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Conclusion: This work presents a comprehensive review of state-

of-the-art operation scheduling strategies for three primary 

types of water electrolyzers, aiming to offer valuable insights and 

practical guidance for the scheduling and dispatching of water 

electrolyzers in green hydrogen production systems.

Current challenges and future perspectives 

are discussed, promoting more efficient and 

adaptable scheduling optimization.

Water Electrolyzer Operation Scheduling for Green Hydrogen Production: A Review
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Nomenclature 2 

Symbols 𝑪𝐎𝟐
𝐦𝐞𝐦 concentration of oxygen 

𝑼𝐜𝐞𝐥𝐥 DC voltage of single AWE, V 𝑪𝐇𝟐
𝐦𝐞𝐦 concentration of hydrogen  

𝑼𝐫𝐞𝐯 reverse voltage of AWE, V 𝒊𝐥𝐨𝐬𝐬 current density loss, A/cm2 

𝒓𝟏, 𝒓𝟐 ohmic resistance of AWE, Ω 𝑶𝑪𝑽 open circuit voltage of SOEC, V 

𝑨𝐜𝐞𝐥𝐥 surface area of the electrolyzer, cm2 𝑨𝑺𝑹 area-specific resistance of SOEC, Ω·cm2 

𝑰𝐞𝐥 direct current of AWE, A 𝑸𝐀𝐒𝐑,𝑴𝐀𝐒𝐑 𝐴𝑆𝑅 parameters 

𝒔𝒊 𝐚𝐧𝐝 𝒕𝒊, 

(𝒊 = 𝟏, 𝟐, 𝟑) 
overvoltage coefficients of AWE electrodes 𝑷𝐒𝐎𝐄𝐂 SOEC power, W 

𝑻𝐞𝐥 operation temperature of the electrolyzer, K ∆H Enthalpy change, J/mol 

∆𝑮 Gibbs free energy change, J/mol 𝒊𝟎 electrolyzer exchange current density, A/cm2 

𝒛 electron transfer number in reaction 𝑹𝐞𝐥 electrode resistance, Ω 

𝑭 Faraday constant, C/mol 𝑹𝐩𝐥 bipolar resistance, Ω 

𝑼𝐞𝐥 DC voltage of AWEs, V 𝑹𝐦𝐞𝐦 membrane resistance, Ω 

𝑵𝐞𝐥 number of electrolyzers in series 𝒍 electrons path length, cm 

𝜼𝐕 voltage efficiency of the electrolyzer 𝝆𝐞𝐟𝐟 effective electrical resistivity of the electrodes 

𝑼𝐭𝐡 thermal neutral voltage of the electrolyzer, V 𝜹𝐦𝐞𝐦 conductivity of the membrane 

𝜼𝐅 Faraday efficiency 𝝀 water content of the membrane 

𝒇𝟏, 𝒇𝟐 current loss coefficients in AWE  ∆S Entropy change, J/mol 

𝜼𝐞𝐥 hydrogen production of the electrolyzer 𝒋 input current of SOEC, A   

𝒏𝑯𝟐
 amount of the hydrogen production of AWEs, kmol 𝑼𝐟 reactant utilization coefficient 

𝒑𝐞𝐥𝐢 hydrogen production power of the ith AWE, W 𝒏̇𝐇𝟐𝐎 molar flow rate of H2O, mol/s  

𝑽𝐜𝐞𝐥𝐥 operating voltage of the electrolyzer, V  𝒏̇𝐂𝐎𝟐
 molar flow rate of CO2, mol/s 

𝑽𝐨𝐜 open circuit voltage, V  𝑨𝐭𝐨𝐭 total active area, cm2 

𝑽𝐚𝐜𝐭 activation overpotential, V  𝜼𝐒𝐎𝐄𝐂 process efficiency of SOEC 
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𝑽𝐨𝐡𝐦 ohmic overpotential, V 𝑸𝐄𝐕𝐀 thermal power for H2O evaporation, W 

𝑽𝐜𝐨𝐧 concentration overpotential, V Abbreviations 

𝑽𝐫𝐞𝐟 reversible potential of PEMWE, V AWE alkaline water electrolyzer  

𝑹 universal gas constant AEMWE anion exchange membrane water electrolyzer 

𝒑𝐇𝟐
 partial pressures of hydrogen, Pa LCOH levelized cost of hydrogen 

𝒑𝐎𝟐
 partial pressures of oxygen, Pa PEMWE proton exchange membrane water electrolyzer  

𝒂𝐇𝟐𝐎 water activity P2H power-to-hydrogen  

𝑽𝐚𝐜𝐭,𝐚𝐧 anode activation overpotential, V PV photovoltaic  

𝑽𝐚𝐜𝐭,𝐜𝐚𝐭 canode activation overpotential, V SOEC solid oxide electrolysis cell 

𝜶𝐣 charge transfer coefficient TRL technology readiness level  

𝒊 electrolyzer current density, A/cm2   

1. Introduction 1 

Climate change poses significant risks to global economies, infrastructure, and 2 

communities [1], thus a broad consensus has been reached on global action to achieve net-zero 3 

Emissions [2]. To promote this, the energy sector plays a critical role as it serves as the largest 4 

source of worldwide CO2 emissions [3]. Therefore, the transition of the energy sector towards 5 

more sustainable sources is essential for reducing emissions and achieving the net-zero target, 6 

in which renewable energy plays a critical role [4]. Within this context, green hydrogen [5], 7 

produced via water electrolysis using renewable energy, aligns with net-zero objectives by 8 

offering a clean and sustainable alternative to fossil fuels. The number of declared initiatives 9 

for low-emission hydrogen production is experiencing sharp growth, for example, the yearly 10 

output of low-emission hydrogen is anticipated to soar to 38 million tons by 2030 if all the 11 

proposed projects can be successfully implemented [6]. The UK government released in April 12 

2022 its low-carbon hydrogen standard [7] and supported projects representing 125 MW of 13 

production capacity through the first hydrogen allocation round [8] in December 2023. 14 

Concurrently, the UK government introduced the second hydrogen allocation round, targeting 15 

a capacity of up to 875MW [8], with the application period closing on 19 April 2024 [9]. Figure 16 

1 is an interactive global map featuring: (a) operational and announced projects launched 17 

globally from the year 2000 onward to generate low-emissions hydrogen using electrolysis 18 

technology [10] and (b) global levelized cost of hydrogen (LCOH) in 2050 [11].  19 
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Fig. 1. Global hydrogen interactive maps. (a) Operational and announced hydrogen projects [10] and (b) Global LCOH in 2050 5 

[11].  6 

It should be noted that the capital expenditure assumptions for 2050 in Fig. 1 are detailed 7 

as follows: USD 225-455/kW for solar photovoltaic (PV), USD 700-1070/kW for onshore wind, 8 

USD 1275-1745/kW for offshore wind, and USD 130/kW for electrolyzers. During hydrogen 9 

production, electrolyzers are essential for electrolysis to split water into hydrogen and oxygen 10 

using electrical energy. Until now, the capacity for hydrogen production via electrolysis has 11 

witnessed steady expansion, with forecasts suggesting that installed capacity is set to reach 12 

nearly 3 GW by 2023 [12]. Electrolyzers consist of various forms, with water electrolyzers 13 

being the most directly related to sustainable hydrogen production [13]. Compared with 14 
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industrial hydrogen generated through coal gasification or steam methane reforming [14], 1 

renewables-based hydrogen production is a far more sustainable method to promote power-to-2 

x pathway as it emits no greenhouse gas or harmful emissions [15]. The application of water 3 

electrolyzers presents an increasingly feasible option for large-scale hydrogen production [16], 4 

contributing to a sustainable and flexible energy system that can not only manage the variable 5 

characteristics of renewable energy but can also provide a solution for extended-duration energy 6 

storage [17]. Thus far, there are four main water electrolysis technologies available [18], e.g., 7 

alkaline water electrolyzer (AWE), proton exchange membrane water electrolyzer (PEMWE), 8 

solid oxide electrolysis cell (SOEC), and anion exchange membrane water electrolyzer 9 

(AEMWE). Among them, AWE and PEMWE are already commercially available while SOEC 10 

and AEMWE are still maturing. Table 1 summarizes the total installed various electrolysis 11 

capacity from 2019 to 2050 according to datasets provided by the International Energy Agency 12 

[19], where NZE refers to the scenario aiming for net-zero emissions by 2050. Furthermore, 13 

the term "2023e" indicates that the figure for 2023 is an estimate, derived from projects 14 

currently under construction and those that have reached the final investment decision stage. 15 

Table 1. Installed electrolysis capacity by technology towards 2050 net-zero emissions 16 

Year AWE (MW) PEMWE (MW) Other/unknown (MW) Total (MW) 

2019 164 80 13 257 

2020 197 108 14 319 

2021 354 147 58 559 

2022 404 217 66 687 

2023e 1152 921 811 2884 

...     

2030-NZE - - - 560000 

Thus far, a large variety of studies have been conducted to explore the renewable-17 

electrolyzer configuration to leverage the stochastic nature of renewable energy while 18 

producing green hydrogen [20]. Within this hybrid configuration [21], electrolyzers can be used 19 

as dynamic loads that adjust their energy consumption based on the availability of renewable 20 

energy, thus providing a demand-side management tool to help balance the grid [22]. 21 

Furthermore, the produced hydrogen can be stored and transported, enabling the storage of 22 

surplus renewable energy for utilization when solar and wind resources are insufficient, thus 23 

mitigating variability and ensuring continuous energy supply [23]. Currently, research on 24 
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strategies for renewable hydrogen systems is increasingly concentrated on enhancing their 1 

economic viability and optimizing the utilization of renewable resources. However, it is also 2 

crucial to address the challenges posed by the considerable fluctuations inherent in renewables, 3 

which directly affect the operational conditions of electrolyzers [24]. For instance, the frequent 4 

start-stop cycles caused by intermittent renewable energy notably reduce the operational 5 

lifespan and hydrogen production efficiency of electrolyzers, presenting a substantial barrier to 6 

the long-term sustainability and cost-effectiveness of green hydrogen production [25]. 7 

Therefore, efficient scheduling and dispatching for multi-electrolyzers with practically efficient 8 

operations are highly demanded. Appropriate scheduling of operational states of electrolyzers 9 

in response to power fluctuations contributes to both minimizing the wear and tear on these 10 

critical components and improving the operational flexibility, stability, and economy of the 11 

whole renewable-hydrogen system.  12 

In recent years, the optimal scheduling of electrolyzers in renewable hydrogen production 13 

systems has received increasing global interest, leading to substantial research and progress. 14 

Nevertheless, to the best knowledge of the authors, there is currently no comprehensive review 15 

dedicated to this field. Therefore, to address this gap, this review aims to thoroughly discuss 16 

and summarize the state-of-the-art research progress in scheduling electrolyzers for optimized 17 

green hydrogen production. This review categorizes existing scheduling techniques for three 18 

different types of water electrolyzers, providing a detailed evaluation in the context of various 19 

renewable-electrolyzer configurations. Furthermore, the review offers a clear and intuitive 20 

illustration of the most critical aspects of scheduling strategies for different electrolyzers by 21 

employing diverse evaluation indicators, including renewable-electrolyzer specifications, 22 

application scenarios, strengths, limitations, etc. Finally, current challenges and future 23 

perspectives are discussed for the exploitation of more efficient, reliable, and adaptable 24 

scheduling optimization. Overall, this work seeks to offer insights and guidance for advancing 25 

electrolyzer scheduling strategies and potential green hydrogen production technologies.  26 

The rest of this work is organized as follows: Section 2 introduces the principles of review 27 

screening methods. Section 3 presents the main background on the four water electrolysis 28 

technologies. Section 4 elaborates on the operation characteristics and states of AWE, PEMWE, 29 

and SOEC. In Section 5, the most representative modeling methodologies of AWE, PEMWE, 30 
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and SOEC are detailed. Section 6 comprehensively discusses various scheduling strategies. 1 

Section 7 concludes the whole work and provides discussions. In Section 8, current challenges 2 

and future outlooks regarding operation scheduling of water electrolyzers for green hydrogen 3 

production are presented. 4 

2. Review Screening Methods 5 

To undertake a state-of-the-art review on the operational characteristics, modeling, and 6 

scheduling strategies involved in the operational scheduling of water electrolyzers, a systematic 7 

literature review framework is employed based on three representative search engines, i.e., 8 

Elsevier, Web of Science, and Google Scholar. First, an extensive literature search is conducted 9 

using four primary keywords: electrolyzer scheduling, electrolyzer operational management, 10 

electrolyzer dispatch, and electrolyzer operation control. Then, the initial screening involves 11 

selecting studies based on their titles, abstracts, and keywords, which aims to filter out irrelevant 12 

studies and focus on those directly related to the research topic. After the initial screening, a 13 

more detailed selection is carried out by examining the introduction, methodology, results, and 14 

conclusions of the studies. During this process, factors such as the objective of the study, the 15 

effectiveness of the methodology, and the significance of the findings are considered. Lastly, 16 

the final selection includes more than 160 references, selected based on citations, journal impact 17 

factors, and the relevance to the review objectives. This selection ensures a comprehensive and 18 

high-quality review of the current state-of-the-art in the field. 19 

In general, the review screening methods follow a structured procedure to ensure the 20 

inclusion of related significant and high-impact studies, as shown in Fig. 2, which outlines the 21 

steps applied from the initial search to the final selection. Based on the implementation of this 22 

systematic review methodology, a thorough and critical analysis of the current research 23 

landscape is realized. 24 
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Fig. 2. Implementation framework of review screening methods. 2 

3. Water Electrolysis Technologies 3 

Water electrolysis involves the electrochemical decomposition of water into hydrogen and 4 

oxygen through the application of electrical energy [26]. The entire water electrolysis process 5 

can be summarized by the following equations [27]: 6 

At the anode: 7 

2H2O(l) → O2(g) + 4H+(aq) + 4e−                     (1) 8 

At the cathode: 9 

4H+(aq) + 4e− → 2H2(g)                        (2) 10 

Overall reaction: 11 

2H2O(l) → 2H2(g) + O2(g)                        (3) 12 

The superiority of water electrolysis lies in its simplicity and the easy availability of its 13 

primary resource of water, coupled with the potential to utilize electricity obtained from 14 

renewables, thereby ensuring a carbon-neutral process. Water electrolysis technologies are 15 

primarily categorized into four main types, i.e., AWE [28], PEMWE [29], SOEC [30], and 16 

AEMWE [31]. The operational principles of four water electrolysis technologies are 17 

demonstrated in Fig. 3 for an explicit and intuitive illustration for readers.  18 
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Fig. 3. Schematic of four water electrolysis technologies. (a) AWE, (b) PEMWE, (c) SOEC, and (d) AEMWE. 2 

3.1 Alkaline water electrolyzer 3 

AWE based water electrolysis has been deployed for a long history with the highest 4 

commercial maturity with abundant operational experience [32], whose critical characterization 5 

is tabulated in Table 2. AWE consists of three critical components, i.e., electrodes, electrolyte, 6 

and diaphragm, as shown in Fig. 3 (a). There are two electrodes in AWE: the anode (positive 7 

electrode) and the cathode (negative electrode) [33], which are usually made from materials 8 

that are resistant to corrosion and catalytically active for the respective half-reactions [34]. In 9 

particular, the concentration of the alkaline solution directly affects AWE performance, e.g., 10 

higher concentration facilitates better ionic conductivity, but extremely high concentrations can 11 

lead to increased viscosity and mass transport limitations [35]. The electrochemical reactions 12 

in an AWE involve the following steps [36]: 13 

At the anode: 14 
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4OH−(aq) → O2(g) + 2H2O(l) + 4e−                     (4) 1 

At the cathode: 2 

4H2O(l) + 4e− → 2H2(g) + 4OH−(aq)                        (5) 3 

Overall reaction: 4 

2H2O(l) → 2H2(g) + O2(g)                        (6) 5 

In general, AWE offers a reliable and economical solution for hydrogen production, 6 

particularly suitable for large-scale centralized applications. 7 

3.2 Proton exchange membrane water electrolyzer 8 

PEMWE operates based on the same principles as AWE, i.e., electrochemical splitting of 9 

water into hydrogen and oxygen, but facilitated by a solid proton conductive polymer (Nafion) 10 

membrane [37]. PEMWE stands as a leading hydrogen production technology, particularly in 11 

scenarios demanding high-purity hydrogen or direct integration with renewable energy sources. 12 

The core components in a PEMWE are shown in Fig. 3(b). The electrochemical reactions in 13 

PEMWE can be summarized as follows [38]: 14 

At the anode: 15 

2H2O(l) → O2(g) + 4H+(aq) + 4e−                     (7) 16 

At the cathode: 17 

4H+(aq) + 4e− → 2H2(g)                        (8) 18 

Overall reaction: 19 

2H2O(l) → 2H2(g) + O2(g)                        (9) 20 

Compared to AWE, PEMWE offers advantages such as higher current density, greater 21 

hydrogen purity, and faster response times, leading to a higher overall operational efficiency. 22 

Thus, in distributed energy scenarios, such as on-site hydrogen production and refueling 23 

stations where hydrogen output is relatively small, PEMWE shows unique superiority and 24 

feasibility. 25 

3.3 Solid oxide electrolysis cell 26 

As shown in Fig. 3(c), SOEC operates by conducting oxygen ions through a solid oxide 27 
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or ceramic electrolyte at high temperatures, typically between 500 °C to 900 °C [39]. The high-1 

temperature electrolyte in SOEC enables the direct electrolysis of steam (water vapor) into 2 

hydrogen and oxygen. This process not only benefits from the thermal energy provided at high 3 

temperatures but also facilitates the use of heat from external sources, enhancing overall 4 

efficiency. The electrochemical reactions in SOECs involve the following steps [40]: 5 

At the anode: 6 

2O2− → O2(g) + 4e−                        (10) 7 

At the cathode: 8 

2H2O(g) + 4e− → 2H2(g) + 2O2−                  (11) 9 

Overall reaction: 10 

2H2O(g) → 2H2(g) + O2(g)                     (12) 11 

At present, SOEC is quickly approaching commercialization, but overall has a low level 12 

of industrialization with few commercial products launched and remains largely in the research 13 

and development stage [41].  14 

3.4 Anion exchange membrane water electrolyzer   15 

AEMWE denotes an emerging technology that distinguishes it by operating through the 16 

movement of hydroxide ions (OH⁻) across an anion exchange membrane [42]. Regarding its 17 

operation principle shown in Fig. 3 (d), the fundamental electrochemical reactions involved in 18 

AEMWEs are as follows: 19 

At the anode [43]: 20 

4OH−(aq) → 2H2O(l) + O2(g) + 4e−                     (13) 21 

At the cathode: 22 

4H2O(l) + 4e− → 2H2(g) + 4OH−(aq)                    (14) 23 

Overall reaction: 24 

2H2O(l) → 2H2(g) + O2(g)                        (15) 25 

Currently, AEMWE exhibits a low degree of industrial adoption, with few commercial 26 

products available and the technology still largely in the research and development phase. 27 
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Alchemr offers an AEM electrolyzer on a kilowatt scale, while Enapter plans to scale up 1 

production starting in 2023 [41].  2 

3.5 Discussion on various water electrolyzers  3 

The operational mechanisms, essential components, and the current advancement state of 4 

different water electrolyzers are introduced. Table 2 in this subsection aims to provide a 5 

multifaceted analysis of the four water electrolyzers across technical, economic, and 6 

sustainability metrics. These metrics cover a wide range of evaluation indicators such as 7 

efficiency, costs, durability, hydrogen purity, operational flexibility, scalability, environmental 8 

impact, and so forth, presenting a systematic review of strengths and challenges for each 9 

technology. From Table 2, it can be observed that each electrolyzer offers unique advantages 10 

and faces distinct challenges. In general, AWE is favored for its maturity and cost-effectiveness, 11 

PEMWE for its efficiency and purity, SOEC for its high efficiency and use of heat, and AEM 12 

for its promising combination of cost, efficiency, and flexibility. 13 

4. Operation Characteristics and States of Water Electrolyzers 14 

This section elaborates on the operation characteristics and various operation states of 15 

electrolyzers, serving as the basis for the subsequent modeling and scheduling strategies 16 

introduction. Given the emerging state of AEMWE technology [57], which remains largely in 17 

the realm of laboratory testing and very small-scale pilot projects [12], the analysis in this 18 

section will focus on other three more mature technologies: AWE [58], PEMWE [59], and 19 

SOEC [60].20 
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Table 2. Systematic review and comparison of four water electrolyzers 1 

Performance Indicators Electrolyzers 

AWE PEMWE SOEC AEMWE 

Technical indicators Technology readiness level [12] TRL-9 TRL-9 TRL-7 to TRL-8 TRL-6 

Development stage [44] >1 GW deployed  >100 MW deployed  <10 MW deployed <10 MW deployed 

Average system efficiency (higher 

heating value) [45] 

68-77% 70-80% 80%-90.8% ≤74%  

 

Hydrogen purity [46,47] 99.5%-99.9998% 99.9%-99.9999% 99.90%-99.99% 99.99 % after drying 

Dynamic response ability [47] Moderate High Low to moderate High 

Durability (full load hours) [44] 60000-100000 hours  50000-90000 hours 20000-40000 hours 5000-30000 hours. 

Operational Flexibility [48] Moderate [49] High  Low High  

Degradation rate (%/1000 hours) [44] 0.13  0.55-1 0.13  0.4 

Operating temperature [45,50] 50 °C-80 °C 60 °C-200 °C 500 °C-1000 °C 50 °C-60 °C 

Operating pressure [44] <30 bar [51] <80 bar 0-2 bar <35 bar 

Economic indicators Capital expenditure (USD,＄) [12,52] 500-1400/kW 1100-1800/kW 2800-5600/kW Potential to use earth-abundant 

and inexpensive materials 

Sustainability 

indicators 

Environmental impact [53,54] Moderate Lowest Highest Potentially low 

Renewable energy compatibility [55,56] Medium Excellent, high tolerance to 

fluctuating renewable energy 

Low Potentially high 

2 
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4.1 Operation characteristics 1 

The optimal scheduling design of electrolyzers is critically related to their operational 2 

characteristics, therefore, three main dynamic operational characteristics are discussed [61], 3 

including startup and shutdown time, load range, and ramp rate [38].  4 

4.1.1 Startup and shutdown time 5 

The startup and shutdown time is the period needed for an electrolyzer to transition from 6 

a non-operational state to full operational capacity (startup) and back to a non-operational state 7 

(shutdown) [62]. Electrolyzer startups can be categorized into two types: warm startup and cold 8 

startup [63]. Warm startup refers to the process of initiating hydrogen production from an 9 

electrolyzer that remains standby state and is still at or near its operational temperature. A quick 10 

warm startup is essential for applications where the electrolyzer needs to rapidly respond to 11 

changes in electricity supply [64]. Cold startup occurs when the electrolyzer starts from the 12 

complete turn-off state, which is more energy-intensive and time-consuming than a warm 13 

startup because it involves heating the electrolyzer components to the required temperature for 14 

efficient electrolysis [65]. Cold startup time is crucial for evaluating the overall efficiency of 15 

an electrolyzer system, especially in scenarios where the electrolyzer has been shut down for 16 

extended periods. The specific startup and shutdown characteristics of AWE, PEMWE, and 17 

SOEC are detailed as follows： 18 

(1) AWE 19 

AWE has moderate startup and shutdown time. Regarding the warm startup, AWE can 20 

maintain a near-operational temperature for a certain period when staying idle thanks to the 21 

thermal mass of the liquid electrolyte. This allows for a relatively quick return to operational 22 

status as the electrolyte does not rapidly cool down, thus the warm startup of AWE to nominal 23 

load generally costs 1-5 minutes. However, cold start-ups need to take much longer [66], 24 

especially if the electrolyte solution has cooled down to ambient temperature, extending the 25 

time required to resume optimal operations. The time depends on the ambient temperature and 26 

the specific design and insulation of the electrolyzer, which could range from 30 minutes to 27 
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over an hour [48]. As for the shutdown time, it typically reaches within a few minutes. 1 

(2) PEMWE 2 

PEMWEs are distinguished by their extremely fast response in both warm and cold startup 3 

scenarios [67]. PEMWE benefits from low thermal mass and a solid polymer electrolyte that 4 

can quickly achieve the required temperature, which allows for rapid heat transfer and minimal 5 

energy loss, making them highly responsive. As a result, the warm startup for PEMWE could 6 

reach within 10 seconds and only 5-10 minutes are required for cold startup, while a few 7 

seconds is required to completely shut down [68] 8 

(3) SOEC 9 

SOEC witnesses the longest startup time among the three different electrolyzers, primarily 10 

due to the need to reach high operational temperatures. As SOEC operates at high temperatures 11 

(500 °C to 1000 °C), the system requires a relatively long time to ensure all components reach 12 

a uniformly high temperature even during warm startups, with around 15 minutes to nominal 13 

[44]. For cold startups, a much-prolonged process is required to heat the solid oxide material to 14 

a very high operational temperature [69], which usually costs potentially up to 6-10 hours. The 15 

shutdown time for SOEC ranges from several minutes to tens of minutes. 16 

In general, PEMWE offers the quickest startup times, making them ideal for systems that 17 

require rapid response to fluctuations in energy availability. AWE provides a moderate 18 

performance, with acceptable warm and cold startup time. In contrast, SOEC possesses the 19 

slowest startup, but performs well in scenarios where high efficiency and continuous operation 20 

are prioritized due to its high operating temperature and steady-state efficiency. 21 

4.1.2 Load range 22 

The load range of the electrolyzer indicates its operational flexibility in terms of the 23 

minimum and maximum operating load that it can handle while maintaining efficient and safe 24 

hydrogen production [70], which is usually expressed as a percentage of the nominal capacity 25 

of electrolyzer. This operational flexibility allows the electrolyzer to adjust its hydrogen 26 

production rate based on available power supply, ensuring safety and efficiency within the 27 

specified load range. When it comes to the evaluation of the load range of electrolyzers, the two 28 
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key indicators of minimum load and overload characteristics are extremely critical [71], which 1 

respectively determine the lowest and highest boundaries at which the electrolyzer can safely 2 

operate without causing damage to its components or decreasing operational efficiency. The 3 

load range of the three electrolyzers is outlined as follows: 4 

(1) AWE 5 

AWE offers a reasonable degree of load flexibility, ranging from 15% to 100%, suitable 6 

for applications with stable power supply or minor fluctuations [44,72], whose load range is 7 

influenced by the kinetics of liquid electrolyte and the physical characteristics of the electrodes. 8 

AWE can adjust its operation to some extent to match power supply variations, making it 9 

compatible with renewable sources that have predictable patterns. 10 

(2) PEMWE 11 

PEMWEs exhibit excellent load flexibility (5%-120%) due to their solid polymer 12 

electrolyte and efficient thermal and water management systems [48], which can vary 13 

production rates across their entire load range, offering a high degree of flexibility and 14 

adaptability to input power. This characteristic makes them highly suitable for dynamic 15 

applications, including direct coupling with highly variable renewable energy. By maintaining 16 

a stable input from renewable sources into the grid, PEMWE enhances the flexibility of energy 17 

storage applications, facilitating a more efficient and effective coupling with renewable energy.  18 

(3) SOEC 19 

Despite the high operating temperature, SOEC demonstrates a commendable load range 20 

(30%-125%) thanks to the conductivity characteristics of solid oxide at high temperatures [44]. 21 

However, the thermal inertia associated with its operation means that load adjustments are 22 

slower compared to PEMWE. SOEC is well-suited for applications where the power supply is 23 

relatively stable or can be predicted with some accuracy, allowing for planned load adjustments 24 

to optimize efficiency and lifespan. 25 

In general, PEMWE stands out for its superior load range flexibility, making it the most 26 

adaptable to renewable energy. AWE offers moderate flexibility, suitable for less variable power 27 

sources, while SOEC is better matched with stable or predictable power supplies due to their 28 

slower response time.  29 
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4.1.3 Ramp rate 1 

The ramp up and down rates of electrolyzers indicate the response time of system to power 2 

changes, denoted by how quickly the electrolyzer can adjust its hydrogen production rate [73], 3 

which are typically measured in percentage of nominal capacity per second (%/sec). The ability 4 

to rapidly adjust production rates enhances the significance of electrolyzers in energy 5 

management and grid stabilization, which allows for better utilization of renewable energy 6 

during peak production times and contributes to balancing the supply and demand of the grid. 7 

Moreover, efficient ramping capabilities are essential for minimizing operational stresses on 8 

the electrolyzers, potentially extending their lifespan and reducing maintenance needs. The 9 

ramp rates of the three different electrolyzers are detailed as follows: 10 

(1) AWE 11 

AWE generally has a ramp rate that can be estimated at 0.17%/s to 0.33%/s [66], which 12 

allows for relatively quick adjustments to changes in electricity supply, though not as rapid as 13 

PEMWE. The moderate ramp rates of AWE are due to the physical limitations of liquid 14 

electrolyte movement and gas bubble formation/dissipation within the electrolyzer. 15 

(2) PEMWE 16 

PEMWE shows superior performance, with ramp rates potentially exceeding 10% of rated 17 

capacity per second [74,75]. This rapid adjustment capability is attributed to their solid polymer 18 

electrolyte and compact cell design, which allow for immediate reaction to changes in current 19 

density. The direct contact between the membrane and electrodes, along with minimal internal 20 

resistance, enables rapid adjustments in hydrogen production, making them highly suitable for 21 

variable power inputs. 22 

(3) SOEC 23 

SOEC has a slower ramp rate due to its thermal inertia and high operating temperatures, 24 

with approximately 0.083% of its capacity per second [76]. The requirement to maintain high 25 

operating temperatures means that any output adjustment necessitates corresponding 26 

adjustments in temperature [77], which inherently takes more time compared to AWE and 27 

PEMWE technologies.  28 

Based on the discussion on the three main operational characteristics of water electrolyzers, 29 
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here, Table 3 comprehensively summarizes the specific performance of different electrolyzers 1 

based on detailed indicators related to their operational characteristics. 2 

Table 3. Key performance indicators of three water electrolyzers 3 

Characteristics AWE PEMWE SOEC 

Nominal current density 

[78] 

0.4-1 A/cm² [79] 0.2-4 A/cm² 0.5-1.5A/cm² 

Voltage range (limits) [80] 1.4-3 V 1.4-2.5 V [81] 1.0-1.5 V 

Stack unit size [44] 1 MW 1 MW 5 kW 

Electrode area [49] 10000-30000 cm² 1500 cm²  200 cm² 

Cold start-up (to nominal 

load) [48] 

30-60 minutes [82] <5 minutes [83] >600 minutes [84] 

Warm start-up (to nominal 

load) [48] 

1-5 minutes <10 seconds 10-15 minutes 

Load range [48] 15%-100% 5%-120% 30%-125% 

Ramp rate [22,66] 0.17%/s-0.33%/s >10%/s ≈0.083%/s 

4.2 Operation states 4 

To effectively manage the variable power supply, especially from renewable energy, 5 

electrolyzers operate in three distinct states: production, standby, and idle [85]. The transition 6 

between each state is critical in optimizing the operational efficiency and service life of 7 

electrolyzers, while also facilitating the integration of renewable energy [86]. The detailed 8 

explanation of three operational states is as follows: 9 

⚫ Production state: This state involves the full operation of the electrolyzer system, 10 

consuming electrical power for hydrogen generation. To ensure operational security and 11 

efficiency, electrolyzers typically operate within a variable load range [87], defined by 12 

maximum and minimum steady-state load levels (including overload and underload states in 13 

some cases) [88]. This flexibility is crucial for adapting to varying power supplies and 14 

maximizing hydrogen production during peak energy availability; 15 

⚫ Standby state: The standby state is a readiness mode where electrolyzers consume minimal 16 

power to maintain their critical components near operational conditions without producing 17 

hydrogen [89]. The electrolyzer itself is turned off in this state, but auxiliary devices remain 18 

active to maintain essential operating conditions such as temperature and pressure. The 19 

transition from standby to production state is called warm startup [90], and the process of 20 
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returning to standby mode from production state is known as a hot shutdown;  1 

⚫ Idle state: In an idle state, the whole system including the electrolyzer and auxiliary devices 2 

is turned off, which helps to conserve energy and reduce operational costs during downtimes 3 

[91]. The electrolyzer stops hydrogen production and no longer consumes power, which is 4 

crucial for long-term durability and maintenance. The state transition from idle to production 5 

is also called cold startup, which takes longer than from standby to production because 6 

electrolyzers must be gradually brought up to the required operational temperatures and 7 

pressures. The process involves re-initializing system components and ensuring that all safety 8 

and operational checks are completed. 9 

Based on the effective switch and management of these operational states, electrolyzers 10 

can be adjusted to optimize hydrogen production, reduce energy waste, and maintain system 11 

service life. This operational flexibility is particularly important for scheduling and dispatching 12 

control of electrolyzers in response to the variability of renewable power generation. For an 13 

explicit demonstration, the characteristics and relationships among these three operational 14 

states are depicted in Fig. 4. 15 

Production:

Standby: Idle:

Not profitable

Hydrogen production with

a near-constant efficiency 

No hydrogen production; 

Maintain specific

temperature and pressure 

No hydrogen production; 

Depressurized and cold

 16 

Fig. 4. The relationship among three different operation states of electrolyzers. 17 

5. Modeling of Electrolyzers 18 

Modeling is crucial for the design and optimization of electrolyzers as it provides insights 19 

into their behaviors, guiding the optimization process for enhanced efficiency and output. Thus, 20 
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this section aims to summarize the mathematical models of AWE, PEMWE, and SOEC utilized 1 

in scheduling research. Note that the maturity of electrolyzer technology not only influences its 2 

current application and commercialization but also the depth of corresponding modeling 3 

research. Therefore, the modeling research and design of AWE [92] and PEMWE [93] are more 4 

advanced and complete than SOEC which is still gradually being commercialized [94]. The 5 

models discussed in this section are the most widely used and representative ones for each type 6 

of electrolyzer, and their effectiveness has been successfully verified. 7 

5.1 AWE modeling 8 

Mathematical modeling for AWE can be divided into three primary categories: 9 

electrochemical, thermal, and gas purity models [95]. Among these models, the electrochemical 10 

model proposed by Ulleberg is the most widely used in numerous studies because it requires 11 

only a minimal set of experimental parameters to develop the polarization curve necessary for 12 

describing the performance of the electrolyzer [96]. Moreover, this enhanced model 13 

incorporates the temperature dependence of overvoltage into the modeling process, allowing 14 

for a temperature-dependent model that effectively captures these dynamics. This approach 15 

provides a more precise understanding of AWE performance under varying thermal conditions. 16 

It offers significant advantages in accurately predicting the behavior and efficiency of the 17 

electrolyzer in real-world applications, making it a preferred choice in the field. The modeling 18 

details are illustrated as follows [96]: 19 

𝑈cell = 𝑈rev +
𝑟1+𝑟2𝑇el

𝐴cell
𝐼el + (𝑠1 + 𝑠2+𝑠3𝑇el

2)log(
𝑡1+𝑡2/𝑇el+𝑡3/𝑇el

2

𝐴cell
𝐼el + 1)        (16) 20 

where 𝑈cell represents the direct current (DC) voltage across an individual electrolyzer, while 21 

𝑈rev denotes the reverse voltage, 𝑟1 and 𝑟2 are used to describe the ohmic resistance within 22 

the electrolyzer, 𝑇el  refers to the operation temperature of electrolyzer, 𝐴cell  signifies the 23 

surface area of the electrolyzer, and 𝐼el means the applied direct current. Additionally, 𝑠𝑖 and 24 

𝑡𝑖 (where i = 1, 2, 3) are the coefficients related to the overvoltage at the electrodes. 25 

The reverse voltage 𝑈rev can be further expressed by [97] 26 

𝑈rev =
∆𝐺

𝑧𝐹
                                   (17) 27 

where ∆𝐺 represents the change in Gibbs free energy, 𝑧 denotes electrons number transferred 28 
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during the reaction, and 𝐹  means the Faraday constant. The DC voltage applied to the 1 

electrolyzers is determined by 2 

𝑈el = 𝑁el × 𝑈cell                             (18) 3 

where 𝑁el denotes the quantity of electrolyzers connected in series. 4 

The voltage efficiency of electrolyzers is determined by [98] 5 

𝜂V =
𝑈th

𝑈el
                               (19) 6 

where 𝑈th denotes the thermal neutral voltage of electrolyzer. 7 

Nevertheless, 𝜂V  solely represents the utilization efficiency of electrical energy in 8 

electrolyzers and fails to fully reflect the correlation between the electricity consumed for 9 

hydrogen generation and the actual volume of hydrogen produced. Furthermore, increasing 10 

temperatures lead to lower resistance, larger losses from parasitic currents, and decreased 11 

Faraday efficiencies. To accurately describe these phenomena at a given temperature, Eq. (20) 12 

is employed as [96]: 13 

𝜂F =
(𝐼el/𝐴cell)2

𝑓1+(𝐼el/𝐴cell)2 𝑓2                              (20) 14 

where 𝜂F  represents the Faraday efficiency. The current loss of electrolyzer can be 15 

characterized by two constants, 𝑓1  and 𝑓2 . In particular, many studies utilize Eq. (21) to 16 

calculate Faraday efficiency under constant temperature (40 °C) and pressure (7 bar) based on 17 

PHOEBUS electrolyzer [99,100], as follows: 18 

𝜂F = 96.5e(0.09/𝐼el−75.5/𝐼el
2 )                       (21) 19 

Hence, the overall efficiency  𝜂el  for describing the hydrogen production of AWE is 20 

defined by [101]： 21 

 22 

 𝜂el = 𝜂V × 𝜂F                             (22) 23 

Therefore, the amount of the hydrogen production of AWEs is presented by 24 

𝑛𝐻2
= ∑ 𝑝eli × 𝜂𝑛

𝑖=1                           (23) 25 

where 𝑛H2
denotes the quantity of produced hydrogen and 𝑝eli stands for the consumed power 26 

for hydrogen production by the ith electrolyzer. It can be seen that from Eqs. (16)-(23) that the 27 

efficiency of electrolysis  𝜂el is impacted not just by the power input but also considerably by 28 

its operating temperature, as shown in Fig. 5 [102].  29 



22 

 

 1 

Fig. 5. The hydrogen production efficiency-temperature variation relationship of a typical AWE [102]. 2 

5.2 PEMWE modeling 3 

The output voltage of PEMWE, i.e., 𝑉cell  can be divided into four distinct parts [29]: 4 

open-circuit voltage  𝑉oc , activation overpotential  𝑉act , ohmic overpotential  𝑉ohm , and 5 

concentration overpotential  𝑉con, which can be described as follows [103]: 6 

𝑉cell = 𝑉oc +  𝑉act +  𝑉ohm +  𝑉con                        (24) 7 

Based on the Nernst equation [104],  𝑉oc is characterized as follows [105]: 8 

𝑉oc = 𝑉ref +
𝑅𝑇el

2𝐹
[ln(

𝑝H2√𝑝O2

𝑎H2O
)]                       (25) 9 

where 𝑅  denotes the universal gas constant, 𝑝H2
 and 𝑝O2

  stand for the partial pressures of 10 

hydrogen and oxygen, respectively, and 𝑎H2O signifies the activity of water. 𝑉ref means the 11 

reversible cell potential, which equals 1.229 V under standard temperature and pressure 12 

conditions [106]. Meanwhile, several authors have investigated its empirical expressions that 13 

are dependent on temperature [29], contributing to bridging the gap between theoretical 14 

principles and practical applications [107]. This model is particularly valued for its simplicity 15 

and ability to provide reliable predictions of the electrolyzer behavior under varying 16 

temperature conditions [108]. The dependency on temperature of this model allows it to account 17 

for the thermal effects on the electrochemical reactions within the PEMWE [109], making it 18 

highly effective for practical applications where temperature fluctuations are common. The 19 

modeling details are as follows: 20 

𝑉ref = 1.229 − 0.9 × 10−3(𝑇el − 298)                    (26) 21 
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The activation overpotential accounts for the losses encountered during the 1 

electrochemical process, as defined by [110]: 2 

 𝑉act =  𝑉act,an +  𝑉act,cat                             (27) 3 

       𝑉act,𝑗 =
𝑅𝑇el

𝛼𝑗𝐹
sinℎ−1(

𝑖

2𝑖0,𝑗
),     𝑖 = an, cat                    (28) 4 

where 𝛼j represents the charge transfer coefficient, i and 𝑖0,j denote the electrolyzer current 5 

density and exchange current density, respectively. 6 

The ohmic overpotential arises due to resistances at the electrode surfaces, across the 7 

membrane, and within the bipolar plates, which can be described by [111] 8 

 𝑉ohm = (𝑅el + 𝑅pl + 𝑅mem) ∙ 𝑖 ∙ 𝐴cell                       (29) 9 

where 𝑅el , 𝑅pl , and 𝑅mem  denote the resistance of electrode, bipolar, and membrane, 10 

respectively, A denotes the surface area. 11 

𝑅el,pl = 𝜌eff
𝑙

𝐴cell
                              (30)  12 

𝑅mem =
𝛿mem

𝐴𝜎mem
                              (31)  13 

where 𝜌eff  denotes the electrical resistivity of electrodes, 𝑙  represents the path length of 14 

electrons, 𝛿mem  denotes membrane thickness, and 𝜎mem  means membrane conductivity, 15 

which is determined by [112,113] 16 

𝜎mem = (0.005139𝜆 − 0.00326)[1268(
1

303
−

1

𝑇
)]                (32)  17 

where 𝜆 stands out the water content of membrane. 18 

During the electrolysis process [114], changes in the concentration of reactants at the 19 

electrode surface lead to concentration overpotential, defined by [115] 20 

 𝑉con =
𝑅𝑇el

4𝐹
ln

𝐶O2
mem

𝐶O2,0
mem +

𝑅𝑇el

2𝐹
ln

𝐶H2
mem

𝐶H2,0
mem                          (33) 21 

where 𝐶O2

mem and 𝐶H2

mem denote the concentrations of oxygen and hydrogen, respectively. 22 

The efficiency of PEMWE, denoted as 𝜂el is determined as follows [116]: 23 

 𝜂el =  𝜂V ∙  𝜂F =
𝑉ref

𝑉cell 
(1 −

𝑖loss

𝑖
)                        (34) 24 

where 𝑖loss  represents the current density loss,  𝜂V  equals the ratio of the thermo-neutral 25 

potential over the electrolyzer voltage [117].  26 
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5.3 SOEC modeling 1 

The optimal scheduling research for SOEC is still limited due to its relatively early stage 2 

of commercialization and development. The complexity of SOEC operation, which influences 3 

both electrochemical and thermal dynamics, necessitates comprehensive models to understand 4 

and optimize its performance. One of the most representative models in this field is the 5 

electrochemical model explored in work [118], which accurately captures the dynamics of 6 

SOEC under different operating conditions. The operation of SOEC influences both 7 

electrochemical and thermal dynamics, from an electrical standpoint, the operating voltage 8 

(𝑉cell) required to be applied to a SOEC can be described by [119] 9 

𝑉cell = 𝑂𝐶𝑉 + 𝐴𝑆𝑅 ∙ 𝑖                             (35) 10 

where 𝑂𝐶𝑉 stands for the open circuit voltage, and 𝐴𝑆𝑅 denotes the area-specific resistance 11 

which is linear to SOEC operating temperature 𝑇el, denoted as  12 

𝐴𝑆𝑅 = 𝑄ASR + 𝑀ASR ∙  𝑇el                      (36) 13 

where 𝑄ASR and 𝑀ASR can be determined from experimental data. 14 

As a result, the required electrolysis power, denoted as 𝑃SOEC, can be calculated based on 15 

[120] 16 

𝑃SOEC = 𝑉cell ∙ 𝑖 ∙ 𝐴cell ∙ 𝑁el                       (37) 17 

where 𝑁el and 𝐴cell represent the number and characteristic area of SOEC, respectively. 18 

To estimate the amount of electricity required to reduce CO2 and H2O, suitable Fortran 19 

routines can be utilized to accurately calculate the energy required for these reduction processes. 20 

The required reaction enthalpy (∆H) consists of the required electrical power(∆G) and thermal 21 

demand (𝑇el∆S), as follows [121]: 22 

∆𝐻 = ∆𝐺 + 𝑇el∆𝑆                              (38) 23 

Based on Eq. (39), the thermoneutral voltage (𝑈th) can be calculated as follows: 24 

𝑈th = ∆𝐻/𝑗                                (39) 25 

where 𝑗 means the input current, which can be further calculated by [118] 26 

𝑗 = 2 ∙ 𝐹 ∙ 𝑈f ∙ (𝑛̇H2O + 𝑛̇CO2
)                        (40) 27 

where 𝑈f represents the reactant utilization coefficient, 𝐹 denotes the Faraday constant, 𝑛̇H2O 28 

and 𝑛̇CO2
 indicate the molar flow rates of H2O and CO2, respectively. 29 
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Consequently, to identify the total active area (𝐴tot) and the number of cells (𝑁cell), the 1 

current density (i) is calculated as follows [118,122]: 2 

𝑖 =
(𝑈th−𝑂𝐶𝑉)

𝐴𝑆𝑅
                             (41) 3 

Thus, 𝐴tot and 𝑁cell are calculated by  4 

𝐴tot = 𝑗/𝑖                               (42) 5 

𝑁cell = 𝐴tot/𝐴cell                           (43) 6 

To characterize the performance of SOEC while transitioning its operational condition 7 

from electrolysis, a system optimization is undertaken to facilitate the determination of several 8 

key parameters [123]. As a result, the process efficiency ( 𝜂SOEC) can be defined by [118] 9 

 𝜂SOEC =
𝑛̇H2  𝐿𝐻𝑉H2+𝑛̇CO𝐿𝐻𝑉CO+𝑛̇CH4  𝐿𝐻𝑉CH4

 𝑃SOEC+ 𝑄EVA
                       (44) 10 

where each species' flow rate is multiplied by its respective lower heating value. For H2, CO, 11 

and CH4, the lower heating values are set as 240 MJ/kmol, 281.4 MJ/kmol, and 796 MJ/kmol, 12 

respectively. 𝑄EVA indicates the required thermal energy to rise the inlet water temperature to 13 

120 ℃. 14 

6. State-of-the-Art in Water Electrolyzer Operation Scheduling  15 

The current state of research in scheduling strategies for water electrolyzers in green 16 

hydrogen production is marked by prominent advancements and diverse methodologies aimed 17 

at optimizing efficiency and integrating renewable energy sources. Recent studies focus on 18 

various scheduling techniques tailored for different types of electrolyzers, including AWE, 19 

PEMWE, and SOEC. These studies address the unique operational characteristics and 20 

requirements of each type, providing tailored solutions that enhance compatibility with 21 

renewable energy sources like wind and solar power. Proper operation scheduling of 22 

electrolyzers integrated with renewable energy is crucial for optimizing hydrogen production, 23 

enhancing energy efficiency, and minimizing operational costs. Firstly, effective scheduling and 24 

dispatching strategies ensure that electrolyzers operate at optimal patterns, thus optimizing the 25 

utilization rate of available renewable energy and maximizing hydrogen output [124]. Secondly, 26 

renewables-based power generation exhibits significant variability and randomness in power 27 
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output, leading to frequent start-stop operations of electrolyzers which decreases their lifespan 1 

and hydrogen production efficiency. Therefore, appropriate operational management of 2 

electrolyzers corresponding to fluctuations in renewable energy is critical to enhance system 3 

stability and durability [125]. Thirdly, optimal scheduling of electrolyzers contributes to more 4 

economic hydrogen generation [126], e.g., electrolyzer operation can be regulated with periods 5 

of low electricity prices to lower hydrogen production costs. Existing studies have employed a 6 

variety of algorithms and models, such as predictive operating strategy, branch-and-cut 7 

algorithm, and alternate control strategy, to develop sophisticated scheduling frameworks. 8 

These methodologies aim to balance the intermittency of renewable energy supply, optimize 9 

operational costs, and ensure the reliability and efficiency of hydrogen production systems. 10 

Additionally, integration with energy storage and smart grid technologies has been explored to 11 

mitigate the variability of renewable energy sources and improve the overall stability and 12 

efficiency of the hydrogen production process. 13 

In this section, a comprehensive overview is undertaken regarding the optimal scheduling 14 

for AWE, PEMWE, and SOEC in renewable-hydrogen systems. Meanwhile, to enable readers 15 

to intuitively and thoroughly compare various strategies, comprehensive Tables are provided at 16 

the end of each sub-section based on eleven evaluation indicators. 17 

6.1 Operation scheduling for AWE 18 

In this section, various AWE scheduling methods are further classified into three main 19 

groups based on their renewable configurations, i.e., wind-AWE, solar-AWE, and hybrid 20 

renewables-AWE. 21 

6.1.1 Wind-AWE  22 

Wind energy is inherently intermittent with fluctuating power output caused by wind speed 23 

variations, which poses challenges to grid stability and efficient energy utilization [127]. The 24 

integration of wind energy with AWE primarily aims at mitigating the variability of wind power 25 

while enhancing its power utilization rate by converting excess electrical power into hydrogen 26 

[128]. Wind-hydrogen systems can be divided into grid-connected and off-grid configurations, 27 
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each serving different purposes and adhering to specific requirements for electrolyzers. In grid-1 

connected setups [129], the wind-hydrogen system functions as a supplementary mechanism, 2 

whose primary target is to leverage surplus wind energy for hydrogen production [130]. 3 

Conversely, in off-grid scenarios [131], hydrogen production is the central objective, with the 4 

added benefit of serving as a storage solution within the standalone energy framework [132]. 5 

Therefore, the following discussion for wind-AWE scheduling will be carried out based on two 6 

scenarios: grid-connected and off-grid. 7 

(1) Grid-connected wind-hydrogen system 8 

Study [133] investigates a collaborative switching strategy for ten AWEs connected to 9 

wind farms consisting of variable speed wind turbines without energy storage systems, 10 

absorbing excess wind power for hydrogen production and mitigating wind power fluctuations. 11 

First-in-first-out switching strategy allows AWE units to absorb wind fluctuations, thereby 12 

ensuring that each electrolyzer unit operates at full load and switches operating conditions to 13 

extend their operational lifespan and enhance efficiency. In reference [134], a modular adaptive 14 

scheduling control strategy is devised for KZDQ AWE optimal scheduling integrated with 15 

supercapacitors under fluctuating wind power conditions, as shown in Fig. 6.  16 

 17 
Fig. 6. Configuration of grid-connected wind hydrogen hybrid system [134]. 18 

 Specifically, this modular scheduling strategy involves segmenting the electrolyzers into 19 

N modules and then employing the first-in-first-out principle to efficiently manage their 20 

operation to smooth the influences of fluctuating wind power on AWE. The simulation based 21 
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on datasets from a wind farm in Northeast China demonstrates its effectiveness, showing a 93.5% 1 

reduction in the switching number of electrolyzers and more than a 44.18% increase in 2 

hydrogen output than a basic start-stop control. To reduce operational costs, a coordinated 3 

scheduling scheme is devised for AWEs in a real hydrogen refueling station in Berlin, Germany 4 

[135], based on the efficient utilization of wind energy and market electricity, as illustrated in 5 

Fig. 7. The operating strategy provides quarter-hourly recommendations for AWE operation to 6 

minimize operation costs while maximizing the use of wind energy. Simulation results 7 

demonstrate it can reduce hydrogen production costs by up to 9.2% and increase the utilization 8 

of wind energy by up to 19%. In work [136], an adaptive scheduling model using mixed-integer 9 

linear programming is developed for AWEs within power-to-x systems [137], enabling a 10 

balance between production, energy absorption, and costs through mixed-integer linear 11 

programming. The scheduling model is applied in the GUROBI optimization platform using 12 

branch-and-cut algorithm [138] to determine the optimal number and operation strategies of 13 

electrolyzers. Results indicate that the optimized number of AWEs is only equivalent to 54% 14 

of that needed to absorb the maximum energy peak. 15 

 16 

Fig. 7. The real hydrogen refueling station in Berlin for case study [135]. 17 

To delve into the optimization of integrated energy systems for efficient energy conversion 18 

and storage, study [139] develops a coordinated scheduling model aiming at minimizing total 19 

operational costs via managing the interactions between electricity and gas, in which AWEs are 20 

employed as flexible energy storage solutions. This model minimizes total operational costs 21 

that include energy consumption costs, topology operation costs, carbon emission costs, and 22 

offset by hydrogen production revenues. Furthermore, considering the thermal and electric 23 

dynamic behaviors in AWE modeling, reference [140] devises a day-ahead optimal dispatch 24 
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strategy using real-world data on electricity prices and wind power availability. This flexible 1 

operation aims to minimize the operational costs of hydrogen production while considering 2 

dynamic electricity prices. The outcomes demonstrate that it successfully regulates the on-off 3 

performance of electrolyzers to significantly boost daily revenue under various electricity spot 4 

price scenarios. In work [102], scheduling based on segmented fuzzy control modeling with 5 

artificial bee colony algorithm is applied [141], with a focus on maximizing hydrogen 6 

production efficiency while minimizing costs. Simulation results demonstrate that it enhances 7 

hydrogen production efficiency by 4.8% and increases hydrogen output by 6.18 tons compared 8 

to traditional start-stop methods. To explore the ability of AWE for frequency support, reference 9 

[142] regulates the dynamic response of electrolyzers to fluctuations in grid frequency. Based 10 

on this, a dynamic frequency regulation-driven control structure is proposed in response to real-11 

time grid frequency measurements, thus contributing to frequency stabilization without 12 

compromising the efficiency of hydrogen production.   13 

Further, considering current research lacks in-depth discussion on the efficient cyclic use 14 

of waste heat generated during the hydrogen production of electrolyzers, work [143] develops 15 

a scheduling strategy that incorporates waste heat recovery to optimize the operation of AWEs 16 

across multiple states to improve efficiency and economy. An AWE with a rated power of 6MW 17 

is applied for case studies, and simulation results demonstrate a notable increase in profit 18 

margins and a 9% boost in hydrogen production via this method under scenarios with limited 19 

wind resources. Study [144] devises a sizing strategy that adapts electrolyzer sizing to 20 

fluctuating wind conditions and grid support. This strategy optimizes the interaction between 21 

the wind turbine and electrolyzers to reduce power exchange with the grid, thereby reducing 22 

carbon dioxide emissions.  23 

(2) Off-grid wind-hydrogen system 24 

Considering wind power prediction as guidance for scheduling, work [145] introduces a 25 

novel alternate control strategy for AWE arrays based on wind power forecasting using long 26 

short term memory, alleviating the impacts of wind fluctuations on hydrogen generation 27 

efficiency and AWE lifespan. Regarding the scheduling implementation, electrolyzers are first 28 

numbered and then the power allocation is determined based on wind power forecasts. 29 
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Subsequently, the operational mode of each AWE for the upcoming cycle T is calculated using 1 

the predicted data. For validation, Figure 8 illustrates the operational states of five sets of 2 

0.5MW AWEs with the alternation cycle of 5 minutes, over a total period of 175 minutes. The 3 

findings indicate that the operating time of each electrolyzer under fluctuating power conditions 4 

is significantly reduced, leading to improved service life and operational safety. 5 

 6 

Fig. 8. Power allocation diagram of electrolyzer array [145]. 7 

In reference [146], a rolling optimization-based control scheme is devised for more 8 

efficient and cost-effective operation in an off-grid wind-hydrogen system. Figure 9 shows that 9 

four 1 MW AWE stacks powered by wind turbines are equipped, along with a heat exchanger 10 

to manage cooling water and a lye pump to deal with the electrolyte circulation.   11 

 12 

Fig. 9. Off-grid wind-hydrogen system with four AWE units [146]. 13 

The study introduces detailed models of electrolyzers that account for efficiency variations 14 

due to load level changes, start-stop cycles, etc. Simulation results show that it can achieve a 15 

more evenly distributed load arrangement among AWEs, thereby increasing hydrogen 16 
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production output and reducing the annual LCOH. The operational details are demonstrated in 1 

Fig. 10. 2 

 3 
(a) 4 

 5 

(b) 6 

Fig. 10. Operational details of rolling optimization scheduling for four AWEs. (a) Electrolyzer power trajectory and (b) State 7 

transition of electrolyzers [146].  8 

Reference [147] explores two distinct switching strategies for AWEs, i.e., equal force 9 

strategy and doctor triage strategy to optimize their configuration and operation. Regarding the 10 

electrolyzer setup, findings indicate that using four 0.5 MW electrolyzers can realize 99% 11 

energy absorptivity. Simulation results indicate that doctor triage strategy leads to a more 12 

balanced power distribution among four electrolyzers, thus it can more effectively alleviate the 13 

operational imbalance among electrolyzers compared with equal force strategy. thereby 14 

enhancing the overall efficiency and lifespan of the system. 15 

6.1.2 Solar-AWE 16 

Apart from the configuration with wind power systems, AWEs can also be powered by 17 

solar energy for hydrogen production. In study [148], a scheduling method is designed that 18 

considers the dynamic thermal and hydrogen-to-oxygen impurity crossover effects in AWEs, 19 

which aims to maximize the operational flexibility of power-to-hydrogen (P2H) plants [149]. 20 

To achieve this, this research develops a multiphysics-aware scheduling model based on a 21 

mixed-integer linear programming framework, which links the operation of multiple 22 
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electrolyzers with their thermal dynamics and mass transfer characteristics. In detail, PV 1 

predictions, fluctuating electricity prices, startup expenses, and limitations in demand are 2 

combined with the operating traits of the AWE for both single-step and multi-step optimization. 3 

Case studies demonstrate that multi-step optimization significantly improves the hydrogen 4 

production and financial returns of P2H plants, for instance, a notable profit increase of 3.6%-5 

5.0% is achieved under varying conditions of solar power availability. 6 

6.1.3 Hybrid renewables-AWE  7 

Study [150] combines model predictive control and mixed integer quadratic programming 8 

algorithm to balance power consumption among electrolysis units on an offshore platform. This 9 

method adjusts operating points and connections of the units to optimize power use from wind 10 

turbines and wave energy converters, enhancing power balance while reducing the frequency 11 

of connections and disconnections. Two distinct scenarios involving different configurations of 12 

wave and wind energy are employed for validation, indicating this strategy notably enhances 13 

hydrogen production while reducing the AWEs’ switching frequency. Considering techno-14 

economic balance, study [151] introduces a novel multi-state model, which facilitates the 15 

optimal hourly scheduling for AWEs to enhance efficiency and economic feasibility 16 

enhancement of hydrogen production. Based on the tests carried out in a real case study of a 17 

Spanish grid-connected electrolyzer using the framework of the EU project E-LAND, this 18 

research can contribute to enhancing the efficiency and economic feasibility of hydrogen 19 

production, particularly within the context of integrating renewable energy sources and 20 

addressing the dynamic nature of electricity markets. In reference [152], a novel 21 

decomposition-based dispatching scheme incorporating the dynamic thermal behaviors of 22 

AWE is proposed to solve the scalability issues for P2H plants that consist of numerous AWEs 23 

powered by either wind or solar energy. Experimental validation demonstrates significant 24 

improvements in hydrogen output and profit with improvements of 1.438% and 0.982% for 25 

wind and solar energy sources, respectively.  26 

Reference [153] utilizes beluga whale optimization algorithm as a scheduling optimization 27 

tool, which optimizes the electrolyzer operation based on real-time efficiency in a zero-carbon 28 
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park-type microgrid, enhancing the daily revenue of the microgrid. Simulation results highlight 1 

this strategy surpasses the conventional approach in daily revenue by 12.5%. Work [154] 2 

addresses the challenge of low computational efficiency in scheduling large-scale hydrogen 3 

production via water electrolysis. To tackle the complexity of large-scale applications, an 4 

approximated aggregated model for electrolyzer clusters is proposed, enhancing computational 5 

efficiency. This refined model of electrolyzer clusters is integrated into the coordinated 6 

scheduling optimization of power systems to reduce costs. Case studies validate that it enhances 7 

the operational flexibility of electrolyzers, leading to better utilization of renewable energy and 8 

reduction in system costs. Besides, a day-ahead scheduling strategy is developed in reference 9 

[155] to regulate multi-state transitions of AWEs and battery storage to enhance system 10 

flexibility and efficiency. To realize efficient electrolyzer management and energy optimization, 11 

a capacity configuration scheduling method is devised based on K-means++ algorithm for 12 

scenario clustering, which effectively reduces idle and standby states of AWEs, enhancing their 13 

operational lifespan and economic viability. 14 

Based on the afore-discussed various scheduling methods, a comprehensive evaluation 15 

Table 4 is presented to provide readers with a more intuitive and comprehensive summary and 16 

comparison of various approaches. Table 4 compares different methods across a wide range of 17 

evaluation metrics. For enhanced readability, the introduced methods in Table 4 will be first 18 

categorized according to their renewable configuration. Further, the methods within each 19 

subgroup will be introduced in chronological order based on their publication year.  20 
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 1 

Table 4. Summary of various AWE scheduling methods 2 

Configurations Reference Year Electrolyzers Capacity per 

electrolyzer  

Grid 

connection 

Renewable 

specification 

Scheduling method Application scenarios Strengths Challenges 

On Off 

Wind-AWE Muyeen et 

al. [133] 

2011 Ten AWE units 0.18 MW √  Variable speed wind 

turbines with a rated 

power of 5 MW 

First-in-first-out 

algorithm 

PSCAD/EMTDC Extend service life  Rapid changes in wind 

power output 

Fang et al. 

[134] 

2019  Five KZDQ 

AWE modules  

3 MW √  33 Wind turbines with 

a capacity of 1.5 MW 

Modular adaptive 

strategy 

MATLAB with real-world 

data 

Reduce electrolyzer 

switching times and enhance 

hydrogen production 

Economic and market 

analysis is not considered  

Gruger et 

al. [135] 

2019 Two AWEs 450 kW and 

545 kW 

√  Wind turbine (1.6 MW 

rated power) 

Predictive operating 

strategy 

Real hydrogen refueling 

station  in Berlin and 

simulations 

Reduce hydrogen 

production costs and 

increase wind energy 

utilization  

Complex simulation 

models 

Varela et 

al. [136] 

2021 25 installed 

AWEs 

4.67 

kWh/Nm3 for 

the rated load 

√  50 MW wind farm in 

Northern Germany 

Branch-and-cut 

algorithm 

Optimization platform 

GUROBI 

Balance between hydrogen 

production, energy 

absorption, and costs 

Improved model 

complexity 

Zheng et 

al. [140] 

2022 One AWE 12 MW  √  54 MW wind turbines Optimal day-ahead 

dispatch 

Real GreenLab Skive 

industrial park in Denmark  

Enhance profitability Decreasing model 

accuracy under low 

temperatures and load  

Hong et 

al. [102] 

2022 100 AWEs 1MW √  Wind power units with 

an installed capacity of 

5096.31MW 

Segmented fuzzy 

control with artificial 

bee colony algorithm 

Simulations use real grid 

operation data of a 

province in China  

Enhance economic benefits 

and system efficiency 

Inherent randomness in 

artificial bee colony 

algorithm  solver 

Zhao et 2022  Five sets of 0.5MW   √ 2.5MW wind turbine  Alternate control Simulations use real wind Reduced power fluctuation Dependency on accurate 
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al.[145] AWEs strategy  turbine data in Zhangbei, 

China 

and improved service life of 

AWEs 

wind power prediction 

Huang et 

al. [142] 

2023 two AWE 

modules 

12 MW  √  50 MW synchronous 

generator   

Dynamic frequency 

regulation  method 

MATLAB/Simulink 

platform 

Improve the overall grid 

resilience and stability via 

AWE plants 

Real-world validation 

four AWE 

modules 

Two 50 MW wind 

farms 

Wu et al. 

[143] 

2023 One AWE 6 MW  √  10 MW wind farm Scheduling strategy 

considering heat 

recovery 

MATLAB and refprop 

with real data from wind 

farms in Gonghe, China 

Improve profit margins and 

hydrogen production 

Economic benefits 

decrease as wind resources 

decrease 

Zheng et 

al. [146] 

2023 Four AWEs 1 MW  √ V150-wind turbine 

(4.2 MW)   

Rolling optimization 

based strategy 

Software simulation Improved hydrogen 

production and lower LCOH 

Real operational data is 

not included 

Li et al. 

[147] 

2023 Four AWEs 0.5 MW  √ Wind turbine Doctor triage strategy MATLAB/Simulink 

platform 

Proper balance between four 

electrolyzers 

Temperature characteristic 

of AWE is not considered 

Solar-AWE Yang et al. 

[148] 

2023  Two AWEs Not provided √  PV farm with a 

capacity of 300 kW 

Multi-step 

optimization with 

receding horizon 

GAMS 32.2 with data 

collected from California 

Solar Initiative 

Improve the operating profit Operational details of 

AWE are not provided. 

Hybrid 

renewables-

AWE 

Serna et 

al. [150] 

2017  Three AWEs Two 2.134 

MW and one 

0.220 MW 

 √ Hybrid wind turbine-

wave energy converter 

device of 6.6 MW 

(5.0+1.6) 

Model Predictive 

Control based on 

mixed integer 

quadratic 

programming 

CPLEX for MATLAB 

with real data  

Minimization of switching 

actions of AWEs 

Complexity of accurate 

prediction of wind/wave 

energy availability 

Six AWEs Three 2.134 

MW and 

three 0.220 

MW 

Matute et 

al. [151] 

2021 A Spanish grid-

connected AWE 

system 

80 kW √  Distributed renewable 

energy resources and 

storage  

Optimal hourly 

dispatch considering 

multi-state model 

EU project E-LAND Significant cost reductions 

in hydrogen production 

Accuracy of electricity 

price forecasts 
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 1 

Qiu et al. 

[152] 

2023  Four /Twenty-

two AWEs 

5 MW √  Utility-scale P2H 

plants use wind and 

solar energy 

Decomposition based 

solution method 

Simulations use real data 

from a PV plant in 

Sichuan, China 

Improve hydrogen 

production output and profit 

Dynamic limits of 

the downstream hydrogen 

demands 

Huang et 

al. [153] 

2023  AWE tank 2000 kW √  Zero-carbon park type 

microgrid 

Day-ahead optimal 

scheduling strategy 

using beluga whale 

optimization 

Simulations use profile in 

a zero-carbon park in 

northern China 

Improve hydrogen 

production efficiency and 

revenue 

Complex constraints 

Zhao et al. 

[154] 

2024 Six P2H plants, 

each with ten 

identical AWEs 

5, 6, and 7 

MW 

√  Renewable sources, 

whose profile is from 

California ISO open-

access data 

Optimal scheduling 

considering the 

aggregation of AWEs 

IEEE 118-bus test system 

using MATLAB 

Good computational 

stability and rate 

Uncertainty of renewable 

energy generation 

Su et al. 

[155] 

2024 AWEs  2 MW √  Wind power (10MW) 

and solar power (15 

MW) 

Day-ahead  

scheduling  

Simulations use radiation 

and wind speed resources 

from Taonan, China 

Enhanced dynamic 

operational stability  

and economic potential 

Strategy optimization 

under specific hydrogen 

demand characteristics 
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6.2 Operation scheduling for PEMWE 1 

In this section, various existing scheduling methods for PEMWE based hydrogen 2 

production systems are reviewed, offering systematic evaluation and comparison. Thanks to the 3 

reduction in the cost of PEMWE and renewable energy electricity, coupled with its advantages 4 

of high efficiency, low energy consumption, rapid response, and high load capacity, its related 5 

research and application in the future will be greatly promoted. 6 

Regarding the dispatching of PEMWE for optimized hydro-production, reference [156] 7 

validates the feasibility of dynamically dispatching a 60 kW PEMWE in a power-to-gas system 8 

using a mass flow controller to follow the variable power outputs of solar and wind energy 9 

sources, indicating its capability to handle rapid up and down power ramps. Moreover, 10 

considering battery storage besides renewable sources, study [157] investigates the integration 11 

of PEMWE into microgrids to mitigate redundancy in energy storage and minimize renewables 12 

abandonment. Compared to a purely economical energy dispatching approach, the devised 13 

multi-objective optimization scheme simultaneously reduces the average daily dispatching cost 14 

and the volatility indicator of PEMWE by 49%. Moreover, study [158] introduces a 15 

comprehensive techno-economic dispatching model that integrates PV sources with electrolysis 16 

systems considering forecasts for solar PV production and electricity market prices. A detailed 17 

case study involving a 6 MW PV plant connected to a 2 MW PEMWE verifies its effectiveness 18 

in reducing hydrogen production costs and enhancing the operational flexibility of electrolysis 19 

plants. To further address the gap in the operating strategy of PEMWE, reference [159] aims to 20 

optimize the design point and operational strategy of PEMWE. Through the modification and 21 

integration of technical parameters into a comprehensive techno-economic model, the study 22 

simulates scenarios to determine the lowest possible LCOH. Besides, to mitigate the challenges 23 

posed by renewables intermittency, a variable-period sequence control strategy is devised [160] 24 

utilizing multi-layer DC-DC converters. This strategy dynamically allocates power to a 25 

PEMWE based on the cumulative running time in different states for more flexible and efficient 26 

operation management. As a result, it can effectively reduce the standard deviations of operation 27 

duration under both rated and fluctuating power states. To mitigate performance attenuation 28 
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and reduce the overall lifecycle costs of PEMWE, work [161] devises a two-layered power 1 

scheduling optimization that distinguishes between hour-scale optimization for economic 2 

power allocation and minute-scale optimization for managing power fluctuations. Case studies 3 

demonstrate its effectiveness, showing a significant reduction in degradation and total costs. 4 

Similarly, a two-level optimization and control strategy is adopted in reference [162] to 5 

optimize the operation of the microgrid with a PEMWE for both economic efficiency and 6 

system reliability. Real-life cases are applied for validation, which indicates that it can 7 

prominently improve the lifespan of critical components and economic viability. 8 

6.3 Operation scheduling for SOEC 9 

The overall industrialization level of high-temperature SOEC technology is not high but 10 

is quickly approaching commercialization. Regarding the recent advancements and 11 

technological limitations in SOEC technology, reference [163] has carried out a comprehensive 12 

discussion by summarizing the current research status of SOEC and suggesting future research 13 

directions to improve SOEC materials and modeling. Study [164] presents a detailed 14 

exploration of technical and economic aspects of SOEC-based power-to-fuel systems, with 15 

particular emphasis on optimizing system performance and long-term operational strategies. 16 

Thus far, research on the optimal scheduling for SOEC applications is extremely limited since 17 

the scaling-up of SOEC applications is still in the exploratory phase. To manage SOEC systems 18 

coupled with intermittent renewable energy sources, work [165] proposes innovative control 19 

strategies that adapt to changing conditions, such as fluctuating input power from renewable 20 

sources. Reference [166] investigates a dynamic dispatch model for SOEC systems to absorb 21 

excess solar power, which utilizes a linear programming approach within MATLAB to simulate 22 

the energy dispatch of the microgrid. Simulation results indicate that this method can 23 

significantly contribute to managing excess renewable energy and reducing dependency on 24 

natural gas. Furthermore, study [167] establishes a dynamic model based on electrochemical 25 

mechanism and heat transfer, and models the equilibrium dynamics of each component of the 26 

device, establishing a foundation for future optimization and dynamic scheduling design of 27 

SOEC systems.  28 
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In general, it must be acknowledged that SOECs are in the early stages of 1 

commercialization, and there is still some distance away from mature commercial applications. 2 

This means that the practical combination of SOEC with renewable energy sources indeed 3 

requires further refinement and development, not only in the SOEC technology itself but also 4 

in the supporting infrastructure, management, and operational strategies. For instance, the high 5 

operating temperatures (500-1000°C) of SOECs, which necessitate long startup and shutdown 6 

times, pose a challenge in quickly adapting to rapid fluctuations in energy supply. This thermal 7 

inertia limits their flexibility and responsiveness, particularly when integrating with renewable 8 

energy systems that experience frequent and unpredictable output variations. However, the high 9 

operating temperatures also enhance the efficiency of SOECs in converting electricity to 10 

hydrogen, making them a promising option for large-scale hydrogen production when 11 

combined with stable renewable energy outputs or through the integration of energy storage 12 

systems to buffer fluctuations. For instance, the analysis results of the campus microgrid in 13 

work [167] indicate that after installing a 35 MW PV system, 58% of the renewable energy 14 

production will exceed demand, causing sustained overcapacity that must be stored or curtailed. 15 

Therefore, a SOEC system with a minimum total power capacity of 300 kW is equipped, which 16 

can utilize at least 80% of the excess annual renewable energy production, thus implementing 17 

a dispatch strategy capable of managing excess solar energy in the microgrid. Furthermore, 18 

maintaining high temperatures requires continuous energy input, which can lead to 19 

inefficiencies during periods of low renewable energy supply. However, this issue can be 20 

mitigated by combining SOECs with hybrid energy systems that include complementary energy 21 

storage solutions. For instance, thermal energy storage can be adopted to store extra renewable 22 

energy and release it for SOFCs when renewable energy output is low. In summary, although 23 

SOEC faces these inherent challenges, proper application and management can alleviate these 24 

problems and address current limitations. In addition, the gradual maturity of its 25 

commercialization and the development of supporting infrastructure will further improve the 26 

feasibility and effectiveness of its application.  27 

To summarize, notable advancements have been achieved regarding the optimal 28 

scheduling and dispatching of PEMWE and SOEC technologies for renewable hydrogen 29 

production, with a focus on enhancing operational efficiency and reducing costs. To provide a 30 
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comprehensive comparison and summary, Table 5 outlines the most related and critical 1 

indicators of different operational strategies for PEMWE and SOEC. Overall, the effectiveness 2 

of different scheduling methods and models for various water electrolyzers in green hydrogen 3 

production depends largely on the specific operating contexts and objectives. Methods such as 4 

model predictive control and machine learning are particularly effective in dynamic and 5 

complex environments due to their adaptability and predictive capabilities. These methods can 6 

handle multiple constraints and objectives simultaneously, thus providing a balanced approach 7 

to optimize efficiency and cost. Time-based and rule-based control offer simplicity and fast 8 

response capabilities, such as first-in-first-out algorithm, making them suitable for more stable 9 

and predictable scenarios where energy availability is more consistent. Optimization-based 10 

scheduling methods, such as those based on mixed integer quadratic programming, use 11 

mathematical techniques to thoroughly explore the solution space, making them very effective 12 

in maximizing efficiency. Therefore, considering the different environments in which 13 

electrolyzers operate, the selection of methods should be aligned with the specific requirements 14 

and constraints of the application to achieve the desired results. In general, the design and 15 

implementation of these methods are adequate to meet their intended objectives. Specifically, 16 

they effectively address the challenges posed by the variability and unpredictability of 17 

renewable energy, ensuring optimized hydrogen production. These approaches provide reliable 18 

and efficient solutions for the scheduling of water electrolyzers for green hydrogen production, 19 

taking into account specific operational contexts and objectives. 20 

Lastly, it should be noted that while this review provides a comprehensive analysis of the 21 

current state-of-the-art operational scheduling strategies for water electrolyzers, two major 22 

limitations must be acknowledged. First, this review focuses primarily on the operational 23 

scheduling of AWME, PEMWE, and SOEC, while AEMWE is not covered due to its 24 

immaturity in industrial applications and limited available research. Therefore, this review may 25 

not fully capture the potential of emerging electrolyzer technologies such as AEMWE. In 26 

addition, many of the reviewed studies are conducted in a specific industrial context, which 27 

may limit the applicability of their findings to other regions or sectors. Differences in renewable 28 

energy availability, economic conditions, and market environments can affect the effectiveness 29 

of scheduling strategies. 30 



41 

 

Table 5. Summary of various PEMWE and SOEC scheduling methods 1 

2 

Configurations Reference Year Electrolyzers Capacity per 

electrolyzer  

Grid 

connection 

Renewable 

specification 

Scheduling method Application scenarios Strengths Challenges 

On Off 

Solar-Wind-

PEMWE 

Stansberry 

et al. [156] 

2020 Model C10 

PEMWE 

60 kW √  Rooftop solar system 

(75 kW) and wind farm  

Mass flow controller UC Irvine power-to-gas  

demonstration project 

Efficiency improvement 

and quick response 

Parasitic losses and 

system complexity 

Microgrid-

PEMWE  

Zhao et al. 

[157] 

2022  PEMWE 6.76 kW  √ PV panels (10.24 kW) 

and wind turbines 

Multi-objective 

energy dispatch 

MATLAB with Yalmip 

optimization toolbox 

Suppress power 

fluctuations 

Degradation function 

identification 

PV-PEMWE  Matute et 

al. [158] 

2022 PEMWE 2 MW √  PV plant with 6 MW 

peak power 

Optimal hourly 

dispatch  

Real Spanish case study Reduce hydrogen 

production costs 

Accurate forecasting of 

electricity prices and PV 

production 

Renewable-

PEMWE 

Scheepers 

et al. [159] 

2023 PEMWE 1 MW and 

100 MW 

√  Wind and solar power Modified techno-

economic dispatching 

model  

Simulations use price 

data from European 

Energy Exchange  

Minimize hydrogen 

production costs 

Sensitivity in electricity 

price 

PV-PEMWE  Liu et al. 

[160] 

2023 PEMWE Rated current 

density of 1.2 

A/ cm2 

 √ MSX-60 PV system Variable period 

sequence control 

strategy 

MATLAB/Simulink Improve operation 

conditions, and enhance 

system efficiency 

Scalability and economic 

viability are not discussed 

PV-PEMWE  Xu et al. 

[161] 

2023  PEMWE Not provided  √ PV plant in northwest 

China 

Layered power 

scheduling 

MATLAB/Simulink 

with real data 

Improved efficiency and 

reduced energy costs 

Accurate degradation 

description 

Microgrid-

PEMWE 

Ennassiri 

et al. [162] 

2023 PEMWE 50 kW √  A PV field Bi-level optimal 

scheduling  

Microgrid in the Savona 

campus in Italy 

Notable reduction in 

PEMWE temperature 

overshoots  

Consideration of additional 

critical control objectives 

such as pressure. 

Microgrid-SOEC  Colombo 

et al. [166] 

2020 SOEC unit 

system 

300 kW  √ PV system with 37 MW 

of peak capacity 

Sequential dispatch 

strategy 

Campus microgrid of 

the University of 

California, Irvine  

Reduce natural gas 

consumption and carbon 

dioxide emissions. 

Economic assessment is not 

covered. 
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7. Conclusions and Discussions  1 

Based on a thorough investigation of more than 160 references, this work presents a 2 

systematic review of operation scheduling of water electrolyzers in renewables-hydrogen 3 

systems, with a focus on three main types of electrolyzers, i.e., AWE, PEMWE, and SOEC. It 4 

begins by detailing the principles, operational characteristics, and modeling of various water 5 

electrolyzers, providing a clear foundation and background. The research then classifies and 6 

evaluates a range of optimal scheduling techniques for these electrolyzers based on their types 7 

and renewable-hydrogen configurations. Additionally, comprehensive tables employing diverse 8 

evaluation indicators are presented for systematic comparison. In detail, the renewable energy 9 

configurations in these systems commonly include wind, solar, and combined wind-solar 10 

systems, with the majority of electrolyzers used being AWE. The conducted analysis indicates 11 

that PEMWE possesses better dynamic response capabilities, a more flexible load range, and 12 

higher electrolysis efficiency, making them more suitable for renewable energy systems 13 

characterized by randomness and intermittency. However, AWE remains the mainstream choice 14 

in the market due to its high commercial maturity and lower cost. The high costs of PEMWE, 15 

attributed to the use of platinum group catalysts and expensive membrane production, still 16 

present a significant challenge to its broader application in the upcoming years. In contrast, 17 

AWEs are more cost-effective and have a longer history of application, contributing to their 18 

widespread application across various renewable energy systems like wind, solar, and hybrid 19 

configurations. Low-cost components for both electrodes and porous transport layer materials 20 

in AWEs contribute to the overall cost reduction. Meanwhile, the robust cell separators used in 21 

AWEs possess high durability and tolerance to impurities, resulting in the longest estimated 22 

lifetime among all currently available electrolyzer technologies. However, AWEs also have 23 

their own shortcomings, such as high lower limit of minimum load, lower hydrogen purity, and 24 

corrosive electrolyte solution. Therefore, the optimal selection of electrolyzers for a green 25 

hydrogen project depends on several factors, including the specific application, resource 26 

availability, infrastructure, and economic feasibility. 27 

During the operation of renewable-hydrogen systems, considering the negative impacts on 28 
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electrolyzers caused by the randomness and intermittent nature of renewable energy, such as 1 

frequent start-stop cycles that reduce their lifespan, it is imperative to explore efficient and 2 

reliable scheduling strategies. These strategies are designed to balance the operation status of 3 

electrolyzers, thereby enhancing the stability, efficiency, and economy of the overall system. 4 

For instance, the development of advanced scheduling strategies, e.g., rotation coordination 5 

optimization and rolling optimization, highlight the importance of maximizing the utilization 6 

of intermittent renewable resources while extending the operational life of electrolyzer units. 7 

The practical significance of these strategies is highlighted by their potential to significantly 8 

increase the efficiency and flexibility of renewable-hydrogen systems. They provide critical 9 

guidance for implementing green hydrogen projects, optimizing renewable energy utilization, 10 

and reducing operating costs. Policymakers and industry stakeholders can use these insights to 11 

develop supportive regulatory frameworks and financial incentives to promote wider adoption 12 

of green hydrogen technologies. 13 

In detail, based on the literature investigation and analysis, the conclusions regarding the 14 

main achievements and significance of current electrolyzer scheduling are outlined in four 15 

aspects, as follows: 16 

⚫ Enhance renewable energy utilization: Efficient scheduling is directly linked to the 17 

increased ability to harness renewable energy, essentially enabling a more responsive and 18 

adaptive hydrogen production process. This adaptability is critical to integrating high 19 

proportions of renewable energy into the current energy system, mitigating problems associated 20 

with its intermittency and randomness, thus contributing to the decarbonization of the energy 21 

sector; 22 

⚫ Improve system operation reliability and lifespan: Effective scheduling technologies, such 23 

as cycle rotation and rolling coordinated optimization can lead to more balanced load 24 

distribution, which considerably prevents frequent start-stop cycles and reduces unnecessary 25 

wear and tear. Therefore, the reliability of the entire system is improved while extending the 26 

service life of each electrolyzer unit, ensuring a stable and reliable hydrogen supply; 27 

⚫ Enhance economic profits: Incorporating the consideration of spot price and market price 28 

into electrolyzer optimal scheduling design can efficiently optimize the hydrogen production 29 

processes, reduce operating costs, and enhance profitability in a dynamic energy market 30 
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environment. For instance, the scheduling scheme can dynamically regulate the operation states 1 

of electrolyzers based on day-ahead forecasts and real-time price fluctuations to seek a proper 2 

balance between efficiency and economy for green hydrogen; 3 

⚫ Promote grid stability and flexibility: In grid-connected scenarios, electrolyzer scheduling 4 

can effectively contribute to grid stability. Electrolyzers can act as grid balancing resources by 5 

providing ancillary services, where study [142] has evidenced the feasibility of using AWE 6 

plants to provide frequency support. Besides, electrolyzers can act as effective energy storage 7 

devices, which can convert excess power into hydrogen gas for storage, improving grid 8 

flexibility and reducing potential renewable energy curtailments. This flexibility is valuable in 9 

energy systems with high penetration of renewables, as balancing supply and demand becomes 10 

increasingly challenging in modern power systems. 11 

However, it is also noteworthy that while this review provides valuable insights into the 12 

operational scheduling of water electrolyzers, it is still constrained by certain limitations that 13 

highlight areas for further research. For instance, this review may not fully capture the potential 14 

of emerging electrolyzer technologies like AEMWE. Future reviews can provide a more 15 

complete picture of the field and explore their potential in various applications as they develop 16 

and mature. Besides, the specific research contexts in different reviewed studies may limit the 17 

applicability of their findings. This highlights the need for further research tailored to specific 18 

industrial application contexts, considering specific renewable energy availability, economic 19 

factors, and regulatory environments. Meanwhile, potential sources of error in this review that 20 

might impact the analysis results need to be acknowledged. The primary sources of error stem 21 

from the inherent uncertainties and assumptions in the discussed underlying models and data 22 

inputs, which are detailed as follows: 23 

⚫ Data accuracy and quality: The reviewed studies use different methodologies, assumptions, 24 

and data quality standards. Inconsistent data can introduce errors in comparative analyses and 25 

overall conclusions. Besides, some data could be inaccurate or outdated due to the rapidly 26 

evolving nature of renewable energy technologies and market conditions, which might lead to 27 

suboptimal or incorrect scheduling decisions in real-world scenarios; 28 

⚫ Modeling assumptions: Some of the reviewed studies employ simplified models to 29 

represent complex real-world systems, which might not capture all the dynamics of electrolyzer 30 
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operations and the integration with renewable energy sources, leading to potential inaccuracies. 1 

To improve the reliability of the analysis, the following measures are recommended： 2 

⚫ High-quality, real-time data can be used for both historical performance analysis and 3 

renewable energy generation forecasts. Meanwhile, data integration platforms that consolidate 4 

data from various sources can be developed, including meteorological data, energy markets, 5 

and electrolyzer performance metrics to improve the accuracy of scheduling decisions. Besides, 6 

regular validation and calibration of the models using real-world operational data can help 7 

identify discrepancies between the model predictions and actual performance, which can lead 8 

to continuous improvements in model accuracy; 9 

⚫ The development and employment of more sophisticated models that capture the dynamic 10 

behavior of electrolyzers under varying operational conditions can be beneficial. For instance, 11 

multi-physics models that integrate electrical, thermal, and chemical processes within the 12 

electrolyzers can effectively reduce model errors. 13 

8. Challenges and Outlooks 14 

8.1 Challenges 15 

Current research on scheduling optimization of electrolyzers has achieved substantial 16 

results, and its effectiveness has been verified in practical applications. However, in systems 17 

integrated with renewable energy sources, a series of complex challenges still exist spanning 18 

technical, economic, and operational domains, which greatly impact the efficiency, 19 

sustainability, and scalability of hydrogen production systems, as follows: 20 

⚫ Intermittency of renewable energy: One of the most significant challenges is still the 21 

intermittency of renewable energy sources like wind and solar power. The stochastic and 22 

variable nature of these sources makes it difficult to consistently schedule electrolyzer 23 

operations, requiring dynamic scheduling solutions that can quickly respond to fluctuations in 24 

energy availability; 25 

⚫ Increased system complexity: The integration of diverse energy sources and multiple 26 

electrolyzers significantly increases the complexity of ensuring efficient and reliable operation 27 
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control. Each energy source, such as wind, solar, and natural gas, presents distinct 1 

characteristics and operational constraints. This scenario involves not only managing multiple 2 

electrolyzers but also coordinating the control of various energy sources with different 3 

constraints, thereby increasing the complexity of scheduling tasks; 4 

⚫ Complex economic constraints: Electricity prices fluctuate due to factors such as supply 5 

and demand, renewable energy availability, and weather conditions. These fluctuations 6 

introduce significant uncertainty in operating costs, complicating the optimization of 7 

scheduling strategies. In addition, various power trading rules, influenced by factors such as 8 

policy changes and market regulations, complicate the design of economic models used for 9 

electrolyzer scheduling; 10 

⚫ Coordinated scheduling optimization: The operation scheduling of electrolyzers is a 11 

complex multi-objective and multi-constraint optimization problem that requires 12 

comprehensive consideration of the dynamics, complexity, and uncertainty of the energy 13 

system. Therefore, this requires the scheduling strategy to not only adapt to fluctuations in 14 

energy supply and demand, changes in power market prices, and the intermittency of renewable 15 

energy in real-time, but also to optimize equipment utilization efficiency, balance costs and 16 

production, and consider equipment lifespan to realize cost-effective and sustainable operation. 17 

8.2 Outlooks 18 

Considering the existing challenges and limitations, comprehensive outlooks that not only 19 

aim to address current challenges but also pave the way for future development of electrolyzer 20 

optimal operation are presented as follows: 21 

⚫ Advanced scheduling techniques: Apply more advanced tools including artificial 22 

intelligence, machine learning, and other powerful techniques in electrolyzer operation can 23 

effectively enhance the efficiency, flexibility, and adaptability of its dynamical management. 24 

For instance, AI and ML models can predict the availability and variability of different energy 25 

sources (e.g., wind, solar, and natural gas) and electricity market prices with high accuracy, 26 

allowing for the proper adjustment of electrolyzer operations to maximize efficiency and cost-27 

effectiveness;  28 
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⚫ Intelligent and visual management: Powerful computational and self-learning capabilities 1 

of artificial intelligence can be used to perform intelligent scheduling, which can more quickly 2 

and effectively match various complex operating conditions while considering multiple 3 

optimization objectives and constraints, to develop scheduling plans across different time scales. 4 

This application reduces the complexity and time cost of scheduling while enhancing the 5 

reliability of operational management. At the same time, advanced information technology 6 

means can be adopted to achieve visual management and control, upon which online real-time 7 

operation management and supervision platforms can be constructed, which can more 8 

intuitively reflect the actual operating status of the system. Coupled with intelligent scheduling 9 

strategies, this enhances management efficiency and optimizes resource allocation, facilitating 10 

integration with smart energy systems; 11 

⚫ Optimal scheduling considering carbon trading: Based on the operating characteristics of 12 

electrolyzers, the scheduling model integrates and coordinates the electrolyzer with other 13 

energy facilities to build a comprehensive energy scheduling model for overall scheduling is 14 

promising. For instance, considering the carbon emissions in the multi-energy coupling 15 

integrated energy system, the ladder carbon trading mechanism on carbon emissions can be 16 

employed for a low-carbon economic scheduling model. By optimizing the load-variable start-17 

stop characteristics of electrolyzers and the operation of other energy facilities, the goal of 18 

minimizing carbon emissions can be achieved and greater economic benefits can be obtained 19 

in carbon trading, thereby optimizing economic benefits, environmental sustainability, and 20 

system reliability; 21 

⚫ For practical engineering applications, the direction of future research should still pivot 22 

towards improving the long-term durability and economic viability of electrolyzer operation. 23 

This includes not only integrating real-time monitoring and adaptive control strategies to handle 24 

the variability of renewable energy inputs but also optimizing the entire hydrogen supply chain, 25 

from production and storage to distribution and utilization. To address complex economic 26 

constraints and fluctuations, it is crucial to develop dynamic pricing models to adapt to real-27 

time electricity market conditions. Meanwhile, the integration of real-time market data such as 28 

electricity prices, and supply and demand trends can lead to more informed decisions. 29 
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