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Abstract


In response to the growing significance of hydrogen as a clean energy carrier, this study investigates the advanced rectifier technologies employed in electrolytic hydrogen production. First, the topologies of three rectifiers typically employed in industry—24-pulse thyristor rectifiers, insulated gate bipolar transistor (IGBT) rectifiers, and 24-pulse diode rectifiers with multi-phase choppers—are described in detail. Subsequently, at a constant 5 MW power level, the three rectifiers are compared in terms of rectifier efficiency, grid-side power quality, power factor, and overall investment cost. The results indicate that in comparison to the other two rectifiers, the thyristor rectifier provides superior efficiency and cost advantages, thereby maintaining a dominant market share. Additionally, case studies of rectifier power supplies from three real-world industrial projects are presented, along with actual grid-side power quality data. Finally, the challenges, potential applications, and future prospects of rectifiers in renewable energy-based hydrogen production are discussed and summarized.
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1. Introduction


With the global transition in energy structures and the promotion of a low-carbon economy, hydrogen energy, as a clean energy carrier, has garnered widespread attention [1,2]. Water electrolysis for hydrogen production, which directly converts renewable energy into hydrogen, is regarded as a critical technological pathway for the large-scale adoption of hydrogen energy [3,4,5]. However, this technology still faces significant challenges in terms of energy efficiency and cost-effectiveness, particularly in the energy conversion efficiency of electrolysis equipment [6,7]. Among the many factors influencing the efficiency of water electrolysis hydrogen production, the optimization of rectifier power supply technology is crucial for enhancing system performance [8].



Rectifier power supplies, as the core components of electrolysis systems, directly influence electrolysis efficiency and operational costs through their stability, efficiency, and response speed [9]. In the literature, regarding the impact of power supply topology on electrolyzer energy efficiency, Ursúa [10] measured the energy consumption and efficiency of two power supplies—thyristor-based (ThPS) and transistor-based (TrPS) systems—for a 1 Nm3/h alkaline electrolyzer. Results show that the cell stack energy consumption is up to 495 W h Nm−3 lower when it is supplied by the TrPS, which means 10% greater in terms of efficiency. Dong et al. [11] compared the impact of six-pulse rectifiers, dual-star rectifiers, and current-source rectifiers on the efficiency of PEMECs. To reduce DC current ripple in thyristor rectifiers and improve the power quality of the AC-side grid, Meng et al. [12] proposed a hybrid rectifier consisting of a six-pulse controlled silicon rectifier and an auxiliary converter. To improve the low-load inefficiency of alkaline water electrolyzers, reference [13] proposed an optimal current pulse-width modulation control strategy and the corresponding prototype converter to regulate electrolyzers directly driven by photovoltaic arrays. In the context of hydrogen production applications, reference [14] introduced a new topology and fault-tolerant control strategy for a multi-phase stacked interleaved buck converter, which reduces output current ripple and enhances fault-tolerant operation. However, the rectifier power supplies in the aforementioned studies were verified only in laboratory-scale, low-power electrolyzers, and long-term operational data are lacking.



In industrial water electrolysis applications, the power rating of electrolyzers is typically in the megawatt range, with 5 MW alkaline electrolyzers being particularly common in China. Reference [15] analyzed the OPEX and CAPEX costs associated with four power supply topologies for a 3 MW industrial alkaline water electrolyzer. In a distinct study, Keddar et al. [16] employed MATLAB/Simulink software to model and simulate both a six-pulse thyristor bridge and a three-phase interleaved buck rectifier for the 20 MW PEM electrolysis process. To investigate the impact of the rectifier power supply on the grid-side power factor (PF), Li et al. [17] developed a model that describes the PF of Power-to-Hydrogen (P2H) loads under various operating conditions, incorporating current and temperature. However, the aforementioned studies are largely based on simulation results and lack real-world application cases and measured data from actual industrial projects.



This study first introduces the three main rectifier power supply schemes used in industrial water electrolysis, followed by a comparison of the three rectifiers in terms of efficiency, grid-side power quality, power factor, and overall investment cost. Next, three real industrial electrolysis projects are selected to introduce the application of rectifier power supply technology in actual hydrogen production projects, sharing measured grid-side power quality data.



The remainder of the paper is organized as follows: Section 2 introduces and compares the existing three rectifier power supply topologies; Section 3 presents the operational performance of rectifier power supplies in actual industrial projects; and finally, Section 4 provides a summary of the paper and discusses the prospects for future research on hydrogen production rectifier power supplies.




2. Comparative Analysis


Currently, industrial hydrogen production rectifier power supplies are classified into thyristor rectifiers, IGBT rectifiers, and three-phase interleaved buck rectifiers. This section will compare these three types of rectifiers from both technical and cost perspectives.



2.1. Technical Characteristics


2.1.1. Efficiency


The topology of the 24-pulse thyristor rectifier is shown in Figure 1, primarily consisting of the rectifier transformer and the 24-pulse rectifier. The rectifier transformer serves the dual purpose of a load-tap-changing transformer and a phase-shifting transformer. Output voltage adjustment is achieved through the load-tap-changing functionality of the rectifier transformer in conjunction with the regulation of the thyristor triggering angle, thereby meeting the requirements for power quality and power factor. The 24-pulse rectifier is composed of two 12-pulse rectifiers, each of which is made up of two 6-pulse thyristor rectifiers. Since a single device cannot meet the high-power requirements for hydrogen production, multiple thyristors must be connected in parallel. The thyristor rectifier employs a single-stage circuit to meet the requirements of the hydrogen production electrolyzer. Furthermore, due to the reduced on-state voltage drop of the thyristor devices, limited reverse recovery loss, and absence of high-frequency losses, the rectifier efficiency can reach over 98.5 ± 0.5%. The thyristor rectifiers, when adapted to the slots of mature domestic manufacturers, can achieve rectifier efficiencies of over 99%, and, considering transformer efficiency losses, the overall efficiency can still exceed 97.5% [9,18]. Therefore, compared to the other two types of rectifiers, the thyristor rectifier offers higher efficiency [19,20].



The topology of the IGBT rectifier is shown in Figure 2, consisting of an IGBT rectifier bridge and a stacked interleaved buck converter (SIBC) [15]. The integration of the multi-phase chopper significantly enhances the electrolyzer system by providing precise control over the electrolyzer current and power. The chopper is constructed using IGBT and freewheeling diodes in an interleaved manner, minimizing current ripple across the electrolyzer. By modulating the duty cycle of the chopper IGBT, efficient regulation of electrolyzer current and power is achieved, ensuring a consistent high power factor across the entire operating range of the converter. A two-stage circuit is required to meet the demands of the hydrogen production electrolyzer, with both stages utilizing IGBT devices. According to publicly available sources, the highest efficiency of a single-stage high-power IGBT converter is approximately 98.5%, corresponding to a 1.5% efficiency loss per stage. Based on this, it can be determined that the maximum efficiency after two cascading stages is only 96.5 ± 0.5%; thus, the efficiency of the IGBT rectifier is lower than that of the thyristor rectifier [9,21].



The 24-pulse diode rectifier with a multiphase chopper, as shown in Figure 3, consists of a 24-pulse diode rectifier and a SIBC [16,22]. The rectifier optimizes power quality, particularly for high-voltage and high-current applications, while the multiphase chopper offers precise control over current and power, thereby minimizing ripple and improving power quality. Additionally, the advantage of this rectifier lies in the fact that since the front stage uses a diode rectifier bridge, there is no need for a phase-locked loop. As a result, there is no issue with frequency variations affecting the phase-locked loop performance, which can lead to converter instability. This makes it more adaptable for use in renewable energy-based hydrogen production applications. Further details can be found in Section 3.1, where its application in an actual wind power off-grid hydrogen production project is discussed. Due to the use of a two-stage circuit, with the front stage consisting of a diode rectifier bridge and the rear stage using IGBT devices, this rectifier has a higher efficiency than an IGBT rectifier, where both stages use IGBT devices, but has a lower efficiency than a thyristor rectifier.




2.1.2. Grid Side Power Quality


Conventional six-pulse thyristor rectifiers lead to low power factor and poor harmonic quality in the AC current. The use of multi-pulse technology ensures that the AC current harmonics of the thyristor rectifier meet relevant international and domestic standards, such as IEEE-519 [23,24,25]. Based on on-site measurement data from the project, a 24-pulse thyristor rectifier can meet the standards. When multiple 24-pulse thyristor rectifiers are used in practice, phase-shifting between units can form 48-pulse and 96-pulse rectifiers, further significantly reducing AC current harmonics. Additionally, the use of multi-pulse technology in thyristor rectifiers ensures that their power factor meets relevant international and domestic standards. Based on on-site measurement data, the power factor of a 24-pulse thyristor rectifier can exceed 0.95, and the power factor increases with higher pulse numbers. The relevant standards only require a power factor of 0.9, so striving for a unit power factor is not practically meaningful. Therefore, for 24-pulse and higher-pulse thyristor rectifiers, both the power quality on the AC side and the power factor meet the relevant standards without issue [26,27,28].



IGBT rectifiers have low AC current harmonic content and can operate at a unit power factor, meeting relevant international and domestic standards, which is their main advantage. However, when multiple IGBT rectifiers operate on the same bus, harmonics cannot cancel each other out, and the AC current harmonic content cannot be further reduced; voltage harmonics on the AC bus will also add up.




2.1.3. Heat Management


Power electronic devices generate substantial heat during operation, making efficient heat management crucial for extending device lifespan and improving overall system efficiency. The heat management requirements differ for various types of rectifiers due to their distinct operating characteristics. In practical applications, two main cooling methods are used: water cooling and air cooling. The choice of cooling method depends on the project’s procurement budget and available space. Water cooling systems typically occupy about one-third of the volume of air cooling systems, but water cooling systems are more expensive. In Section 3, it is shown that the control panel of the actual product displays real-time cooling water temperature and pressure.





2.2. Comprehensive Cost


The total investment in the thyristor rectifier system (including the phase-shifting transformer) is approximately 35–40% lower than that of the IGBT rectifier system, providing a cost advantage. For comparison, using the currently mainstream 5 MW rectifier suitable for a 1000 Nm3/h electrolyzer, the total investment in the thyristor rectifier is approximately 1.35 million yuan, while that of the IGBT rectifier is approximately 2 million yuan. The cost of the 24-pulse diode rectifier with multi-phase chopper lies between the first two, at approximately 1.6 million yuan [29].



As previously mentioned, the efficiency of the thyristor rectifier is 1.5–2% higher than that of the IGBT rectifier, both including transformers. Assuming the thyristor rectifier is 1.5% more efficient than the IGBT rectifier, with an annual operating time of 5000 h and an electricity cost of 0.4 yuan per kWh, 64 rectifiers can save 25.6 million kWh of electricity annually, resulting in an electricity cost savings of 10.24 million yuan, as shown in Table 1. Additionally, due to the lower number and variety of components in the thyristor rectifier, its failure rate is low, and it is nearly maintenance-free. Even when spare parts are required, the overall price of the thyristor rectifier is low, and the cost of spare parts is minimal, resulting in lower overall maintenance costs.



In summary, the thyristor rectifier offers greater advantages in terms of both investment and operational maintenance costs compared to the other two rectifiers.




2.3. Framework for Long-Term Analysis


The framework for the long-term analysis of thyristor and IGBT rectifiers is provided as follows.



	(1)

	
Lifecycle cost analysis:







A comprehensive analysis should include the initial capital cost, operational efficiency over time, degradation rate, and maintenance costs. Both thyristor and IGBT rectifiers could be modeled with different assumptions for degradation rates and failure modes over their expected lifespans.



	(2)

	
Reliability modeling:







Predictive modeling tools such as Weibull Analysis or Arrhenius Models can be used to estimate the failure rates and degradation processes of thyristor and IGBT rectifiers. These models can help predict when major components are likely to fail and thus provide a more accurate prediction of long-term operational costs.



	(3)

	
Maintenance scenarios:







Considering different failure modes and the associated costs of repairs (e.g., replacing faulty thyristors or IGBTs), a maintenance model can estimate the costs over time. Predictive maintenance approaches that track the health of individual components through sensors can also be modeled to reduce unexpected downtimes and associated costs.



	(4)

	
Life extension:







Long-term analysis should also focus on possible upgrades and retrofitting strategies that can be applied to the rectifiers, such as replacing individual modules or improving cooling systems to extend the operational life of either technology.



Above all, incorporating degradation modeling and lifecycle cost analysis in the comparison can provide a more nuanced view of the long-term performance differences between thyristor and IGBT rectifiers, offering valuable insights for decision-making in industries that rely on power conversion technologies.





3. Industrial Applications and Measured Data


3.1. China Huadian Corporation Liaoning Tieling off Grid Energy Storage Hydrogen Production Integration Project


This project is located in Xintaizi Town and Liqianhu Town, Tieling County, Tieling City, Liaoning Province, and is invested and constructed by Liaoning Tieling Huadian Hydrogen Energy Technology Co., Ltd. [30]. The hydrogen production station within this project includes alkaline water electrolysis hydrogen production equipment and auxiliary public utility equipment. The sandbox of the project site is shown in Figure 4, mainly including the control room, battery energy storage station, hydrogen production workshop, etc. It utilizes the supporting 25 MW wind power generator set to provide power for the hydrogen production system [31]. A storage station is also built concurrently (with 20% capacity energy storage equipment, a storage duration of 1 h, and a maximum stored electrical energy of 5 MWh). Wind power and energy storage work together to provide a stable power supply for the hydrogen production station equipment for hydrogen production. It is the world’s first large-scale off-grid wind power hydrogen production project. On 20 April 2024, the project was officially put into commercial operation [32,33,34]. The Tieling Huadian wind power hydrogen production project is shown in Figure 5.



Project parameters are shown in Table 2.




3.2. Ningxia Baofeng Hydrogen Project


The comprehensive demonstration project of solar water electrolysis hydrogen production invested and constructed by Baofeng Energy is a domestic integrated solar water electrolysis hydrogen project in China that truly realizes “carbon neutrality” by substituting new energy for fossil energy [35]. It is the first to directly integrate “green hydrogen” and “green oxygen” into the chemical production system, truly opening up a scientific path to replace fossil energy with new energy to achieve “carbon neutrality”. The project includes a 200,000-kilowatt photovoltaic power generation device and an electrolysis water hydrogen production device with a capacity of 20,000 cubic meters per hour. The on-site application and photos of the Ningxia Baofeng Hydrogen Production Project are shown in Figure 6.




3.3. Zhangjiakou Winter Olympics Hydrogen Production Project


The project utilizes electricity generated from onshore wind energy. The first phase of the project includes investing in and constructing a 20,000-kilowatt renewable energy water electrolysis hydrogen production and refueling project in Zhangjiakou [36]. Initially, it will supply green hydrogen for over 600 hydrogen fuel cell vehicles in the Zhangjiakou competition area during the Winter Olympics. The project site is shown in Figure 7.



The project employs four sets of 12-pulse thyristor rectifier power supplies to form a 48-pulse configuration. The voltage and current harmonics when a single 12-pulse unit operates at its rated power are shown in Table 3. According to the actual operation of the project, the THD of the rated power of a single 12 pulse thyristor rectifier power supply is less than 8%. Table 4 shows the current THD during the unbalanced operation of four 12 pulse machines.





4. Conclusions


This study provides a detailed technical and cost comparison of three commonly used rectifier technologies in electrolytic hydrogen production—24-pulse thyristor rectifiers, IGBT rectifiers, and 24-pulse diode rectifiers with multi-phase choppers—at the same 5 MW power level and shares application cases and real-world data from three industrial projects. In industrial applications, thyristor rectifiers dominate the market share in practical industrial projects due to their advantages in cost, efficiency, technological maturity, and product volume. However, IGBT rectifiers, being newcomers to the electrolytic hydrogen production industry, have limited operational history and experience in hydrogen production applications. Although they offer advantages such as high power factor and good grid-side power quality, the higher investment costs and disadvantages in efficiency and volume have led to the limited application of IGBT rectifiers compared to thyristor rectifiers. In the future, as IGBT technology continues to develop, it is expected to see further improvements in cost and performance, making it worthy of continued attention. The 24-pulse diode rectifier with a multi-phase chopper currently holds a small market share; however, its high power rating, low cost (compared to IGBT rectifiers), and ability to adapt to renewable energy fluctuations present significant market potential in the context of large-scale renewable energy-based hydrogen production in the future.



Although existing rectifier power supplies can meet the basic power requirements of electrolytic cells, they still face challenges, such as how rectifier power supplies can adapt to fluctuations in renewable energy and the decrease in efficiency when electrolytic cells operate at low power. Future research can explore the following aspects: first, the potential advantages of hybrid rectifier power supply schemes in frequency regulation and power quality can be further investigated; second, pulse power supply schemes should be further validated for their ability to improve efficiency at low power operation and expand the operational power range of electrolytic cells; lastly, the application of current source PWM rectifiers in hydrogen production power supplies also warrants further exploration. Furthermore, how to apply these research findings to practical high-power applications will be a major challenge for future work.
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Figure 1. Twenty-four-pulse thyristor rectifier [17]. 
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Figure 2. IGBT rectifier. 
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Figure 3. Twenty-four-pulse diode rectifier with a multiphase chopper. 
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Figure 4. Project sandbox schematic diagram. 
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Figure 5. Tieling Huadian wind power hydrogen production project: (a) actual photos of the on-site hydrogen production power supply for the project; (b) on-site measured data. 
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Figure 6. Ningxia Baofeng hydrogen production project site application and photos: (a) actual photos of the on-site hydrogen production power supply for the project; (b) actual photos of the on-site hydrogen production power supply for the project; (c) on-site measured data. 
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Figure 7. Zhangjiakou Winter Olympics hydrogen production project site: (a) project site photos; (b) actual photos of the on-site hydrogen production power supply for the project; (c) actual photos of the on-site hydrogen production power supply for the project. 
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Table 1. Cost comparison of two types of rectified power supplies using 5 MW as an example.
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	Thyristor Rectifier
	IGBT Rectifier





	Total investment (CNY million)
	1.35
	2.00



	DC output power (W)
	5000
	5000



	Rectification efficiency (with transformer)
	97.50%
	96.00%



	AC input power (W)
	5128.21
	5208.33



	Annual working hours (h)
	4000
	4000



	Annual electricity consumption (kWh)
	2,051,2821
	20,833,333



	Annual electricity costs (CNY million, CNY 0.4/kWh)
	8.205128
	8.333333










 





Table 2. Tieling Huadian wind power hydrogen generation project parameters.
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	Parameters
	Value





	Number of rectifier power supplies
	3



	Rectifier power solutions
	3-phase interleaved buck rectifier



	Rated voltage (V)
	360



	Rated current (A)
	15,620










 





Table 3. Voltage and current harmonics at rated power operation of a single 12-pulse unit.
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	A-Phase
	B-Phase
	C-Phase





	Voltage THD
	1.345
	1.362
	1.4



	Current THD
	6.199
	6.349
	6.063










 





Table 4. Current harmonics during unbalanced operation of 4 × 12-pulse units.






Table 4. Current harmonics during unbalanced operation of 4 × 12-pulse units.





	

	
Hydrogen Production Power Supply A

	
Hydrogen Production Power Supply B

	
Hydrogen Production Power Supply C

	
Hydrogen Production Power Supply D

	
Current THD




	
A-Phase

	
B-Phase

	
C-Phase






	
Condition 1

	
60%

	
60%

	
100%

	
Shutdown

	
5.346%

	
5.304%

	
5.197%




	
Condition 2

	
60%

	
60%

	
80%

	
100%

	
3.043%

	
3.020%

	
2.944%
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