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Abstract

Hydrogen fueling station is an infrastructure for enhancing popularization of fuel cell vehicles. Safe and secure hydrogen fueling stations need to be built in convenient places in city center. The focus of this paper is to develop a virtual reality program for safe operation, operator education, equipment understanding, virtual experience of accident scenarios, and emergency response in hydrogen fueling station. The program consists of two modules, hypothetical experience module and accident scenarios module. The hypothetical experience module is included in four different types of hydrogen fueling stations (such as on-site natural gas reforming, on-site LPG reforming, electrolysis, and truck delivered compressed hydrogen) usually used in Korea. The accident scenarios module represents twenty most probable scenarios in the hydrogen fueling stations. Twenty accident scenarios are identified by gas leak, fire, explosion and detonation, which are caused by equipment failure, corrosion, operator’s error and external attack (car crash). The consequences and environmental effects are also showed by dynamic CFD simulation in the module. Trainees can practice how to use all necessary facilities and operations hypothetically and can experience twenty possible accident scenarios. The trainees can interact with a Web-based 3D graphical user interface to input hydrogen system configurations. This program also illustrates emergency response plan (ERP) and standard operating procedure (SOP) for both emergency and normal operations.
Keywords: Hydrogen fueling station, Operator education, Virtual reality, Hypothetical experience, Accident scenarios.
1. Introduction
Hydrogen is currently gaining much attention as a possible future substitute for oil in the transport sector. Alternatives to oil and internal combustion engines may be introduced in a larger scale in the next decades due to concerns about the transport sector’s potential contribution to environmental problems and oil depletion. [6, 7] A future hydrogen economy will need the establishment of new infrastructures for producing, storing, distributing, dispensing and using hydrogen. Hydrogen fueling stations are key sites with all elements of hydrogen infrastructures. Over 160 hydrogen fueling stations are already built around the world and six stations are in Korea. Korea has made much effort to apply hydrogen energy for vehicles as the fifth car-producing country. While the hydrogen production technologies have been well developed in this field, safe use and operation become one of the major issues in running hydrogen fueling stations. Particularly for the purpose of assessing impacts on people inside and outside a station, it is significant to understand the general hydrogen properties, the function and use of the facilities, and possible accident scenarios.
According to accident statistics, the human error has been reported as one of the most frequent causes. It is remarkable that significant portion of accidents (including incidents) is caused by procedure related human error due to the non-compliance of procedures and the lack of knowledge about the processes and facilities. To maximize safety, it is requisite to educate and train operators. Virtual experience training is one of the most effective methods in case of hydrogen fueling station due to the danger of hydrogen. [8] Thus, this study develops a virtual reality operator training program including four-type hydrogen stations, which have been built for preparing hydrogen economy in Korea. [4] 

The developed program can help the trainee interact with the station effectively; it helps the trainee understand better all the information and knowledge being taught by displaying them in a 3D realities, animations and simulations. The 3D virtual reality can give trainee a real look-and-feel of the all facilities; the accident simulations can show the consequences and environmental effects.
2. Hydrogen Fueling Station System 
Hydrogen station systems are key technologies to commercialize fuel cells and fuel cell powered vehicles. They can provide hydrogen fuel for vehicles in many different ways. For instance, stations are designed to produce hydrogen on-site, or to have hydrogen fuel delivered from centralized production plants in liquid or gaseous form. Hydrogen can be produced from a variety of production technologies, such as steam reforming of methane, partial oxidation of heavy oil, electrolysis of water, methanol reformation, production of liquid hydrogen, and biomass. Despite the many variations on station design, most stations contain the following pieces of hardware: [9]
· Hydrogen production equipment (e.g. electrolyzer, steam reformer, hydro desulfurizer, water gas shift reactor, pressure swing adsorption) (if hydrogen is produced on-site).
· Purification system: purifies gas to acceptable purity for use in hydrogen vehicles.

· Compressor: compresses hydrogen gas to achieve high pressure fueling and minimize storage volume.

· Storage vessels: (liquid or gaseous).

· Safety devise (e.g. vent stack, fencing, bollards, breakaway, emergency shutdown device, leakage detection system) [2]
· Mechanical equipment (e.g. underground piping, valves)

· Electrical equipment (e.g. control panels, high-voltage connections).
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Figure 1. Hydrogen fueling station type and option
3. Virtual Reality Operator Training Program

This program is developed on the web-based graphical user interface (GUI) and it focuses on providing indirect experience of hydrogen station safety. The trainee is able to use the program without separately installing a program throughout accessing internet address. 3D virtual reality technologies, animations, and CFD simulations are used for the program, they make trainee have an indirect practice for the station, and help trainee understand better for the processes, facilities, operating procedures (normal and emergency status), safety devices, twenty possible accidents(or incidents) in the station. Trainee can learn about the knowledge of the station, how to operate and use safely, how to response when accident occurs with the program. The program is composed of two modules, virtual reality hypothetical experience module and accident scenarios module.
3.1. Virtual Reality Experience Module

The program is developed with four-type hydrogen stations demonstrated in Korea, station types are divided on on-site type like city gas reforming method, LPG reforming method, naphtha reforming method and off-site type like compressed hydrogen gas delivery method. This module based on the actual size is designed by 3-D virtual reality (VR) technology. This module provides all the information about the station processes, facilities, and procedures for indirect experience to trainee. For the example, on-site station system produces hydrogen by reacting raw materials with high temperature vapor in the reformer. Hydrogen is purified in the PSA and stored in the buffer storage vessels by using a high pressure compressor. Then it is filled to the fuel cell vehicle through the dispenser. Trainee can understand and practice these processes indirectly. The trainee can easily find the necessary information with user-friendly GUI consisting menu, command buttons, selection boxes, icons, and so on. Trainee also understands better what are the main facilities and equipments by description text module. Fig. 2 shows the examples of virtual reality experience module. 
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Figure 2. Virtual reality experience module
Trainee can identify using flash animation material flows through the processes and how the safety devices to operate. For example, if fuel cell vehicle departs from dispenser during charging, the breakaway let separate the fuel cell vehicle and dispense so that it prevent bigger accident. Trainee can watch the breakaway operating process like above situation by not only text but also flash animation like Fig. 3. Figure 4 shows the process of leak detection sensor when the leakage occurs. 
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Figure 3. Breakaway event animations

Over all processes and each facility (e.g. production equipments, compressor, storage vessels and dispensers) are described and modeled using a VR technology. The module is based on EON studio to be supported from EON. The Web 3D is finally created from importing the model made by 3D MAX and inputting animation events by EON studio. Trainee can select these equipments and view them from various angles by rotating scale up and down. 
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Figure 4. Leak detection sensor animations

The module has more user-friendly functions than the currently used manual education methods. It supplies to trainees fresh and vivid environment such as moving 3D space, event animations and flash. Using these VR technologies, trainees can more clearly understand what it teaches. It makes trainees have a positive attitude in learning process. It induces trainee to self-educate the operating skills and the knowledge of the station and emergency situations. Trainees who want to learn the hydrogen fueling stations are also able to educate themselves on their own level and concerns at anytime and anywhere if they have a computer connected an internet. At present, prevailing laptop systems make that possible and promising.
3.2. Accident Scenario Simulation Module

The models for hydrogen accident scenarios are developed by a dynamic simulator ATEX CFX which is commercialized CFD tool. The database of the geometric mesh based on 3D virtual models built in the virtual reality experience module is imported to the simulator and then the mesh models are simulated with the accident scenarios. The results are implemented to this module by converting to the moving picture. Description menu is also attached for trainees to understand the cause, propagation, and result of each accident. 
3.2.1. Twenty accident  Scenarios

The accidents like leak, fire and explosion can be occurred by break down of equipment, external impact, and human error and so on. The hydrogen leak behaviors can appear differently in each situation because facilities have different conditions like an emission rate, pressure, temperature. [3]
Thus, twenty different accident scenarios are divided by dispenser, vent stack, compressor, storage vessel, pipes and tube trailers. Each scenario is developed by considering leak directions and environmental conditions. The following contents are the examples of accident scenario according to facilities. [1] 

· Dispenser: The malfunction of pressure relief device on dispenser, human error and mechanical failure can cause leak in dispenser. As a result, released hydrogen to the atmosphere may bring about explosion and fire.
· Vent stack: Instrument failure or pressure relief valve fails to open can bring about natural gas compressor high discharge pressure. As a result, reformer have to be overpressure state

· Compressor: Mechanical failure of line or fitting, loss of cooling fluid, human error and failure of pressure relief valve to open can bring about accident likes compressor suction, discharge valve failure, cooling system failure. As a result, hydrogen leak with potential fire or explosion can be happen by compressor failure. 

· Storage vessel: Corrosion, hydrogen embrittlement and mechanical failure can cause leakage. As a result, hydrogen release to atmosphere and it is possible to have potential fire or explosion.

· Tube Trailer: Mechanical failure or improper connection can cause hose connection leaks which have potential fire.

3.2.2.  Dynamic Simulation Results

All the simulations for the scenarios are carried out using commercialized CFD program. Hydrogen dispersion model is constructed by considering hydrogen buoyancy effect and major factors like pressure, temperature, wind, k-ε model variables. [5] The other variables assumed like an ideal gas. The scenarios are simulated according to the various conditions and the results are transformed to moving picture files. Fig. 4 shows the results of the leak in dispenser at 0.1 and 0.8 second. 
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Figure 4. Dynamic simulation result of hydrogen leak in the dispenser (0.1s, 0.8s)
We draw conclusion from the results that hydrogen diffuses up rapidly by buoyancy effect. If safety devices(e.g. ventilation facilities, leak detectors, emergency shutdown device, blocking power facilities) are installed well, accident likes fire and explosion can be prevent and be reduced significantly damage when leak accident occur. 

3.3. Emergency Response Plan and Standard Operation Procedure 

The program includes emergency response plans and standard operation procedures for the response against the accident scenarios and for the normal operations. The emergency response plan is composed of two cases, one is for the leak accidents and the other is for the fire accidents by ignition source after leak. It gives important information to minimize damages when accident occurs. Standard operation procedures for safety operation of the station provide standard guide to prevent accident in moral operations.
4. Conclusion 
This study develops a 3D virtual reality operator training system with two modules for running hydrogen fueling stations. One is virtual reality experience module that provides information of hydrogen station facilities and safety equipment, the other is accident scenario simulation module that represents twenty possible scenarios in the hydrogen fueling stations. The module based on the CFD simulated shows twenty accident scenarios, such as gas leak, fire, explosion and detonation, which are caused by equipment failure, corrosion, operator’s error and external attack. This program gives much helpful information for trainee to understand effectively about the hydrogen fueling station, to operate more safely, and to make plans against emergency.
This program have a plan to be extended from the codes and regulations, more of various types of the stations, accident reports, and more rigorous simulations of the accident scenarios. The final developed program may offer all the information about hydrogen fueling stations and may be not only the effective operator training program but also the public relations for safer use of hydrogen.
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