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Abstract

:

This article provides an overview of modern technologies and implemented projects in the field of renewable energy systems for the electrification of railway transport. In the first part, the relevance of the use of renewable energy on the railways is discussed. Various types of power-generating systems in railway stations and platforms along the track, as well as in separate areas, are considered. The focus is on wind and solar energy conversion systems. The second part is devoted to the analysis of various types of energy storage devices used in projects for the electrification of railway transport since the energy storage system is one of the key elements in a hybrid renewable energy system. Systems with kinetic storage, electrochemical storage batteries, supercapacitors, hydrogen energy storage are considered. Particular attention is paid to technologies for accumulating and converting hydrogen into electrical energy, as well as hybrid systems that combine several types of storage devices with different ranges of charge/discharge rates. A comparative analysis of various hybrid electric power plant configurations, depending on the functions they perform in the electrification systems of railway transport, has been carried out.
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1. Introduction


To date, rail transport is one of the largest users of electricity, both in Russia and in other countries with developed and actively developing economies (USA, France, Spain, China, and a number of other countries).



According to the strategy of scientific and technical development of the JSC Russian Railways [1], the goal of the transport sector by 2030 is to reduce greenhouse gas emissions to 20% below the level of 2008, which corresponds to the Resource Efficient Europe roadmap set out in the Europe 2020 Strategy.



The commitment of the Netherlands Railways to provide all-electric trains with 100% renewable energy (RE) was achieved in 2017 ahead of schedule [2].



It is planned that by 2021, the national rail transport of India will use up to 1 GW of solar energy [3]. Work is underway on projects to create complexes of solar panels installed on roofs, which will have a total capacity of up to 500 MW. Currently, a significant number are in operation, including at 900 railway stations. Their total capacity is 100 MW. In the future, Indian Railways can use 51,000 hectares of unused land to build solar power plants (SPPs) with a total capacity of up to 20 GW. Recently, Indian Railways announced their plans to use up to 200 MW of wind energy on the railways of India by 2021. The theoretical potential of solar energy capacity at India’s rail transport facilities is estimated at 266.034 GW [4].



One of the main disadvantages of RE is the instability of its generation, which leads to the inability of the power system to meet the consumer’s demand at any time. A way to solve this problem is to use various energy storage devices, for example, batteries, flywheels, electric double-layer capacitors, etc. The excess of energy generated by the RE power system can be stored and then supplied back to the grid when the energy generated at a certain moment from renewable sources is not enough to meet the demand.



In addition to various physical and electrochemical storage systems, energy can be stored in the form of hydrogen produced by water electrolysis using renewable sources. When the demand for electricity arises, hydrogen is supplied to a fuel cell (FC), where electricity is generated because of the electrochemical reaction of oxygen reduction from the air with hydrogen [5,6]. According to the Technology Roadmap—Hydrogen and Fuel Cells by the International Energy Agency [7], by 2025, hydrogen technologies should penetrate all energy sectors, CO2 capture technologies in hydrogen production should be improved, and the number of hydrogen storage systems suitable for integrating into energy systems based on RE sources should be increased. Thus, the importance of introducing hydrogen energy into the transport sector and, specifically, the electrification of railway transport is recognized by the world community [7].



The paper is organized as follows. In Section 2, different configurations of solar and wind power plants are described, a comparative analysis of such systems is given. In Section 3, energy storage systems (ESS) and their feasibility for railway electrification systems are discussed, the best options are chosen based on the analysis. Hydrogen technologies for hybrid renewable energy systems (HRES) are presented in Section 4. Hydrogen production by water electrolysis using RE is discussed, and a comparative analysis of different types of hydrogen FCs is given. Particular attention is paid to the role of hydrogen technologies in HRES for railway electrification.




2. Renewable Energy Systems for Railway Transport Electrification


The most used renewable energy systems (RES) are SPPs based on photovoltaic converters and wind farms. Most hybrid systems consider these types due to their greater versatility compared to other RE sources. Micro-hydro turbine power plants can also be used as an energy source. This type of RES is the most cost-effective, which was clearly demonstrated in [8,9], but the use of micro-hydro turbine power plants is strongly limited by the geographical peculiarities of the area.



Among the possible options for introducing RE sources into the electrification systems of railway transport, the following groups of design solutions can be defined by the type of RE source:




	
Power generation systems based on photovoltaic converters;



	
Generation systems based on wind power plants;



	
Hybrid generation systems.








Depending on the region and climatic conditions of the area, it may be economically acceptable to use systems based on one energy source or a combination of several sources. According to the report [10], the use of solar energy conversion systems is relevant for countries such as India, Saudi Arabia, Egypt, and Argentina, but not for the countries of northern Europe, for example, Sweden, Norway, and Finland. At the same time, some regions with low solar radiation can use wind energy quite efficiently. As a rule, these are countries with coastal territories and highlands or states located near the Arctic Circle.



In accordance with the recommendations of the International Union of Railways [11], the following options for the location of RES at railway transport facilities can be defined, presented in Figure 1.



2.1. Renewable Energy Systems Installed on Rolling Stock


Installation of photoelectric converters on the roof of a train is the most convenient option for generating systems on rolling stock [12]. Researchers and engineers from southern countries, such as India [13,14,15,16], Ethiopia [17], Malaysia [18], etc., are showing particular interest in this technology due to the high level of insolation in these regions. PECs are compact, easy to operate, and do not require frequent maintenance due to the absence of moving parts. They can be installed horizontally on the roof, with minimal changes in the aerodynamic properties of the train.



In [19], the design of compact low-power wind turbines (WTs) with a vertical rotation axis of the rotor for mounting on the roof of a wagon is considered. The rated power of the WT is 3.6 kW. Generation systems similar in design are given in [20,21,22,23,24]. However, such a solution can cause an increase in the drag coefficient of the train, which will lead to an increase in the power consumption of the main traction motors. In addition, the presence of moving parts in the WT mechanism requires periodic maintenance and repair.




2.2. Stationary Renewable Energy Systems


The use of stationary systems using RE sources allows generating more “green” energy. This is due to the absence of restrictions on the scaling of generating plants for large areas and the use of proven designs for generating plants.



2.2.1. Wind Turbines with a Vertical Rotation Axis Installed along Railroad


The installation of wind generators with a vertical rotation axis along the railroad makes it possible to effectively use the airflow transverse to the direction of the train movement, which occurs when the train passes near the turbines. A feature of this type of WT is lower minimum operating speeds. They begin to work at a minimum speed of 1.5–2 m/s, in contrast to WTs with a horizontal rotation axis. They are more efficient at low wind speeds and reach the nominal operating mode at a speed of 10–12 m/s, which is important in low-wind areas and when using the wind flow generated by the movement of the train. Examples of such systems are presented in [25,26,27]. The power of a generator varies, depending on the model and dimensions, in a range from four hundred W to several tens of kW; however, the number of installed WTs is limited only by the length of the railway tracks and the terrain. The efficiency of these plants directly depends on the density of train traffic through the considered section of the railway track. As shown by the results of a simulation presented in [26], 10 Kliux Zebra WTs with a nominal capacity of 4 kW are capable of generating 32.3 MW∙h during the year. Similarly, in [27] with 10 WTs with a nominal capacity of 1.8 kW, located in a tunnel along the train route, showed the possibility of generating power of 79.83 MW∙h during the year. In [28], the design options for WTs with S-rotor and H-rotor are considered, the pros and cons of both systems are analyzed, and the higher efficiency of WT placement at the exit from the tunnels is substantiated in comparison with the placement of WTs in open areas.



As mentioned above, the unit power of this type of WT does not exceed several kW, which requires the installation of a large number over a long distance along the railway. Local connection of each individual installation to the overhead line through a converter is technically difficult and expensive since the rated voltage of the WT does not exceed 1000 V AC, while the rated voltage of the overhead line can reach 12–24 kV DC. The centralized connection scheme, at one or several points, will require the laying of a large number of cable lines along the tracks, which will have a significant impact on both the volume of capital costs and the level of losses in power lines on the way from the WT to the end consumer. This option is convenient for low-power consumers in the immediate vicinity of WTs. For example, for lighting systems or signal lamps on various sections of the railway track.




2.2.2. Wind Parks for Railway Electrification


The above-described versions of WT systems with a vertical axis of rotation are used in small wind power (wind turbines with a capacity of up to 100 kW). However, train and rail auxiliary systems are not the only application for wind energy.



The connection of large wind farms with high-power WTs with a horizontal axis of rotation makes it possible not only to cover the needs of the railway and household consumption but also to supply power to such a powerful consumer as an overhead line. This solution will not only reduce the consumption of electricity from the power system and thus reduce the carbon footprint of the railway company, but also improve the quality of electricity by compensating for voltage fluctuations in long inter-substation sections of the railway. A group of Chinese scientists [29,30,31] clearly demonstrated the positive effects of connecting a wind farm, caused by an increase in voltage in the connectivity nodes, and a negative effect on the quality of electricity and the total harmonic distortion in the system.



The power of the connected wind farms can vary from one hundred kW to tens of MW. For example, in Mongolia, a wind farm with an installed capacity of up to 50 MW is planned to supply power to railways, as well as SPPs, the first of which has already been put into operation; its capacity is 10 MW [32].



It should be noted that for the effective operation of large wind farms in the region, there must be sufficiently high average annual wind speeds. The most successful areas for the installation of WTs are considered to be coastal and high-mountain areas. Engineers from China have made significant progress in the projects for the integration of large-capacity wind parks (up to 20 MW) with an overhead railway line, which is described in detail in [29,30,31,33].



Wind farms can be connected to the railway electrification system through substations in the area of the railway stations, but the most optimal is the installation of additional power plants in the railway inter-substation zones at an equal distance from the substations. This will significantly reduce the power and voltage losses in the overhead line and will provide a greater freight-carrying capacity of the railway, reducing the likelihood of a power deficit in the rolling stock locomotive.



It should be noted that wind farms with a capacity exceeding 1 MW often operate in parallel with the power system, while lower power systems are used as part of hybrid microgrid systems, together with other types of RE sources and energy storage. Applications for hybrid systems in rail transport will be discussed in more detail in Section 2.2.5.




2.2.3. Photovoltaic Converters on the Roofs of Railway Stations and the Surrounding Area


SPPs based on photovoltaic converters are the most versatile option for RES because, unlike micro-hydroelectric power plants, photovoltaic converters are less tied to the source of energy and can be installed in any area and on almost any surface. At the same time, they do not have rotating parts, unlike WT, which greatly simplifies their operation and increases reliability.



Installing photovoltaic panels on railway station roofs, sheds over platforms, openings between railway lines, soundproof and windproof walls, and maintenance depot roofs is a very practical solution. It avoids the alienation of a significant plot of land for the construction of a solar station and ensures the location of the energy source in close proximity to consumers, which may be the station’s household needs.



Many developing (India, Pakistan, Vietnam, Malaysia, Turkey, etc.) and developed countries (Australia, Germany, Japan, etc.) are designing and implementing photovoltaic systems at railway stations [18,34,35,36,37,38,39]. The photogeneration system at the «Beijing South railway station» and «Hangzhou East railway station» in China [40] also deserves special attention, but the experience of Japan is of the greatest interest in the development of this technology. The article [41] indicates that the total capacity of photovoltaic stations on the roofs and adjacent territories of railway stations in the country exceeds 100 MW. The range of capacities of individual photovoltaic complexes varies, depending on the size of the station and the availability of free space on its territory, from 5 kW on the roof of the «Settu-Shi» platform to 453 kW at the «Tokyo station». According to experts of “JR-East”, considerable attention should be paid to the problem of shading from large buildings located near railway stations when installing solar panels in large cities. It was observed that shadowing even one panel in a group leads to the output power reduction of the entire system up to 60%. A detailed analysis of this problem is described in [42]. Since solar panels have to be placed on the roof of buildings in a horizontal position, or not at an optimal angle with respect to the sun, the efficiency of such stations can be reduced in comparison with solar stations of similar power but located in an open space at an optimal angle of inclination.



The location of photovoltaic modules above the railway line or along the land adjacent to the rail track between the stations is also considered as one of the options for the effective use of the territory available to the railway company in the construction of SPPs. In [33,40,43], examples of the installation of photovoltaic modules along railways are given. However, this method of placing the photovoltaic cells creates similar difficulties with connecting the installations to the overhead line, as for the WTS in Section 2.2.1. Since the photo panels need cleaning from dirt and dust, it should be noted that the location of the photovoltaic cells over a long distance complicates their maintenance.




2.2.4. Solar Farms for Railway Electrification


The use of photo panels connected in a specially designated area for a high-power solar farm (from several hundred kW to tens of MW) leads to the alienation of significant areas, but it has its own advantages, such as:




	
Photo panels are at an optimal distance from each other at an optimal angle and can be additionally equipped with solar trackers to constantly adjust the angle of inclination of the photo panel;



	
Losses for electricity transmission are reduced due to the compact arrangement of photo panels;



	
Maintenance of photo panels is simplified;



	
The solar station can simultaneously provide high power to compensate for power and voltage imbalances in the overhead line.








Today, the use of high-power solar stations to power the overhead train line is a common practice in many countries with a high level of insolation. Examples of such systems are given in [33,40,44]. The most popular option for the production of “green” energy is, of course, in countries with a high level of insolation. For example, in India, Bharat Heavy Electricals Limited (BHEL) has built a 1.7 MW SPP near Bina, Madhya Pradesh. The energy from the solar panels is transferred directly to the overhead catenary using an innovative converter that converts DC to single-phase 25 kV AC. Other projects that will use solar energy directly for rail transport are a 50 MW SPP on undeveloped land near Bhilai, Chhattisgarh state, and an SPP with a capacity of 2 MW near the village of Divana, Haryana state.



Large SPPs of the megawatt power can be strong support for energy-deficient junctions and sections of the railway, where significant voltage drops are observed when heavy trains pass. However, as in the case of WTs, a serious drawback of SPPs is the unevenness of electricity production depending on the time of day and cloud cover. To ensure reliable power supply to consumers in the power system, it is necessary to keep a significant spinning reserve capacity at hydro- and thermoelectric power stations to compensate for the unplanned decrease in power due to weather conditions, which significantly reduces the effect of reducing CO2 emissions into the atmosphere. The solution to this problem is the development of hybrid microgrid systems, including generation systems based on RES, as well as ESSs of various types.




2.2.5. Application of Hybrid Wind-Solar Power Generation Systems Based on the Smart Grid Concept in Railway Transport


Development and implementation of microgrid systems based on Smart Grid technologies in railway electrification systems allow solving a number of urgent problems, such as:




	
Increasing the voltage level and transmission capacity in remote sections of the grid;



	
Reducing the cost of purchasing electricity during periods of peak electricity consumption;



	
Reducing CO2 emissions due to an increase of the proportion of electricity generation from RE sources close to direct consumption.








The key trends in the development of such systems are:




	
The selection of the optimal configuration of power generation and storage systems at the design stage;



	
The development of an algorithm for optimal control of microgrid system modes during operation.








The solution to the first problem has received considerable attention in the works of many authors. In [45], the main problems of RE sources in rail transport systems are discussed. As the main disadvantage of RES installations, the authors highlight the variable operating mode and significant fluctuations in the output power. At short time intervals (from seconds to minutes), this problem is more typical for WTs, at longer intervals (hours, days)—for SPPs. It is possible to reduce the negative impact of these factors through the joint use of WTs and photovoltaic converters with an ESS. The authors also note that the peaks of electricity generation at WTs and photovoltaic converters do not coincide on a daily interval, thus avoiding significant gaps in the power supply from RES to the system and reducing the capacity of ESS. Articles [9,35,46] contain an analysis of various sources of RES and their best combinations with ESSs in a microgrid system. It was shown that, in most cases, combining multiple energy sources allows for greater system efficiency, reduced energy storage costs, and more stable system operation.



The search for the most efficient control algorithms for hybrid microgrid systems has received considerable attention in the publications of various authors [47,48]. In [49], a method and an algorithm for controlling a hybrid system based on the criterion of power maximization are proposed. The control is carried out through reversible converters, which provide connection of AC and DC systems in a hybrid system.



Particular attention is paid to the stability of the microgrid system during transients caused by a sharp change in load or output power from RES. Since the power flow between the structural blocks of the system is regulated by changing the opening angle of semiconductor converters, the absence of a time delay when changing the mode can lead to sharp voltage fluctuations. In [50], the control laws for convertors in a hybrid system have been developed. In [36], a solution to the problem of flexible control of modes using algorithms based on the fuzzy logic strategy with the use of a genetic algorithm is considered.



Based on the foregoing, we can conclude that the use of microgrid systems based on several sources of RES in most cases is a more efficient option for power supply than certain types of RES operating in parallel with an external energy system. This solution makes it possible to compensate for the shortcomings of each individual energy source through the integrated use of technologies for generation, energy storage, regenerative braking, and energy flow control. The power range of such systems can vary from several hundred kW to tens of MW, which makes it possible to use them both for powering stations and auxiliary systems of railway substations and for powering the overhead line of electrified rolling stock. However, the construction of these systems requires significant capital investment. It should also be noted that the efficiency of the microgrid system is highly dependent on the efficiency of the control system. It is the search for optimal methods and algorithms for controlling a complex system consisting of a large number of different subsystems and elements that is given the greatest attention in the works of most authors studying hybrid microgrid systems.



The choice of the configuration of the ESS plays a huge role in the operation of RES. This system can be implemented using ESSs of the same type, or it is a hybrid of several ones using different physical principles.





2.3. Comparative Analysis of the Renewable Energy System Configurations


Unfortunately, the choice of a universal configuration that most fully meets the needs of railway companies in all situations is impossible due to too many factors influencing the decision. Depending on the climatic characteristics of the region, the maximum permissible cost, the availability of free space for the installation of a plant, requirements for the reliability of the system, etc. In each specific case, the use of one or another version of the power supply system will be effective; therefore, the final choice is always made on the basis of a technical and economic comparison of configurations within the framework of the project being developed. However, in the process of analyzing the publications considered in the article, the most characteristic features of each system were identified, which made it possible to narrow the range of options under consideration at the stage of pre-design work. The results of the qualitative analysis are summarized in Table 1.



The table shows eight options for RES used for the electrification of railway transport:




	
Mini WTs on the roofs of wagons;



	
WTs with a vertical axis of rotation along railway tracks;



	
Wind parks on local sections of the railway;



	
Photovoltaic cells on the roofs of wagons;



	
Installation of photovoltaic cells on the roofs of railway stations, platforms, overhead line poles, soundproof walls;



	
Installation of photovoltaic cells along railway tracks;



	
Solar farms on local sections of the railway;



	
Hybrid systems.








Based on the review, the following recommendations can be formulated:




	
RES systems located on the roofs of the wagons are suitable for supplying the train’s own needs. In countries with a high level of insolation, the best option is to place the photovoltaic cell on the roofs of the wagons. In countries with a low level of insolation, it is possible to consider the option of using WTs. The power of one plant usually does not exceed 1 kW; however, their number can vary from a few pieces to several dozen pieces, depending on the length of the train.



	
To provide for the needs of electrical receivers on the railway track (lighting, signal lamps, etc.), it is possible to use WTs with a vertical axis of rotation. Unit power, depending on the design of the WT, can vary from 1.5 to 5 kW; however, it is possible to scale the power of the system by installing a different number of WTs along the railway track.



	
Placing solar panels along the railway and on special sheds can also be an effective option for meeting the railway’s own needs. The capacity of such a system is limited only by the length of the railway track, as practice shows. At present, the construction of systems with a nominal capacity of more than several hundred kW is associated with high capital costs. A similar situation exists with the placement of photovoltaic cells on the roofs of railway stations and platforms.



	
If the previous options were addressed through the lens of reducing the consumption of the railway and replacing the share of electricity consumption from the system, then the construction of large wind farms and solar farms with a capacity from several MW to several tens of MW allows ensuring the generation of a sufficient amount of electricity to supply the overhead railway line, as well as voltage regulation on the energy-deficient sections of the railway, those most distant from the power substations.



	
Hybrid microgrid systems, which include various generation systems based on RES, as well as ESSs of various types, are the most effective option in terms of reliability and quality of power supply. The presence of an energy storage unit allows avoiding large power failures and more efficiently meeting consumption peaks. However, the effective functioning of these systems is impossible without the development and implementation of algorithms capable of automatically selecting the optimal control strategies for dynamically changing railroad consumption schedules.










3. Stationary Energy Storage Systems for Electrified Railways


ESSs are one of the fastest-growing sectors of the electric power industry actively implemented in various areas, including the electrification of railway transport. This is especially influenced by the recent wide development of RE sources [51]. Due to the stochastic nature of RES generation, an additional means is required to ensure a balance between the generated and consumed energy; therefore, ESS is a widely recognized part of the RES integration into any energy system. This problem is especially relevant for railway transport since the train schedule, and therefore the load on the grid, is strictly regulated. ESS in the transport sector as on-board (mobile) or stationary (wayside) systems are becoming more widespread throughout the world.



Flywheels, electric double-layer capacitors (EDLC), and electrochemical batteries are usually used in railway electrification [52].



3.1. Types of Storage Systems


3.1.1. Flywheel


Flywheels work by converting electrical energy into kinetic energy from a rotating mass and vice versa. Inertial energy storage contains a body of rotation with a significant moment of inertia—a flywheel. The amount of stored kinetic energy depends on the speed of the rotating mass and the inertia: the higher the speed and the mass of the flywheel, the more rotational energy it can store. Conversion of kinetic energy into electrical energy and vice versa is due to the electrical machine: the rotor shaft is connected to the flywheel shaft. When the energy storage unit is charging, the flywheel is spun up to high speed (less 10,000 revolutions per minute (rpm) for low speed and from 10,000 to 100,000 rpm for high speed) [53]. When the energy storage unit is discharging, the flywheel rotates the shaft of the electric machine until friction losses and the conversion of kinetic energy into electrical energy completely extinguish inertia. This provides continuous flywheel rotation without additional power input and with very low losses.




3.1.2. Electric Double-Layer Capacitors


Unlike conventional capacitors, where the charge is concentrated on the surfaces of the electrodes and the energy of the electric field—in the volume of the interelectrode dielectric, double-layer capacitors are a hybrid of a capacitor and an electrochemical battery. EDLC is an implementation of an idea of the appearance of electrical layers in materials with different types of conductivity (solid and liquid) during their mutual contact proposed in 1879 by Helmholtz. Technical implementation of EDLC comprises a unit cell with two electrodes made of nanoporous carbon materials and a liquid electrolyte, separated by a porous polymer or asbestine separator. This structure actually creates two series-connected supercapacitors: one of the plates corresponding to the electric layer formed in the liquid is virtual from a technical point of view, and the current is collected from the electrical layers formed in the porous electrode; the boundary of the metal/electrolyte thickness of a few nanometers or even fractions of a nanometer is a dielectric. The opposite polarity of the plates in the system of two supercapacitors is formed due to the ion-conducting separator [54].




3.1.3. Electrochemical Energy Storage


The principle of operation of electrochemical energy storage is based on the conversion of electrical energy into chemical energy during charging and vice versa chemical energy into electrical energy during discharge due to a reversible electrochemical reaction.



Electrochemical energy storage usually classifies into primary batteries, secondary batteries, and fuel cells (FC) [55]. Primary and secondary batteries use built-in chemical components, while chemically bound energy of a fuel is provided from the outside for fuel cells. Primary batteries, unlike secondary batteries, cannot be recharged and cannot be called actual energy storage.



Depending on the chemical material used in the electrodes, there is a wide range of secondary electrochemical batteries. Lithium-ion (Li-ion) and nickel-metal hydride (Ni-MH) batteries are the most prevalent types of batteries used in transportation [56].





3.2. Comparison of Energy Storage Types


Comparative characteristics of the considered energy storage types are presented in Table 2. Since the article deals with stationary ESSs, when comparing the technologies under consideration, such indicators as gravimetric and volumetric energy density and power density were not taken into account.



Energy storage for stationary railway applications can be classed into two categories: short-term and long-term, based on storage duration.



The short-term duration category (flywheels and electric double-layer capacitors) typically has a small energy rating and is used in powerful applications—work period is regulated by seconds or minutes—high life cycles, and lifetime as well as high round-trip efficiency. Short-term energy storage is more suitable for high-power applications due to lower capital costs per unit of power.



The long-term duration category (electrochemical batteries and hydrogen FC) can store energy for hours or even days; long-term energy storage is more suitable for high-energy applications due to the relatively low capital cost per unit of energy. However, power capital cost and energy capital cost of Li-ion batteries are practically comparable, which causes a fair explanation for the current broad spectrum of Li-ion battery development and applications. In addition, fast response time provides successful applications in both long-term and short-term categories.



Figure 2 shows fields of application of the different storage techniques in stationary systems deployed at electrified railways according to energy stored and power output. Data based on literary examples of real ESSs. As can be seen from Figure 2, EDLC and flywheels are used for powerful applications with low energy ratings, while batteries have proven successful in both short-term and long-term applications.




3.3. Applications of Energy Storage Systems in Electrified Railway Systems


3.3.1. Regenerative Braking Energy Utilization—Short-Term


The induction motors on a railway vehicle act as generators when braking, converting kinetic energy into electrical energy. The tractive trains and power supply devices in the same supply section utilize the majority of the regenerative braking energy, with the remainder being reinjected into the power grid [61]. Stationary energy storage can recover and release the energy generated from several trains on the line as soon as needed [62]. Energy savings can be up to 45% [63]. The article [64] compares wayside energy storage devices: lead-acid batteries, Ni-MH batteries, Li-ion batteries, supercapacitors, and flywheels in the traction power supply system of the Polish transport company SKM. Supercapacitors are the most cost-effective over a 10-year service life. The article [63] explores different configurations of wayside energy storage application in DC electric rail transportation systems in conditions of maximum regenerative energy saving from trains and minimum capital and operating investment of the storage technologies. It was found that for the purposes of regenerative braking, hybrid ESS based on battery and supercapacitor had the best system performance and indicators for cost-benefit analysis. Practical examples of the use of energy storage for regenerative braking and the effects are shown in Table 3.




3.3.2. Damping of Voltage Fluctuations—Short-Term


The appearance of excess energy during the braking of railway vehicles increases line voltage. The overvoltage can damage electronic equipment, traction, and compressor motors located in the trains and the insulators. It can also cause protection and relays to malfunction and fail [67]. When the power supply is insufficient to satisfy the traction loads demand, the voltage drops significantly. The minimum allowed voltage drop or undervoltage situation in electric railway power systems is 33% [68].



Line voltage instability not only brings various risks to the power system but can result in a power system failure [58]. ESS installed as a stationary system at weak points of the line are expected to reduce line voltage fluctuations. Practical examples of using energy storage devices to reduce voltage drop during network loading are shown in Table 4.




3.3.3. Integration of Renewable Energy System Technologies—Long-Term


The available power of generation systems based on RES, primarily SPPs and wind farms, completely depends on weather conditions and are classified as stochastic generation. Ensuring the balance of active power leads to underutilization of the available power of RES in the case of its surplus or to limitation of the load in case of its deficit. ESS provides the most optimal process for integrating RES into electrified railway systems, allowing the processes of production and consumption of electrical energy to be spaced in time.



Smoothing of the RES output power by ESS is achieved by storing energy during periods of high generation and energy output for use when the RES output power decreases due to weather conditions. In this case, ESS must respond to changes in accordance with the speed of oscillations and have a sufficient supply of energy to operate in the range from several minutes to several hours.



Since the integration of RES into the electrified railway systems requires a long-term application of ESS, batteries and hydrogen FCs are better suited for it, as shown earlier in this review.






4. Hydrogen Technologies


In a number of works devoted to ESSs, FCs are presented as such systems. However, it should be noted that these devices themselves are only capable of producing electricity, not storing it. Therefore, FCs are always used in conjunction with a hydrogen storage system, which is actually an ESS. FCs are currently the most promising and safest devices for generating electricity from hydrogen. Depending on the size and type, they can be used both in “on board” and stationary modes. FCs are notable for their noiseless operation, stability of power generation provided that hydrogen is continuously supplied, and the ability to use one device to produce heat and electricity at the same time [5]. In the case of RE power systems, electricity generated from RE is used for water electrolysis, as a result of which hydrogen is formed. Further, hydrogen is placed in storage, and in case of demand for electricity, it is supplied to the FC. Thus, for the systems considered in this work, hydrogen energy storage consists of three main components: an FC, an electrolyzer, and a hydrogen storage system.



4.1. Hydrogen Energy Storage


4.1.1. Fuel Cells


FC serves as a converter in HRES: electricity is produced in FC during hydrogen oxidation with oxygen from the air. Thus, in fact, if a “direct” reaction of water splitting takes place in an electrolyzer, a “reverse” electrochemical reaction of its formation takes place in an FC. In principle, an FC consists of pipes for supplying and removing gases and water, cathode, anode, and electrolyte.



There are 5 types of hydrogen FCs depending on the electrolyte used: proton exchange membrane (PEMFC), alkali/alkaline anion exchange membrane (AFC/AEMFC), phosphoric acid (PAFC), molten carbonate (MCFC), and solid oxide (SOFC). Some of the main characteristics of these FCs are presented in Table 5.



Since both hydrogen and FCs are not used for continuous power generation, it is low-temperature FCs that are a more suitable option for HRES because they are characterized by quick response and short ramp-up time. In turn, among low-temperature ones, PEMFCs are of greatest interest since, unlike AFCs, they do not contain corrosive medium and can also use air as an oxidizing agent (pure oxygen is required for AFC). Indeed, in the majority of studies on HRES, PEMFCs have been used.



PEMFCs are currently the most used among all FC: according to [71], in 2019, the total installed capacity of PEMFCs reached 934.2 MW. In contrast, for PAFCs, which are next in the rating, the same value was only 106.7 MW. The maximum lifetime of stationary PEMFCs at the moment is about 30,000 h [81]. PEMFC power generation efficiency can be as high as 72% [71] but is typically in the 55–65% range. It should be noted that, according to the authors of [82], it depends on the rated power of an FC: for ones with a capacity of 1–100 kW, it is about 40%, while at a rated power of 1–10 MW, the efficiency of power generation increases to 60%.



It is also important to note that an FC produces heat simultaneously with power. According to the assessment given in [82], the ratio of heat and power produced by an FC (H:P) decreases with an increase in the rated power: from 1 for FCs with a capacity of 1–100 kW to 0.3 for FCs with a capacity of 1–10 MW. However, the generated heat can also be used, for example, for heating water [83,84]. For example, in [84], it is shown that in this case, the total efficiency of an FC increased to 70%, while the efficiency of power generation was 35–50%.




4.1.2. Electrolyzers for Hydrogen Production from Water


The main elements of electrolyzers for producing hydrogen from water are a conductive cap, anode, cathode, electrolyte, and pipes for supplying/removing water, its splitting products (hydrogen, oxygen), and electrolyte. The most widespread now are electrolyzers with concentrated alkali solution electrolytes. However, proton exchange membrane electrolytes are considered as the most suitable alternative, which allows the cell to function at partial load or overload, as well as achieve a higher power density [85,86]. At the moment, alkaline electrolysis is more profitable due to the mature technology; however, in the future, a decrease in the cost and an increase in the efficiency of proton exchange membrane electrolyzers is expected, which could make them even more attractive. So, according to the overview given in [87], the energy consumption of currently commercially available electrolyzers with a proton-exchange membrane is in the range of 4.4–6.5 kW/Nm3 H2. The authors also carried out an analysis of a pilot plant, which showed that at nominal power (5.4 kW/Nm3 H2), the efficiency of an electrolyzer of this type is 56%, including cooling, purification, and compression, and at a lower load (4.7 kW/Nm3 H2) efficiency increased to 64%. Considering this fact, as well as the fact that for safety reasons, the operation of the electrolyzer is not recommended at a load below 15–20% of the rated power, the authors of [8] included in the HRES model from 2 to 34 (depending on the RE source) small electrolyzers with a capacity of 1 kW each instead of a large one. According to the authors, despite the higher cost of such a solution, it will reduce the size of other components of the system (in particular, the hydrogen container and its storage capacity) due to the more stable hydrogen generation. A similar approach was applied in work [88], which is devoted to the optimization of the system “solar panels + membrane electrolyzers” in order to ensure the maximum efficient use of solar energy for hydrogen production. As a result of the study, it was shown that for a system consisting of 4 solar panels with a power of 75 W each and 5 electrolyzers with a power of 50 W each, connected in parallel, the energy transfer was about 95% of the theoretical maximum.



Since both an electrolyzer and an FC are designed in a similar way and can use a proton-exchange membrane as an electrolyte, it is proposed to combine these two devices in one unitized regenerative (reversible) FC (URFC) in order to reduce the cost of an HRES [89]. It also allows making the HRES more compact, which can also be important for using it in small areas.




4.1.3. Hydrogen Storage Systems


Hydrogen has the highest gravimetric energy density in comparison with other fuels, but its volumetric energy density is very low. Thus, the development of compact and safe hydrogen storage is one of the key problems of the hydrogen economy.



In Table 6 advantages and disadvantages of different types of hydrogen storage systems are presented. It should be noted that, despite the shortcomings, each of the systems can be used in a specific area.





4.2. Application of Hydrogen Technologies for Hybrid Power Systems


At the moment, there are few real HRES projects similar to the ones described above; however, not a single case with their use on the railway has been found. For example, a system consisting of solar panels (2 kW), a lead-acid battery (48 V/300 A∙h), an alkaline electrolyzer (0.5 Nm3 H2/h), a PEMFC (200 W), and a hydrogen storage system based on the LaNi5 alloy (10 Nm3) functioned for several months in China [91]. It has been shown that about 45% of solar energy is stored in the form of hydrogen in such a plant. Unfortunately, due to the low efficiency of solar panels, the total efficiency of the power plant was only 4%. This value is 2 times higher for a similar power plant PHOEBUS, which operated in Germany for 10 years [92]. It has been demonstrated that at low insolation, 50–52% of the total electricity demand was delivered by the battery, while 20–25% was supplied by the FC. As a result of the project, the authors concluded that the most stable and efficient power supply could be provided by systems with low-capacity batteries in combination with hydrogen.



Also, in the literature, the results of HRES modeling for certain areas are presented. So, for example, in [8], an HRES simulation for various types of RE (solar, wind, hydro-power) is presented. Calculations have shown that for mountainous country in Italy, the HRES with a micro-hydro turbine is the best choice. The efficiency of such a system, which, in addition to a micro-hydro turbine, consists of electrolyzers, a PEMFC, a battery, and a hydrogen storage system, was 36.5%. While when using solar or wind energy, it dropped to 4.7 or 7.1, respectively. It should be noted that in the case of micro-hydro turbine, the largest amount of energy (30.2% of the power from RES) was sent directly to the consumer; in contrast, in the case of solar panels and WTs, 20.2% and 9.2% of the generated energy was directly used, respectively. For all RES, the authors have shown that PEMFCs produce 38% of the input energy sent to the electrolyzer. It is noted that this value is higher for batteries, but they are not suitable for long-term seasonal energy storage. For Newfoundland, modeling was also made for various HRES using wind energy [93]. It was shown that a system consisting of a wind generator, an FC (3.5 kW), a converter (3.5 kW), an electrolyzer (7.5 kW), and a hydrogen storage system with a capacity of 10 kg could be the best choice for use if it were not for the high cost of FCs.



Since the power generation from renewable sources often cannot be constant and depends on both the time of day and the season, several sources can be used simultaneously to increase stability. For example, in [94], the HRES used a 10 kW wind turbine and a 1 kW solar panel. Combined with PEMFC (5 kW), this system provides high stability in power generation.



For transport, including railway, it is also a possible scenario when electricity from renewable sources is used to produce hydrogen in a stationary installation, while PEMFC and a battery (PEMFC provide a constant average power, while the batteries meet power peaks [95]) installed directly on board the vehicle. Thus, a hydrogen refueling infrastructure can be formed. A similar system using a WT is proposed in [96]—it is shown that it is suitable for use in rail transport in Berlin and Brandenburg.



Thus, 3 ways of using RE to power a grid can be defined (Figure 3):




	
The generated electricity through the converter is fed directly to the grid (blue arrows);



	
The generated electricity is stored in an energy storage device and then, on-demand, is supplied to the grid (brown arrows);



	
The generated electricity is used to produce hydrogen by water electrolysis; when the need for electricity arises, hydrogen from the hydrogen storage system is supplied to the FC, where electricity is generated, which is fed to the grid (green arrows).








Option 2 looks like the easiest way to provide relatively stable power to the grid from a RE source. However, it has been shown [97,98,99,100,101] that it is the combination of a “physical” energy storage (battery, for example) device and hydrogen that is the most economically viable for use in hybrid power plants based on RE. In addition, it allows for better stability compared to a situation where only one type of ESS is used, which is of particular importance for railway electrification. On the other hand, the total cost of a system, as well as renewable energy losses, increase with the integration of hydrogen energy storage in a system. Therefore, these problems remain challenging and are to be solved in future studies.





5. Conclusions


Renewable energy sources are increasingly being introduced into all sectors of the economy, and rail transport is no exception. To date, engineers from different countries have already developed and continue to develop many technical solutions based on renewable energy sources and energy storage systems to improve the efficiency and environmental friendliness of railway transport.




	
The analysis of the publications allowed defining the main groups of technical solutions for the integration of renewable energy systems into the railway infrastructure. Their advantages and disadvantages were described. Examples of the implementation of these systems in various countries were given. The analysis identified the main criteria for the feasibility of using various options for renewable energy systems at the design stage.



	
Various types of energy storage systems that play a key role in integrating renewable energy with rail electrification systems were also considered. A comparative analysis of the technical and economic characteristics of various types of storage devices has been carried out.



	
In this review, special attention was paid to works describing the configuration of hybrid energy storage systems based on hydrogen storage, electrochemical storage batteries, and supercapacitors. Optimally selected characteristics of the storage system make it possible to compensate for the shortcomings of each individual element, providing both high-speed performance and high peak power values in the event of sudden changes in the mode, and a large capacity of stored energy, which allows using renewable energy systems with maximum efficiency.



	
The analysis of publications showed that at present, the greatest interest from researchers is shown to hybrid microgrid systems, which include various generation systems based on renewable energy sources, as well as energy storage systems of various types. This option is the most effective from the standpoint of reliability and quality of power supply since it reduces the likelihood of imbalances between the generation and consumption of electrical energy caused by the variable operating mode and significant fluctuations in the output power of renewable energy systems.








Summing up, we can say that today modern technologies based on renewable energy sources and energy storage systems have found their application in the electrification of railway transport and the current trend towards the development of “green” technologies will lead in the future to a significant increase in the share of renewable energy in this industry.
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Figure 1. RE sources classification for the railway transport electrification systems. 
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Figure 2. Power rating and energy capacity of different stationary (wayside) ESSs for electrified railway systems (data based on references [56,59,60]). 
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Figure 3. Scheme of the railway electrification by means of RES. 
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Table 1. Summary table of RE technologies in railway transport.
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Factor

	
Option Number




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8






	
Power range, kW

	
0.1–1.5

	
0.4–100

	
100–1 × 107

	
0.1–1

	
10–1000

	
10–1000

	
100–1 × 106

	
100–1 × 107




	
Operational reliability of the RES

	
M

	
M

	
H

	
H

	
H

	
H

	
H

	
H




	
The area of the alienated territory

	
-

	
L

	
H

	
-

	
-

	
M

	
H

	
H




	
Capital investment

	
L

	
M

	
H

	
L

	
M

	
M

	
H

	
H




	
Operating costs

	
M

	
H

	
H

	
L

	
M

	
M

	
M

	
H




	
The main power supply replacement rate

	
L

	
L

	
M

	
L

	
M

	
M

	
M

	
H




	
The danger of photovoltaic cell shading by surrounding objects

	
-

	
-

	
-

	
L

	
H

	
H

	
L

	
L




	
The danger of reducing the efficiency of WTs by turbulent flows

	
L

	
H

	
L

	
-

	
-

	
-

	
-

	
L




	
The likelihood of mismatching the peaks of production and consumption of electricity

	
H

	
H

	
H

	
H

	
H

	
H

	
H

	
M








The degree of influence of the factor: H—high, M—moderate, L—low.
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Table 2. Comparative characteristics of storage types *.
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	Flywheel
	EDLC
	Li-ion
	Ni-MH
	Hydrogen FC





	Power rating (MW)
	0.25–20
	0–0.3
	0–100
	0.001–0.03
	<58.5



	Energy rating (MWh)
	0.0052–5
	0.0005
	0.004–10
	0.01–0.05
	0.312–39



	Cycle efficiency (%)
	90–95
	84–97
	75–97
	65–70
	20–66



	Daily self-discharge (%)
	>20% per hour
	~20–30
	0.1–0.3
	1–2
	Almost zero



	Typical storage duration
	seconds–minutes
	seconds–hours
	minutes–days
	minutes–days
	hours–days



	Response time
	Seconds
	Milliseconds
	Milliseconds
	Milliseconds
	Seconds



	Lifetime (years)
	15–20
	10–30
	8–15
	15–20
	5–15



	Life cycles (cycles)
	20,000–100,000
	>100,000
	1000–10,000
	1500–3000
	1000–10,000



	Power capital cost ($/kW)
	250–350
	100–300
	900–1300
	420–1200
	∼500



	Energy capital cost ($/kWh)
	1000–5000
	300–2000
	273–1000
	240–1200
	∼15







* Data based on [57,58].
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Table 3. Examples of ESS using for regenerative braking.
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Li-ion Battery

	
EDLC (Supercapacitor)

	
Flywheel




	
P, kW

	
W, kWh

	
Effects

	
P, kW

	
W, kWh

	
Effects

	
P, kW

	
W, kWh

	
Effects






	
1000

	
37.4

	
saves more than 310 MWh energy per year [60]

	
1000

	
2.3

	
saved 320 MWh energy consumption per year [65]

	
2000

	
25

	
12% energy-saving effect [60]




	
2000

	
76.12

	
total energy-saving effect is estimated to be more than 400 MWh per year [66]

	
700

	
2.3

	
monthly energy reduction in substation by 15 MWh [59]

	
600

	
6.6

	
saves about 24% of the total energy consumption [11]
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Table 4. Examples of ESS using for voltage regulation.
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Li-ion Battery

	
EDLC (Supercapacitor)

	
Flywheel




	
P, kW

	
W, kWh

	
Effects

	
P, kW

	
W, kWh

	
Effects

	
P, kW

	
W, kWh

	
Effects






	
2000

	
500

	
reduces voltage drop by 5.26% [69]

	
1865.6

	
10.386

	
reduces voltage drop by 13% [70]

	
300

	
3

	
reduces voltage drop by 12.7% [65]
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Table 5. Characteristics of different types of hydrogen FC.
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Low-Temperature

	
Mid-Temperature

	
High-Temperature




	
PEMFC [5,71]

	
AFC/AEMFC [71,72]

	
PAFC [73]

	
MCFC [74,75,76]

	
SOFC [77,78]






	
Electrolyte

	
Polymer membrane

	
30–40% KOH/Quaternary ammonia- or piperidinium based polymers

	
Phosphoric acid

	
Molten carbonate (Li2CO3-K2CO3)

	
Yttria-stabilized zirconia




	
Efficiency, %

	
40–72

	
40–70

	
40–42

	
45–60

	
50–60




	
Operating temperature, °C

	
−40–120

	
40–75/50–90

	
150–220

	
600–650

	
500–1000




	
Type of fuel

	
Highly pure H2 (<10 ppm CO [79], <0.1 ppm NH3 [80])

	
Highly pure H2

(CO2 sensitive)

	
Pure H2 (<5% CO)

	
H2-rich mixtures

	
H2-rich mixtures




	
Type of oxidant

	
Air/pure O2

	
Pure O2

	
Air

	
Air

	
Air




	
Ramp-up time

	
Seconds

	
Seconds

	
Minutes

	
Hours

	
Hours
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Table 6. An analysis of different hydrogen storage systems (based on [90]).
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	Type of Hydrogen Storage
	Advantages
	Disadvantages





	Compressed hydrogen
	(1) The simplest and the cheapest way to store hydrogen;

(2) Light-weight composite tanks have been developed.
	(1) High-pressure tanks are not safe; there is a risk of explosion.



	Liquefied hydrogen
	(1) Higher density of stored hydrogen allows reducing the volume of a tank;

(2) In case of a leak, a severe explosion won’t happen unless ignition is caused.
	(1) Extremely low temperature (−250 °C) must be maintained;

(2) Extremely low temperatures can damage or disrupt valves or pressure relief devices.



	Physical sorption—MOFs, porous carbon materials, etc.
	(1) Low hydrogen binding energy;

(2) Fast charge and discharge kinetics;

(3) No thermal management issues during charge and discharge.
	(1) Weight of the used materials;

(2) Low temperature and high pressure are needed for storage;

(3) Low gravimetric and volumetric hydrogen density.



	Chemical sorption—hydrides, carbohydrates, formic acid, liquid organics, alloys, etc.
	(1) Can be stored and transported at ambient conditions, no risks of explosion;

(2) High gravimetric and volumetric hydrogen density.
	(1) In some cases, hydrogen desorption is irreversible;

(2) Water and/or catalysts and/or heating are needed to “discharge” some of the materials;

(3) Some of the materials are very expensive.
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