen coupling system, renew-
able energy, electrolytic hydrogen production, fuel cell power
generation, hydrogen storage and transportation.

1. INTRODUCTION

GAINST the backdrop of China’s advancement toward

a new energy system, it is crucial to develop a clean,
efficient, and sustainable energy supply system for promot-
ing high-quality energy development and ensuring national
energy security [1]. Meeting deep decarbonization targets re-
quires accelerated deployment of carbon-free power sources
and long-duration energy storage technologies to replace
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electricity generation based on fossil fuels. However, due to
the stochastic nature of renewable energy (RE), new energy
systems must integrate sufficient storage to ensure the stabili-
ty of power systems with high RE penetration.

Hydrogen energy, as a green and low-carbon secondary en-
ergy carrier, offers high energy density, facilitates storage
and transportation, and enables large-scale seasonal storage,
demonstrating broad application prospects in the low-carbon
development of power systems with high RE penetration [2].
Unlike pumped hydro storage and compressed air energy
storage, which depend on specific geographical conditions,
hydrogen can be flexibly stored as high-pressure gas, liquid,
or solid, offering exceptional flexibility in site selection.
Meanwhile, hydrogen storage equipment exhibits 20-30
years of service life without cyclic degradation issues inher-
ent to electrochemical batteries, demonstrating significant
full-life-cycle cost advantages. These provide innovative so-
lutions to the current challenges in power system such as in-
sufficient balancing support and inflexible regulation, mak-
ing hydrogen a key energy vector for advancing energy
structure transformation and achieving the carbon peaking
and neutrality goals (also known as the dual carbon goals).

With breakthroughs in water electrolysis, fuel cell power
generation, and hydrogen storage and transportation technolo-
gies, hydrogen has evolved from a mere energy storage me-
dium to a more versatile energy carrier, along with the ad-
vancing commercialization. Through energy conversion and
storage devices, the electricity-hydrogen coupling system
now enables versatile applications across transportation, in-
dustrial, and building sectors [3]. This progression facilitates
diversification and deep decarbonization of energy systems,
thereby establishing the electricity-hydrogen coupling system
as a distinct research domain [4]. The electricity-hydrogen
coupling system achieves spatiotemporal resource optimiza-
tion through deep integration of source-grid-load-storage
components, addressing operational challenges posed by the
intermittency and volatility of wind/photovoltaic (PV) pow-
er, as well as the limited support and low disturbance toler-
ance of renewable generation equipment. The integrated ar-
chitectures provide critical solutions for maintaining power
system stability by leveraging multi-timescale coordination
and cross-sectoral energy complementarity [5]-[7].

Recently, countries worldwide have prioritized the devel-
opment of hydrogen energy, strengthening support for hydro-
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gen storage equipment and integrated hydrogen energy sys-
tems [8], [9]. Japan, the first nation to unveil a national hy-
drogen development strategy, published a revised Basic Hy-
drogen Strategy in 2023, providing financial support to the
hydrogen industry through targeted projects and programs to
sustain its leadership in the field [10]. Meanwhile, the U.S.
Department of Energy released the Hydrogen Program Plan
2024, making concerted efforts to advance the research, de-
velopment, demonstration, and deployment of hydrogen stor-
age technologies to accelerate the realization of hydrogen ap-
plications across diverse sectors [11]. In December 2024,
China issued the Implementation Plan for Accelerating the
Application of Clean and Low-carbon Hydrogen in the In-
dustrial Sector, mandating scaled adoption of green hydro-
gen in metallurgy and chemicals by 2027 while promoting
hydrogen commercialization in transportation and energy
storage [12]. Notably, the Energy Law of the People’s Re-
public of China taking effect since January 2025, formally
regards hydrogen as a strategic energy carrier at the national
level for the first time, integrating it into the conventional
energy management framework alongside petroleum, coal,
and natural gas [13]. This milestone directs regional govern-
ments to foster the growth of hydrogen industry through stra-
tegic infrastructure development aligned with local compara-
tive advantages [14]. Consequently, the development of the
electricity-hydrogen coupling system that integrates produc-
tion, storage, transportation, and utilization holds critical sig-
nificance for optimizing energy structures, reducing carbon
emissions, and driving the global transition towards a more
sustainable energy system.

In existing studies on the electricity-hydrogen coupling
system, notable gaps persist in exploring development path-
ways and application potential at scale, alongside a lack of
comprehensive reviews and syntheses. The electricity-hydro-
gen coupling system confronts multidimensional challenges
described as follows.

1) Gaps in technological maturity still persist, with unre-
solved disparities in the adaptability of electrolyzers to wide
loads, dynamic response characteristics of fuel cells, and the
efficiency and economic viability of hydrogen storage and
transportation technologies [15], [16].

2) The decoupling of interactions among multiple energy
flows may be inadequate, where differences in dynamic char-
acteristics across time scales lead to delays in the coordinat-
ed control of source, grid, load, and storage components
[17], [18].

3) Misalignments between policy and market may exist,
such as institutional gaps in green hydrogen certification,
cross-regional trading, and carbon-hydrogen synergy, which
hinder the commercialization of the electricity-hydrogen cou-
pling system [19], [20].

Resolving these critical bottlenecks is essential to advance
the electricity-hydrogen coupling system from technological
validation to large-scale implementation. This paper introduc-
es key technologies and system architectures, including wa-
ter electrolysis for hydrogen production, fuel cell power gen-
eration, and hydrogen storage and transportation. Based on
this foundation, this paper organizes operational control strat-
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egies across short-term and medium-to-long-term time scales
from the perspective of coupling between electricity and hy-
drogen. Furthermore, it reviews four representative applica-
tion scenarios: ancillary services, combined heat and power
(CHP) supply, integration of hydrogen-based transportation
sector, and power-to-fuel (PtF), supplemented by practical
analyses of demonstration projects. This paper subsequently
identifies persistent technical and systematic challenges in
the development of the electricity-hydrogen coupling system,
while proposing targeted research directions to address scal-
ability limitations in core technologies, diversify application
scenarios, and innovate market mechanisms.

II. DEVELOPMENT STATUS OF ELECTRICITY-HYDROGEN
COUPLING SYSTEM

A. System Structure

With the high RE penetration into power systems, synchro-
nous generators are being largely replaced by power electron-
ic devices, leading to reduced system inertia and diminished
frequency and voltage support capabilities. Furthermore, RE
generation exhibits multiple inherent uncertainties, including
randomness, intermittency, and seasonal variability, and the
RE output profiles fail to fully match the load demand pat-
terns. These characteristics collectively pose significant chal-
lenges to the power balance and the stable operation of pow-
er systems [21]. The electricity-hydrogen coupling system,
characterized by its simple structure and operational flexibili-
ty, effectively bridges the critical demands of RE consump-
tion and hydrogen utilization, offering an innovative solution
for the low-carbon energy transition.

As illustrated in Fig. 1, the electricity-hydrogen coupling
system encompasses hydrogen production, storage, transpor-
tation, and utilization [22]. It employs water electrolysis to
convert primary RE sources such as wind turbine (WT) pow-
er and PV power into hydrogen for long-term storage,
achieving green electricity-to-hydrogen conversion. During
power supply shortages, fuel cells reconvert stored hydrogen
into electricity to meet load demands, thereby enhancing reli-
ability and operational stability of power systems. The hydro-
gen storage and transportation system, as a key intermediary,
leverages the high density of hydrogen energy and low self-
discharging characteristics, enabling large-scale storage and
transportation over long distances via pipelines or special-
ized vehicles [23]. By fully utilizing the critical advantages
of hydrogen in optimal allocation across regions and its capa-
bilities of energy storage, the electricity-hydrogen coupling
system not only meets the requirements for RE consumption
on an ultra-large scale, but also significantly raises the secu-
rity and stability levels of power systems.

B. Electrolytic Hydrogen Production

Currently, hydrogen production in China primarily in-
cludes industrial by-product hydrogen recovery, water elec-
trolysis, chemical feedstock-based methods, and fossil fuel
reforming. The production of different types of hydrogen is
shown in Fig. 2.
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Diagram of electricity-hydrogen coupling system.

Electrolysis

quuefactlon

Hydro

)
Renewable
power plant

Transmission Electrolysis§
grid P

Non-renewable

power plant
,,,,,,,,,,,,,,,,,,,,,,,
aa
Coal i
- J I
T | e l\mT O
| | j
0il : Blue '
! i Reforming/ Carbon { ! hydrogen |
P — gasification capture : ‘
: and storage | |
Biomass é T W o
( ) e |
® ‘ Gray !
Natural % Reforming/ i i hydrogen ;
gas (7% ) gasification P 1
Fossil fuel Electricity; —Hydrogen

Fig. 2. Diagram representing production of different types of hydrogen.

Water electrolysis, which converts surplus RE into hydro-
gen energy for application or storage through electrolyzer, is
the main method of producing green hydrogen in the electric-
ity-hydrogen coupling system, and the hydrogen produced
through this method accounts for about 4% of the global hy-
drogen production [24], [25].

The system architecture of an electrolyzer primarily com-
prises an electrolyzer stack, power supply and conversion
system, gas-water separation and treatment unit, thermal
management module, control system, and auxiliary compo-
nents, as schematically illustrated in Supplementary Material
A Fig. Al [26]. The electrolyzer stack, serving as the central
functional unit, consists of multiple electrolyzer stacks ar-

ranged in series or parallel configurations, integrating critical
elements including proton exchange membrane or alkaline
electrolyte layers, bipolar plates, and electrodes coated with
catalyst, whose structural design directly determines the effi-
ciency and operational durability of hydrogen produc-
tion [27].

Based on the type of electrolyte used, electrolyzers can be
categorized into four types: alkaline water electrolyzer
(AEL), proton exchange membrane electrolyzer (PEMEL),
solid oxide electrolyzer (SOEL), and molten carbonate elec-
trolyzer (MCEL). Among these, AEL is technologically ma-
ture, featuring low costs and high unit hydrogen production
capacity, while PEMEL features fast response time and wide
operating ranges. Both AEL and PEMEL systems have
achieved MW-level integration and are widely applied in in-
dustrial green hydrogen production [28]. In contrast, SOEL
and MCEL are constrained by their high costs and durability
issues, remaining in the experimental validation stage with-
out demonstration projects initiated in [29]. A comparison of
the technical characteristics of the four water electrolysis hy-
drogen production technologies is shown in Supplementary
Material A Table AL

As power systems gradually evolve into integrated energy
systems with complementary characteristics of multiple ener-
gy types including electricity, heat, and gas, along with an
increasing RE penetration, the operating conditions of elec-
trolyzers will become more complex, imposing higher de-
mands on control strategies and hydrogen production technol-
ogies via electrolysis.

1) Optimizing the equipment design to enhance the capa-
bility of electrolyzer to operate across a wide power range
can mitigate the impact of RE randomness and volatility on
its long-term safe and stable operation. This improvement al-
so strengthens the capability of electrolyzer to participate in
ancillary services such as peak-shaving and frequency regula-
tion within the power system.

2) Increasing the power rating and system scale of electro-
lyzers enables them to function as manageable loads for opti-
mal dispatch. This scalability helps match the growing in-
stalled capacity of WT and PV, thereby enhancing the RE
utilization.

3) Advancing manufacturing processes and leveraging
economies of scale can reduce the investment cost of electro-
lytic hydrogen production systems, improve operational effi-
ciency, extend system lifetime, and ultimately enhance the
overall economic viability of the electricity-hydrogen cou-
pling system.

C. Fuel Cell Technology

Fuel cells play a significant role in national energy strate-
gies and demonstrate extensive potential in applications such
as industrial, commercial, transportation, residential, on-site
power generation and distribution, and portable power solu-
tions. The structure of fuel cells is shown in Supplementary
Material A Fig. A2 [30], [31]. Fuel cells are primarily cate-
gorized into low-temperature and high-temperature types.
Low-temperature fuel cells typically operate below 200 °C,
including alkaline fuel cell (AFC), proton exchange mem-
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brane fuel cell (PEMFC), and direct methanol fuel cell
(DMFC). In contrast, high-temperature fuel cells operate
above 450 °C, including molten carbonate fuel cell (MCFC)
and solid oxide fuel cell (SOFC) [32]. A comparison of the
technical characteristics of various fuel cells is presented in
Supplementary Material A Table AIl. In China, the most
widely adopted fuel cells are the PEMFC and SOFC.

PEMFC utilizes a perfluorosulfonic acid polymer electro-
lyte and operates at low temperatures. It relies on highly
pure hydrogen as fuel, offering advantages such as rapid
start-up, high power density, and compact design. However,
its reliance on catalysts using platinum leads to elevated
costs, and it shows sensitivity to impurities in the hydrogen
supply. PEMFC is primarily applied in passenger vehicles
and portable power sources. The deployment of PEMFC in
the automotive sector is constrained by limitations in with-
standing mechanical vibrations and dynamic movements. Ex-
isting studies have confirmed the impact of mechanical vibra-
tion on PEMFC performance and durability [33]. Therefore,
vibration resistance constitutes a critical factor for PEMFCs
in automotive applications. SOFC, typified by solid oxide
electrolytes, is a high-temperature fuel cell that boasts advan-
tages such as high energy conversion efficiency, broad fuel
compatibility, and long service life. Its high operating tem-
perature enhances tolerance to fuel impurities, enabling di-
rect utilization of natural gas, biogas, or reformed synthesis
gas as fuels. Waste heat can be directly harnessed for indus-
trial steam, heating, or driving absorption chillers, forming
combined cold, heat, and power (CCHP) generation systems.
Currently, due to challenges in localization, thermal expan-
sion matching, and sealing technology, the commercializa-
tion of SOFCs in China still needs further development. Fur-
thermore, high-power fuel cell technologies remain largely
in the theoretical research stage, with their power levels, ser-
vice life, and economic viability failing to meet application
requirements, thereby restricting large-scale adoption and
commercial development. To address this, some studies have
proposed to construct fuel cell systems with multiple stacks by
connecting multiple individual fuel cells in series or parallel
configurations for high-power demand scenarios [34].

The integration of fuel cell power supply into the multi-en-
ergy coordination framework of an electricity-hydrogen sys-
tem is pivotal. It necessitates enhanced dynamic response ca-
pabilities to mitigate the strong variability of RE sources, en-
abling fast power adjustment during sudden WT/PV power
output changes to address grid imbalances. Given the heavy
reliance on green hydrogen as an energy carrier, fuel cells
need to be compatible with hydrogen of varying purities and
expand the flexibility of fuel, such as by coupling with bio-
mass gasification or industrial byproduct hydrogen, to
strengthen the resilience of the energy supply chain. In terms
of energy efficiency, high-temperature fuel cells need further
optimization of CHP efficiency, achieving cascaded energy
utilization through waste heat recovery coupled with district
heating networks and industrial processes, while low-temper-
ature fuel cells must reduce parasitic power consumption to
improve the net output efficiency. Regarding durability, it is
essential to address catalyst degradation and material aging

caused by frequent startups, shutdowns, and load fluctua-
tions, particularly in scenarios with high RE penetration,
where the startup-shutdown cycles of the electricity-hydro-
gen coupling system may significantly shorten, necessitating
the development of adaptive control strategies and resilient
materials.

D. Hydrogen Storage and Transportation Technology

The geographical disparity between hydrogen production
and consumption sites necessitates the implementation of ef-
ficient hydrogen storage technologies for energy retention
coupled with advanced transportation systems to facilitate hy-
drogen distribution to users, as demonstrated in Supplementa-
ry Material A Figs. A3 and A4 [35]. Furthermore, consider-
ing the inherent low volumetric energy density of hydrogen
and the challenges of storage across seasons, a critical pre-
requisite for integrating hydrogen into power systems lies in
developing hydrogen storage technologies with high energy
density [36]. Current hydrogen storage technologies are cate-
gorized into physical storage and chemical storage: physical
storage includes high-pressure gaseous storage, liquid stor-
age, and subsurface storage; while chemical storage includes
solid hydrogen and liquid ammonia storage, with comparative
technical characteristics of these hydrogen storage and trans-
portation methods detailed in Supplementary Material A Table
AL [37].

High-pressure gaseous storage compresses hydrogen gas
by increasing pressure and stores it in containers, character-
ized by its cost efficiency, high conversion efficiency, and
low energy consumption. This method is predominantly uti-
lized for hydrogen transportation via tube trailers, represent-
ing the most widely adopted hydrogen storage technology.
However, its transport capacity is constrained by container
volume limitations, posing challenges for large-scale central-
ized storage [38]. Hydrogen can be converted into a liquid
form under cryogenic conditions and stored in cryogenically
insulated containers, with its energy storage density approxi-
mately 845 times higher than that of high-pressure gaseous
storage. The liquid storage provides substantial capacity, re-
duces transportation frequency, and enhances the supply effi-
ciency of hydrogen refueling stations, making it especially
advantageous for transportation scenarios involving long dis-
tances and large volumes [39]. However, the liquefaction
process incurs high costs and significant energy losses, cur-
rently restricting its applications primarily to the aerospace
sector, with civilian deployment limited by insufficient opera-
tional experience. Subsurface storage, leveraging salt cav-
erns, abandoned mines, or aquifers as geological reservoirs,
emerges as the optimal solution for large-scale long-term
storage, which is recognized as a critical method for integrat-
ing hydrogen into power systems [40]. Reference [41] pro-
poses an integrated energy system incorporating WT, PV,
salt caverns, and hydrogen storage in Qianjiang, Hubei Prov-
ince, China, verifying its economic viability and carbon re-
duction. Solid hydrogen storage involves the incorporation
of hydrogen into solid materials through absorption or ad-
sorption mechanisms, typically utilizing metal hydrides char-
acterized by high hydrogen storage density, superior oxygen
tolerance, and enhanced cycling stability, though current ap-
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plications remain limited to research-phase development
[42]. Liquid ammonia storage synthesizes hydrogen and ni-
trogen into ammonia via catalytic processes for transporta-
tion and storage, with subsequent catalytic decomposition in-
to hydrogen and nitrogen during utilization [43]. While lig-
uid ammonia storage achieves superior storage efficiency
and enables the rapid release of substantial hydrogen quanti-
ties, inherent energy penalties during ammonia synthesis and
decomposition processes significantly reduce the efficiency
of power-to-ammonia conversion, rendering its application
prospects contingent upon further technical validation and
system optimization.

High-pressure gaseous storage currently dominates hydro-
gen storage and transportation, ensuring the supply of Chi-
na’s hydrogen energy industry in its infancy. However, its
low storage density and high costs in long-distance transpor-
tation make it inadequate for large-scale storage and trans-
portation in the future. Breakthroughs are imperative in safe-
ty, economy, and scalability aspects, which are described as
follows.

1) Develop high-capacity, economical solid-state or under-
ground hydrogen storage technologies to match seasonal RE
fluctuations and enable energy transfer over timescales from
weeks to months.

2) Formulate civil standards for liquid hydrogen, accumu-
late operational experience through civilian demonstration
projects, and promote the commercialization of liquid hydro-
gen applications.

3) Retrofit existing natural gas pipelines to reduce initial
investment in hydrogen pipeline transportation and build
technical reserves for large-scale pipeline networks.

4) Develop hydrogen embrittlement-resistant materials,
lightweight high-pressure tanks, and components compatible
with cryogenic conditions to enhance the density and safety
of hydrogen storage and transportation.

III. OPERATIONAL CONTROL STRATEGIES OF
ELECTRICITY-HYDROGEN COUPLING SYSTEM

Current studies on the operational control strategies of the
electricity-hydrogen coupling system primarily encompasses
two temporal scales: short-term energy balance control and
medium-to-long-term optimal dispatch [44].

Short-term energy balance control aims to regulate equip-
ment operating parameters in real time, rapidly respond to
load fluctuations and RE output variations, maintain instanta-
neous power balance, and ensure the safe and efficient coor-
dination of all units within their operational constraints. The
involvement of multiple energy carriers and diverse equip-
ment types with distinct dynamic characteristics results in sig-
nificant challenges. These include formulating effective power
allocation strategies, achieving coordinated control among
multiple devices, and ensuring seamless mode transitions.

Medium-to-long-term optimal dispatch focuses on achiev-
ing the minimization of life cycle cost and maximization of
energy efficiency through global resource allocation and
scheduling strategies, while concurrently addressing the oper-
ational reliability of equipment and system sustainability.
The seasonal fluctuations of RE outputs, capacity planning
for hydrogen storage and conversion equipment, and the cou-
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pling characteristics across temporal scales of multiple ener-
gy flows involving electricity, hydrogen, and thermal energy,
must be integrated. Consequently, it involves optimizing the
balance between energy supply and demand across times-
cales ahead of the day and month, alongside comprehensive
investment and operational costs. The system life cycle cost,
renewable generation capacity ratio, hydrogen storage scale,
and degradation of equipment performance critically impact
the economic indicators, carbon reduction benefits, and sup-
ply reliability. Key challenges thus involve constructing the
scheduling models that simultaneously account for degrada-
tion of equipment performance and synergistic optimization
of multiple energy flows, managing uncertainties in RE gen-
eration and errors in long-term load forecasting, and resolv-
ing the balance of multiple objectives between economic
goals and equipment health management.

A. Short-term Energy Balance Control

To address the challenges of short-term energy balance
control, current studies focus on optimizing dynamic power
allocation strategies and coordination mechanisms. The goal
is to reduce the frequency of equipment cycling and opera-
tional mode transitions while preserving power balance and
stability throughout the system.

A widely adopted solution uses a hierarchical architecture
for short-term energy balance control, consisting of a device
layer and an energy management layer, as illustrated in
Fig. 3.

RE generation Grid interaction Load fluctuation
v v v
Energy management layer: real-time collection of source-grid-load
real-time operation data and release of operation control instructions

Rule-based Learning-based Online
o State machine eReinforcement eEquivalent
¢ Fuzzy logic learning consumption
o Wavelet transform e Artificial neural minimum strategy
networks (ECMS)
eMachine learning e Heuristic algorithm

Operating parametersT lControl instruction

Device layer: dynamic optimization of operational parameters to ensure
efficient multi-energy flow conversion and reliable equipment operation

Control target Control strategy

eTemperature and current

eGas supply and humidity
management

ePressure-flow synergy

eDynamic power-voltage matching

o State of charge (SOC) and state of
hydrogen (SOH) balanced control

eSliding mode control

e Adaptive control

eModel predictive control

eProportional-integral-derivative
(PID) control

eSag control with correlation
parameters

Fig. 3. Hierarchical architecture for short-term energy balance control.

The energy management system (EMS) facilitates bidirec-
tional communication between these layers through ad-
vanced information technologies. Specifically, the energy
management layer analyzes short-term operational data to de-
termine the optimal control modes and power setpoints for
each device [45], [46]. These optimized commands are sub-
sequently dispatched to the corresponding device-level con-
trollers via the EMS interface, forming a closed-loop control



404

structure. The subsequent texts will specifically focus on
studies regarding control strategies for the device layer and
the energy management layer. Key issues addressed include
operational temperature regulation, hydrogen purity optimiza-
tion, power allocation optimization, and state equalization of
storage units.

1) Device Layer

Temperature control is critical for the economic and effi-
cient operation of the electricity-hydrogen coupling system.
During the operation of fuel cells and hydrogen production
systems, high temperatures accelerate the degradation of
equipment materials. As the life cycle extends, both the pow-
er generation and hydrogen production capacities of these
systems decrease, with efficiency potentially decreasing by
up to 10% compared with the initial state. This leads to a de-
cline in the effective conversion rate throughout the life cy-
cle, increasing the operation and maintenance (O&M) costs
as well as equipment replacement expenses, thus affecting
the system economy. In practical installations, PID control
remains predominantly employed due to its simplicity of im-
plementation, where thermal models integrated with PID-
based temperature stabilization mechanisms modulate cool-
ant flow rates or operational power consumption to maintain
the temperature of device within prescribed ranges [47].
Moreover, model predictive control (MPC) has been increas-
ingly adopted for thermal management, operating on princi-
ples similar to those of PID controllers in controlling coolant
flow dynamics. Hydrogen purity management directly influ-
ences the performance of fuel cell and the efficiency of elec-
trolyzer. Advanced MPC frameworks have demonstrated ef-
fectiveness in designing hydrogen purity enhancement strate-
gies by dynamically optimizing the gas separation process-
es [48].

To address operational uncertainties caused by load fluctu-
ations and RE intermittency in the electricity-hydrogen cou-
pling system, adaptive control strategies demonstrate superi-
or performance in maintaining optimal operating states of de-
vices. These strategies autonomously adjust the power set-
points and control parameters in response to real-time varia-
tions of the process. Reference [49] proposes an adaptive
voltage control strategy for alkaline electrolyzers based on
DC bus voltage variations, which incorporates voltage con-
straints to maximize the efficiency of electrolyzer. This con-
trol strategy activates power curtailment of wind turbines
through adaptive regulation when the DC bus voltage ex-
ceeds predefined thresholds, thereby maintaining operational
parameters within safe limits while optimizing the perfor-
mance of hydrogen production. To ensure continuous opera-
tion of the electrolyzer and prevent shutdowns caused by in-
sufficient input power due to RE fluctuations, which would
compromise the efficiency of hydrogen production and the
life cycle of equipment, [50] employs sliding mode control
to maintain the current of electrolyzer at the desired level.
This enables the maximum hydrogen production even under
fluctuating WT output and operating temperature conditions.

In the electricity-hydrogen coupling system, distributed en-
ergy storage units are typically connected directly in parallel
with the DC bus. This configuration may lead to inconsisten-
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cies between the SOC of battery and the SOH of hydrogen
storage modules, which can adversely affect the lifespan of
equipment and the system stability. To address this issue, a
droop control strategy based on associated parameters can be
employed. This strategy correlates the corresponding physi-
cal quantities according to different system control objec-
tives, thereby achieving equilibrium in SOC or SOH across
the storage units [51].

2) Energy Management Layer

State machine control (SMC) strategy establishes the foun-
dational logic framework for operational mode transitions.
During the transitions between grid-connected and islanding
modes, the SMC strategy coordinates seamless transitions
across predefined discrete states, including priority in hydro-
gen production, power generation, and storage charging,
while incorporating triggering conditions informed by phys-
ics. These conditions include thresholds such as grid frequen-
cy deviations exceeding 0.5 Hz or SOC dropping below
20% [52], [53]. This structured strategy ensures systematic
mode switching through verifiable state transitions and mea-
surable physical parameters, maintaining operational continu-
ity and system stability under dynamic conditions.

The ECMS achieves real-time energy balancing in the
electricity-hydrogen coupling system by establishing equiva-
lence relationships between electrical and hydrogen energy
conversions, dynamically optimizing the coordinated dis-
patch of carriers of multiple energy sources. The ECMS uni-
fies the power consumption of electrolyzer, generation of fu-
el cell, and charging/discharging behaviors of energy storage
into equivalent fuel consumption metrics, thereby enabling
globally optimal energy flow allocation. Grounded in princi-
ples of instantaneous optimization, the ECMS introduces
equivalence factors to formulate a multi-objective optimiza-
tion function. This function is solved online to determine the
operating point that minimizes equivalent consumption while
satisfying all system constraints [54].

Fuzzy control strategies are widely applied in power allo-
cation of the electricity-hydrogen coupling system due to
their strong adaptability to nonlinear dynamics. The hydro-
gen production efficiency of electrolyzers exhibits nonlinear
variations with load ratios, prompting fuzzy controllers to de-
fine linguistic variables such as “low load”, “medium load”,
and “high load” states, thereby linking power regulation
strategies to distinct efficiency regions for enhanced yield op-
timization of hydrogen. Given that fuel cells exhibit slow re-
sponse yet high energy density, while lithium batteries offer
fast response but limited capacity, fuzzy control coordinates
their complementary operation through multiple priority
rules that leverage dynamic response characteristics, effec-
tively reducing the frequency recovery time and mitigating
the degradation of lithium battery [55], [56]. However, the
performance of fuzzy control critically depends on the com-
pleteness of the rule base and expertise in parameter tuning.
Initial rule bases are typically developed based on subjective
expert knowledge, which may fail to account for optimal
strategies under edge-case operating conditions. To address
this limitation, the evolution frameworks of fuzzy rules
based on reinforcement learning are increasingly adopted.
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These frameworks autonomously explore and expand rule li-
braries within simulation environments, accelerating the itera-
tive optimization of fuzzy controllers [57].

B. Medium- and Long-term Optimal Dispatch

RE sources and loads characterized by wide power fluctua-
tions exert a substantial impact on the operational efficiency
and lifespans of electrolyzers and fuel cells. In the medium-
to-long-term operational timescales of the electricity-hydro-
gen coupling system, control strategies prioritize the econom-
ic efficiency, flexibility, and reliability as the objectives of
optimization, while incorporating constraints such as energy
supply-demand balance, grid integration limits, and equip-
ment operational boundaries [58], [59]. These control strate-
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gies aim to leverage the flexibility of system components,
fully exploit their potential for multi-dimensional comple-
mentarity, and strike a balance between environmental sus-
tainability and economic viability. In this way, they achieve
optimal resource allocation benefits by coordinating the dy-
namics of energy conversion and storage [60].

Currently, regarding the multi-timescale optimal schedul-
ing problem of the electricity-hydrogen coupling system,
studies have been carried out from day-ahead economic dis-
patch to month-ahead resource planning, where significant
advancements have been achieved in model formulation and
optimization methodologies. The medium-to-long-term opti-
mal dispatch issues for the electricity-hydrogen coupling sys-
tem are summarized in Table L.

TABLE I

SUMMARY OF MEDIUM-TO-LONG-TERM OPTIMAL DISPATCH ISSUES FOR ELECTRICITY-HYDROGEN COUPLING SYSTEM

Type Classification

Example

Economic optimization

Optimization ob- Stability assurance

Jective [61]-[63] Efficiency enhancement

Environmental sustainability

Life cycle cost, system integrated operation revenue, carbon trading cost
Hydrogen supply-demand balance, fluctuation rates of WT and PV power outputs
Multi-energy conversion efficiency

Life-cycle carbon emission, RE penetration rate

Equipment operational variable

Decision vari- . . .
Energy interaction variable

On/off status of electrolyzer and power output of fuel cell, charging/discharging rate and capacity
status of hydrogen storage tank, operating mode of hydrogen compressor

Electricity-to-hydrogen conversion power, hydrogen purchasing/selling volume, demand response

able capacity, multi-energy allocation ratio in CCHP system
Market transaction variable Electricity spot market bidding, ancillary service (fre.quency regulation, reserve) capacity, carbon
quota trading
Physical constraint Equipment operational limit, hydrogen pipeline network flow rate, power flow constraint
Constraint Supply-demand balance constraint Multi-energy supply-demand balance, tie-line capacity

Market rule constraint

Electricity market settlement rule

Mathematical programming

Stochastic optimization

Optimization Robust optimization

method [64]- Reinforcement learning
[69]

Game theory method

Distributed algorithm

Heuristic algorithm

Linear programming (LP), second-order cone programming (SOCP), mixed-integer linear program-

ming (MILP), multi-stage dynamic programming

Two-stage stochastic programming, chance-constrained programming
Adaptive robust optimization, distributionally robust optimization

Deep Q-network (DQN), deep deterministic policy gradient (DDPG), multi-agent reinforcement

learning (MARL)

Stackelberg game, Nash equilibrium, cooperative game
Alternating direction method of multipliers (ADMM), consensus algorithm
Genetic algorithm (GA), particle swarm optimization (PSO), simulated annealing (SA)

The day-ahead dispatch operates on a 24-hour cycle. Com-
pared with conventional power systems, the electricity-hydro-
gen coupling system exhibits significantly expanded optimi-
zation dimensions such as the coordinated management of
multiple variables including hydrogen production rates of
electrolyzer, hydrogen storage tank pressures, generation out-
puts of fuel cell, and charging/discharging states of electrical
energy storage, while satisfying complex constraints such as
the transmission limits of hydrogen pipelines, the minimum
start-stop intervals of electrolyzer, and ramping rate limits of
fuel cell [70]. The primary objective lies in formulating hour-
ly operational schedules for next-day equipment dispatch to
minimize operational costs and maximize RE utilization
[71]. However, the inherent low prediction accuracy of sup-
ply-demand dynamics and intense intraday energy fluctua-
tions often render day-ahead schedules infeasible. This leads
to equipment operation outside permissible limits, frequent

start-stop cycles, accelerated lifetime degradation, and hydro-
gen waste. Addressing these challenges requires studies on
coordinated scheduling planned a day ahead and within the
day, to achieve seamless transitions across temporal scales
and enhance the scheduling accuracy. Furthermore, recogniz-
ing the high capital costs of PEMEL and the limitations of
AEL in dynamic response and compatibility with fluctuating
RE sources, researchers have proposed to synergistically inte-
grate both technologies into hybrid electrolyzer systems.
These efforts capitalize on their complementary operational
characteristics to enhance the production flexibility and eco-
nomic viability of electrolytic hydrogen [72], while enabling
subsequent development of rotating strategy and optimiza-
tion frameworks for day-ahead dispatch.

Month-ahead dispatch typically covers a time frame of 1
to 6 months, focusing on strategic decisions such as equip-
ment capacity planning, hydrogen procurement strategies,
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and seasonal energy storage configuration. In the electricity-
hydrogen coupling system, hydrogen showcases its unique
value through storage capabilities across seasons [73]. Sur-
plus RE from wind and PV sources in summer is converted
into hydrogen via electrolyzers for storage, while the gaps
between supply and demand in winter for heating and power
generation are offset by deploying fuel cells or operating gas
turbines (GTs) fired by hydrogen. Such scheduling models
typically adopt stochastic programming frameworks with
two or three stages: the first stage determines long-term in-
vestment variables such as the capacities of electrolyzer and
fuel cell, hydrogen storage volumes, and RE installation ra-
tios, while subsequent stages optimize monthly hydrogen
production and consumption plans considering uncertainties
such as seasonal RE generation patterns and demand fluctua-
tions in the hydrogen market [74]. Additionally, modeling
the degradation of equipment constitutes a critical research
focus, particularly addressing accelerated reduction of the
lifespan of electrolyzer membrane electrodes under frequent
start-stop operations, necessitating integrated optimization of
maintenance cycles and production schedules in month-
ahead planning.

The selection of optimization methodologies must be rigor-
ously aligned with system characteristics and operational en-
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vironments. The states of current studies on medium- and
long-term optimal dispatch are shown in Table II. In deter-
ministic scenarios characterized by low prediction errors in
RE generation and clearly defined load patterns, traditional
mathematical programming methods such as LP, SOCP, and
MILP prove to be effective for developing the optimization
model. These programming methods construct deterministic
models by linearizing the efficiency curves of electrolyzer
and using piecewise approximations for relationships be-
tween hydrogen storage pressure and capacity, while leverag-
ing commercial solvers like Gurobi and Yalmip to rapidly
identify the optimal combinations of equipment starting and
stopping and power allocation schemes. Their principal ad-
vantages lie in computational efficiency and guaranteed solu-
tion optimality through rigorous verification, albeit at the ex-
pense of reduced model fidelity due to inherent linearization
and approximation trade-offs [75]. In scenarios where sys-
tem operational models are highly complex and conventional
optimization frameworks are intractable, heuristic algorithms
such as GA and PSO are effective in addressing multiple-
scale characteristics involving multiple agents and strong
nonlinearity inherent to the electricity-hydrogen coupling sys-
tem [76].

TABLE II
STATES OF CURRENT STUDIES ON MEDIUM-TO-LONG-TERM OPTIMAL DISPATCH

Component Application Objective Method Highlight Reference
GT, PV, WT, grid, Mmlrplze €co- Synerglstlcally optlm.lze upper-tier _capaCIty plz_innmg and
hydrogen energy  Cross-season- nomic cost, lower-tier economic dispatch to achieve dynamic balance
Y carbon emis- MOPSO and MILP between annual-scale investment and daily-scale opera- [77]
storage system al storage - . £ 1 hvd d
(HESS) sion, and tion, and use of cross-seasona hydrogen storage to ad-
operating cost dress long-term supply-demand imbalances in RE sources
Low-carbon The security and imitation mechanism ensures constraint
GT, PV, WT, transportation Minimize Deep deterministic policy  satisfaction through security layer, and imitation learning (78]
HESS, battery :p(s)tem ° operating cost (DRL) accelerates the convergence of the policy while reducing
Y the cost of DRL by 40.1% compared with traditional DRL
PV, WT, HESS, S The hydrogen-electricity-heat system is deeply coupled to
. Vessel Minimize . . . .
gas boiler (GB), transportation  economic cost MILP and MPC realize cross-form complementarity of ship energy and in- [79]
electric boiler (EB) P crease the total energy utilization rate to 85.53%-91.83%
FC-GA dynamically adjusts the optimization step by fuzzy
Island Maximize rules and proposes a hybrid electrolyzer system to en-
PV, WT, HESS renewable FC and GA S . [80]
annual return hance the system adaptability to fluctuating energy sourc-
system L o
es with improvement of annual revenue by 6.6%
Inteerated Deep deterministic policy
PV, WT, HESS, enir Minimize (DRO) and column-and- Dealing with multi-source uncertainty via DRO balances 81]
GB, EB £y economic cost constraint generation conservatism and robustness more than traditional methods
management
(C&CQG)
On-grid hydro- Maximize RE “Fast start+equal distribution” dual-phase control is pro-
WT, grid, HESS gen produc-  utilization and staged control strategy posed, which improves energy utilization to 98.75% and [82]
tion system  electrolyzer life extends the lifespan of the electrolyzer
. Lo A distributional robust model is constructed to realize the
PV, WT, grid, s Maximize in-
Distributed . Leader-follower game and  balance between robustness and economy of the system
HESS, HFCV, GT, terests of multi- RS . . . [83]
b energy system . DRO under the worst distribution, significantly improving the
attery ple subjects .
economy of the system through a multi-actor game
Low-carbon Maximize ener- Siberian tiger optimization
. gy efficiency ~ (STO) and enhanced Was- System performance is optimized over the entire life cycle
FC, BAT, HFCV  transportation . . R . [84]
system and extend sys- serstein generative adver- considering fuel consumption and fuel cell health status

tem lifespan

sarial network (IWGAN)

For operational environments characterized by uncertainty,
stochastic or robust optimization methodologies are common-
ly employed. Stochastic optimization frequently employs

Monte Carlo simulations based on historical data to generate
RE output sequences, coupled with autoregressive integrated
moving average (ARIMA) models for hydrogen demand
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trend forecasting, thereby facilitating the solution process by
transforming the stochastic optimization problem into deter-
ministic formulations through scenario reduction techniques.
Robust optimization addresses uncertainty by constructing
data-driven uncertainty sets and employs C&CG algorithms
combined with heuristic methods to identify feasible solu-
tions in the worst scenarios [85]. Its strengths lie in eliminat-
ing the need for probability distribution assumptions and ex-
hibiting strong disturbance resistance, though excessive con-
servatism may compromise economic efficiency. Some stud-
ies integrate conditional value-at-risk (CVaR) to develop risk-
averse optimization models, balancing economic perfor-
mance with robustness through adjustable risk preference co-
efficients.

In highly dynamic environments characterized by intense
RE fluctuations and game-theoretic interactions involving
multiple agents, where the complexity of optimization mod-
els hinders dispatch in real time, DRL offers unique advan-
tages. DRL constructs scheduling policy networks within a
framework involving the state, action, and reward, leverag-
ing Q-learning or policy gradient algorithms to autonomous-
ly learn coordination rules among multiple devices and de-
rive optimal dispatch strategies.

Academic studies on control strategies for the electricity-
hydrogen coupling system encompasses a range of methodol-
ogies. In terms of short-term energy balance control, efforts
span from the improvement of traditional control strategies
to the exploration of advanced innovative ones. Traditional
control strategies such as PID control and SMC have been
extensively validated in practical applications. Having under-
gone rigorous technical verification, current studies often fo-
cus on optimizing these strategies to further enhance the con-
trol performance. Concurrently, there is a growing emphasis
on developing more sophisticated control strategies including
MPC and adaptive control. These strategies are characterized
by their ability to handle complex nonlinear dynamics, pre-

Cross-regional
peaking

Transportation

Cross-seasonal
peaking

cisely regulate multivariable systems, and adapt to evolving
operational conditions. Although still in the early stages of
practical implementation, the performance improvements
demonstrated by these advanced control strategies in theoreti-
cal and simulation studies render them a highly compelling
area of research.

In the context of medium-to-long-term optimal dispatch, ex-
isting studies operate within a multi-timescale framework
ranging from day-ahead to month-ahead scheduling. By match-
ing different scenarios such as deterministic, complex nonlin-
ear, uncertain, and highly dynamic multi-agent scenarios, cor-
responding methodologies are employed: traditional mathe-
matical programming, heuristic algorithms, stochastic/robust
optimization, and deep reinforcement learning. With economic
efficiency, flexibility, and reliability as core objectives, the me-
dium- and long-term optimal dispatch incorporates multiple
constraints to achieve multi-energy complementarity and opti-
mal resource allocation. Furthermore, progress has been made
in addressing key challenges such as equipment degradation
modeling and multi-timescale coordination, demonstrating
strong scenari