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Abstract: Driven by China's carbon peaking and carbon neutrality goals, renewable energy
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external power buffering, renewable power fluctuations are directly transmitted to
electrolyzers, shifting electrolysis from rated steady-state operation to wide-load, highly
transient, and frequently switching conditions. This imposes higher requirements on gas
safety, mass and heat transfer, interfacial stability, and lifetime. This review focuses on the
matching between fluctuating power input and the dynamic operating window of electrolyzers.
A five-dimensional evaluation framework is established, including low-load safety adaptability,
high-load tolerance, dynamic ramping capability, start-stop flexibility, and scalability/economic
viability. Based on this framework, the operating characteristics, key materials, dynamic
adaptation mechanisms, and engineering boundaries of alkaline water electrolysis (AWE),
proton exchange membrane water electrolysis (PEMWE), anion exchange membrane water
electrolysis (AEMWE), and solid oxide electrolysis cells (SOEC) are compared. The analysis
shows that AWE offers low cost and strong scalability, but is limited by liquid electrolytes,
porous diaphragms, and gas-liquid two-phase transport. PEMWE enables a wide load range
and fast response, but is constrained by the high cost of noble metals and titanium-based
components. AEMWE has the potential to combine low cost with flexible operation, but still
requires breakthroughs in the dynamic lifetime of membrane electrode assemblies. SOEC is
more suitable for high-efficiency hydrogen production and co-electrolysis when coupled with
stable heat sources. Furthermore, an integrated off-grid green hydrogen system of "source-
storage-electrolyzer-hydrogen/chemical conversion" is proposed by combining power
forecasting, energy storage buffering, coordinated operation of multiple electrolyzer types, and
hydrogen/ammonia/methanol utilization.

Keywords: Renewable energy; off-grid; water electrolysis;

green hydrogen; dynamic

adaptation; development
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Fig. 1 Gas crossover and hydrogen-in-oxygen variation under low-load operation in alkaline electrolyzers .,
(a) Dynamic response of HTO during step changes in current; (b) schematic illustration of gas crossover
pathways in an alkaline electrolyzer; (c, d) relationship between HTO and current density under different gas
crossover parameters.
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Fig. 2 Mechanisms of water-supply limitation and loss of membrane hydration in PEMWE under high-load
conditions ®. (a) Schematic of limited anode water supply; (b) analysis of the vapor-diffusion-limited current; (c)
membrane water-content distribution; (d) change in membrane area-specific resistance; (e) increase in ohmic
overpotential.
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Table 2 Comparison matrix of dominant limiting mechanisms and apparent indicators for the dynamic

adaptability of four electrolyzer technologies
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Fig. 6 (a) Schematic illustration of alkaline water electrolysis®; (b) schematic structure of an alkaline water
electrolyzer
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Fig. 7 (a) Modification of the AWE separator to reduce hydrogen permeation at low loads™; (b) schematics of
different flow-field plates®™; (c) examples of developing high-activity catalysts for alkaline water electrolysis™;
(d) news report on an off-grid AWE hydrogen-production project in China®™”
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Fig. 8 (a) Schematic illustration of proton exchange membrane water electrolysis®; (b) schematic structure of
a proton exchange membrane water electrolyzer
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