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EXECUTIVE SUMMARY 

 

A drop-in, modular hydrogen fueling station has been designed for under $423,000, less than 22% of the 

cost of current hydrogen fuel stations. Based on current demand, this station can refuel a Fuel Cell 

Electric Vehicle (FCEV) in less than 5 minutes for $11.31 per kilogram. If demand increases to 50 

vehicles per day, this station can refuel FCEVs for $9.54 per kilogram, which is roughly $48 for a 5 kg 

fuel tank with a range of 300 miles. 

 

Currently, 80-90% of all non-pipeline hydrogen distribution is done using cryogenic liquid tanker truck. 

This new hydrogen station would utilize the existing 5 bar liquid delivery infrastructure to fill a 725 kg 

cryogenic storage tank.  Liquid hydrogen will allow the station to maximize storage capacity, and through 

autogenous pressurization, reduce the amount of energy and equipment that would be required to deliver 

and compress gaseous hydrogen for fueling vehicles. This system will reduce compressor operational 

costs by an estimated 63% per refuel as compared to a 200 bar gaseous delivery system. This modular 

design couples cryo-storage with a two stage compression system optimized for efficient fuel 

dispensation.  

 

The two stage dispensing process will draw hydrogen from the high pressure and medium pressure tanks 

within the station. Hydrogen in the medium pressure tanks will first fill the vehicle to 75% of total charge. 

Then hydrogen in the high pressure tank will be directed to fill the rest of the vehicle to a total of 5 kg. 

Easy-to-use fueling nozzles with data interface and breakaway coupling will facilitate fast, simple, and 

safe dispensing for users. 

 

The refueling station is contained entirely within a 40-foot standard ISO container to maximize scalability 

and mobility. The fuel station will be mounted on a trailer and delivered via semi-truck. The station will 

then be connected to the main power grid and on-site water. Fuel stations can be fully installed or 

removed in less than 24 hours to minimize disruption to the public.  

 

Public safety was a primary concern in this design. The system is designed with state-of-the-art fire 

suppression, surveillance, emergency, and monitoring systems. Each hydrogen storage tank is equipped 

with a temperature sensor, pressure sensor, and pressure relief valve with remote, real-time monitoring to 

ensure tanks do not over pressurize. Boil-off from the liquid hydrogen storage tank will be used to power 

fuel cells which run the remote monitoring and emergency systems in the event of a shutdown or power 

outage. Hydrogen storage tank levels will be maintained to accommodate a minimum of 48 hours of fuel 

cell operation in the absence of power from the main grid to ensure the safety of the public and the 

integrity of the station.  

 

The hydrogen fueling station presented in this report is designed to be located on the Washington State 

University campus in Pullman, WA. The system is designed to meet all required design criteria including 

5 minute refueling, dispensing hydrogen at -40 °C, fueling 6 vehicles per hour, and accommodating a 48 

hour shutdown. The hydrogen fuel station is in accordance with all federal, state, and local regulations. 
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1. INTRODUCTION: UTILIZING LIQUID HYDROGEN 

 

The cost of stationary hydrogen (H2) fueling stations currently ranges from $2 to $4 million, making the 

addition of hydrogen fueling capabilities impossible for owners of existing gasoline fuel stations. Thus, a 

low-cost, transportable hydrogen fueling station is needed for Fuel Cell Electric Vehicles (FCEVs) to 

become widely adopted in the U.S. 

 

Drop-in hydrogen fuel stations can either have hydrogen delivered via tanker truck or generate hydrogen 

on-site. The two primary ways of generating hydrogen are gas reforming and electrolysis. Gas reforming 

requires existing access to a gas pipeline which cannot be guaranteed in many regions of the country. 

Electrolysis requires large amounts of electricity and is not economical on a small scale. Thus, the most 

economical method for a drop-in fuel station is having hydrogen delivered via tanker for $7/kg. 

 

Hydrogen can be delivered as a gas at 200 bar and ambient temperature or as a liquid at 5 bar. A report by 

BMW Hydrogen (Brunner 2011) predicts that liquid hydrogen (LH2) delivery would require 5-7 times 

less energy than a compressed gaseous system for a 700 bar fueling station. The report also shows that a 

fueling station using liquid hydrogen delivery would require as much as 7 times fewer deliveries per week 

than gaseous delivery. By utilizing LH2 delivery, hydrogen can be cryo-compressed (sealing LH2 in a 

fixed volume and applying heat to achieve high pressure gas) to obtain pressures in excess of 1100 bar. 

This process provides not only the high pressure needed to top off the FCEV fuel tank above the 75% 

point, but much of the medium pressure gas needed for dispensation up to 75%. It is estimated that this 

process reduces compressor energy requirements for obtaining and maintaining dispensation pressure by 

63% per refuel over a gaseous delivery and storage system. Hydrogen must also be cooled to -40 °C 

before it is dispensed to the FCEVs to meet current fueling requirements of 5 minutes/vehicle. A major 

obstacle with gaseous storage is cooling the gas after compressing it to 700 bar, which heats the gas to 

130 °C. When starting with a cryogenic liquid it is relatively easy to control the temperature of the 

hydrogen delivered to the vehicle by controlling the amount of heat put into the fluid. Furthermore, 80-

90% of hydrogen fuel currently provided by small merchants is distributed by cryogenic liquid tanker 

truck (TTC 2010). The infrastructure for liquid hydrogen delivery is well established and can be relatively 

easily expanded to meet hydrogen fueling station demands. Therefore, liquid delivery is the only viable 

solution of the two options. 

 

The drop-in hydrogen fuel station will be completely contained in a 40-foot ISO standard container and 

delivered to a site via semi-truck. The station will use grid power for daily operation and be refueled once 

a week with the current demand. In the event a fuel station requires extensive maintenance, a replacement 

unit will be provided and the original unit will be hauled away to a service facility; otherwise routine 

maintenance and inspection will be done on-site. The end result is a self-contained hydrogen dispensing 

service that requires minimal effort by station owners to facilitate for FCEVs. This service approach to 

the hydrogen dispensing infrastructure challenge relies on a low-cost and durable method to store and 

compress the hydrogen fuel.  

 

The most feasible economic approach for such a system would be to lease the fueling station to site 

owners. By leasing the hydrogen fueling stations, the responsibility and liability of the site owner is 

minimized. All customer support, remote monitoring, and maintenance will be handled by the leasing 

company. Site owners will not need to employ highly trained personnel to operate the fueling stations. 

 

All hydrogen fueling stations must have remote access capabilities, fire suppression systems, and 

emergency communication protocols to ensure the safety of the public. They must be capable of 

maintaining system integrity and safety for at least 48 hours in the event of a power failure or emergency 

shutdown. The hydrogen fueling system presented in this report has been designed to be located on the 
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Washington State University (WSU) campus in Pullman, WA.  It meets all required design criteria as well 

as local and national regulations. 

2. H2  FUEL STATION DESIGN AND EQUIPMENT 

 

The mechanical design of the mobile hydrogen fueling station was determined by applying 

thermodynamic cryo-storage and two stage compression. A thermodynamic approach was used to 

determine a fueling cycle optimized for performance and efficiency. Storage of liquid hydrogen at 

cryogenic temperatures requires heat transfer, fluid dynamics, and mechanics of materials design 

considerations to ensure the assembled components function under extreme conditions with high 

reliability. 

2.1 LIQUID HYDROGEN DELIVERY 
 

Hydrogen will be delivered to the fuel station via liquid tanker truck at 5 bar and -296 °C. The station’s 

onboard liquid hydrogen (LH2) tank will store 725 kg providing enough hydrogen to service 100 cars for 

nearly a week (according to guideline specifications). It will have a liquid hydrogen transfer line with a 

Compressed Gas Association (CGA) connection for filling from a tanker truck. The CGA connection will 

be located behind a locking access door and the transfer line will be connected to the bottom of the LH2 

storage tank. Deliveries will be scheduled automatically by the fuel station’s communication module and 

logic processor, verified by a remote operator, and executed by trained tanker drivers. 

2.2 DISPENSING 
 

Filling a vehicle tank will be completed in 2 steps. Medium pressure storage tanks will fill the vehicle 

tank to a state of charge (SOC) of 75% capacity and a high pressure tank will fill to the maximum 

allowable mass of 5 kg H2 as shown in Figure 1. The intermediate 75% SOC is an optimized value chosen 

to minimize operational costs as explained in Sec. 7.1 below. STEP 1 will be skipped if the initial vehicle 

SOC is greater than 75%. 

 

 
FIGURE 1. Hydrogen dispensing procedure. 

 

In STEP 1 hydrogen will be provided by multiple medium pressure (MP) tanks plumbed together to make 

a volume of 787 L. Two separate 787 L volumes of hydrogen will be held at medium pressure (414 bar) 

to support two simultaneous fill-ups as required in the contest guidelines. When a fill-up is requested, the 

system command module will calculate the needed amount of hydrogen based on the initial SOC of the 

vehicle tank from the data uplink in the nozzle. If the vehicle tank is below 75% SOC the controller will 

open an automated valve between the MP tanks and vehicle tank. A hydrogen mass flow meter will tell 



 

6 

 

the system controller to close the valve when the appropriate amount of hydrogen has been discharged to 

bring the vehicle tank to 75% SOC (3.72 kg) completing STEP 1.  

 

In STEP 2 a single 62 L high pressure (HP) tank will supply hydrogen to bring the vehicle tank from a 

minimum of 75% to 100% SOC (5 kg). Three of these tanks will be needed to support two simultaneous 

fill-ups; two dispensing and one being refilled. The extra HP tank (presumably being refilled) is required 

due to the time intensive process of refilling a HP tank (see Sec. 2.3). Having one filling while one (or 

two) is dispensing enables the station to meet the fueling demand of 6 cars per hour per nozzle as stated in 

the contest guidelines. The system controller will open the automated valve between the HP tank and 

vehicle tank once the SOC is above 75%. The valve will be closed when the mass flow controller 

indicates enough mass has transferred for 100% SOC in the vehicle tank completing STEP 2. 

 

Because hydrogen heats up as it expands, hydrogen stored in the MP and HP tanks must be cooled before 

it is dispensed to the vehicle fuel tanks to avoid overheating. The design criteria require a fueling time of 

5 minutes or less to fill a 5 kg fuel tank to 700 bar. To achieve this, the MP and HP tanks are stored in a 

liquid bath at -40 °C.  By precooling the hydrogen to -40 °C, the estimated fueling time of a typical FCEV 

is 3 minutes (Schneider 2014). 

 

Hydrogen will be delivered to FCEVs via TK17 H2 70 MPa Fueling Nozzles with data interface, a 

product of WEH Technologies, Inc. This nozzle only dispenses fuel to a vehicle rated for hydrogen 

fueling at 700 bar. The nozzles will also be equipped with breakaway coupling and hoses to ensure safety 

and minimize danger if a vehicle drives away with the fueling unit still attached.  

2.3 STORAGE, AUTOGENOUS PRESSURIZATION, AND COMPRESSION 
 

The previously described LH2, HP, and MP tanks as well as low pressure (LP) tanks are part of the 

hydrogen storage and compression system. A blueprint showing the layout of the station components is 

shown in Figure 2. The LH2 tank is an 11,924 L (3,150 gallon) insulated cryogenic liquid storage 

container. For filling specifications of the LH2 tank see Sec. 2.1 above. 

 

FIGURE 2. Component layout of the hydrogen station. 

 

The filling operation for high pressure and medium pressure storage will be automated by the command 

module described in Sec. 2.4. After a vehicle tank is fueled a valve between the HP and MP tanks will be 

opened and higher pressure hydrogen will flow out of the HP tank and into the MP tanks. This 

intermediate step reduces the amount of hydrogen processed by the compressor which lowers operating 

cost. The remaining hydrogen in the HP tank will then be compressed and sent to the MP tanks or 

elsewhere. After the pressure in the HP tank is reduced below 5 bar the valve between the LH2 tank and 

the HP tank will be opened filling the HP tank with liquid hydrogen. The valve will then be closed sealing 
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the HP tank. The liquid hydrogen will slowly vaporize due to the parasitic heat leak into the HP tank. 

Additional heat can be added by an electric heater to increase vaporization when there is high fueling 

demand. The final pressure in the HP tank after vaporizing and heating the LH2 to -40 °C will be in 

excess of 1100 bar (16,300 psi). This process is known as cryo-compression or autogenesis 

pressurization.  

 

The MP tanks will be charged by a conventional HydroPac reciprocating compressor in addition to the 

hydrogen bypass from the HP tank. The maximum output of the compressor allows the MP tanks to be 

charged to 414 bar (6,000 psi). Hydrogen gas processed by the compressor will enter the MP tanks with 

excessive thermal energy increasing its temperature. Heat will be dissipated by the cooling system as 

described in Sec. 2.5 below.  

 

The LH2 storage tank will continuously be losing hydrogen due to boil-off at a rate of 0.3% per day. This 

amounts to a maximum of 2.2 kg of hydrogen per day when the liquid storage tank is full. The boil-off is 

used to produce electricity that runs the monitoring system via a 3 kW fuel cell instead of venting 

hydrogen to the atmosphere. The low pressure tanks supply hydrogen to operate the fuel cell and mitigate 

vented hydrogen losses. A system diagram depicting the storage tanks and flow of hydrogen throughout 

the system is presented in Figure 3.  
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FIGURE 3. Hydrogen fuel station system diagram. Note that medium and low pressure tanks are shown here as 

single volumes for clarity. 

The HP and MP volumes are optimized for the assumed average vehicle tank initial SOC of 25%. The 

amount remaining in the HP tank after the system charges a vehicle tank from 25% to 100% SOC is equal 

to the amount discharged from the MP tanks. There is no excess hydrogen in the system nor is the system 

deficient of hydrogen during an average fill-up; the amount of hydrogen remaining in the HP tank 
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replaces that which has left the MP tanks. For situations that deviate from the assumed average the low 

pressure (LP) tanks will provide a volume source or sink for hydrogen. For example, if a vehicle tank 

initial SOC is 75% the HP tank will discharge but the MP tanks will remain full. In this case the 

remaining hydrogen in the HP tank must be removed to prepare for the LH2 fill but the MP tanks are 

already at capacity. In this case the excess hydrogen is pumped into the LP tanks by the compressor. If the 

LP tanks and MP tanks all reach capacity, hydrogen is vented. Hydrogen deficiency in the system occurs 

when the initial vehicle tank SOC is below 25%. In that event the remaining hydrogen in the HP tank will 

not fully charge the MP tanks and hydrogen will be drawn from the LP tanks. If the LP tanks reach a 

minimum pressure hydrogen vapor from the LH2 tank will be used. The LP tank is not actively cooled 

because its contents do not go directly into the vehicle tank. 

2.4 WIRELESS COMMUNICATION AND REMOTE MONITORING 
 

Autonomous operation relies on a controls and information system that will orchestrate sensors and 

plumbing components during tank charging, fueling, and emergency situations.  A command module 

consisting of two workstation computers, a Cisco secure router, and a logic block will continuously 

monitor the system. All system information will be sent wirelessly to a remote operator to be analyzed 

and monitored. A logic block will control the routine operations in the station including dispensing 

hydrogen, pressurizing/dispensing storage tanks, and mechanical equipment. The logic block consists of 

signal processing and hard limiter sections. A signal process section will filter out noises as well as 

possible digit flips which occur during data transmission. Hard limiter sections will compare the 

measurement data against safety limits and operational needs. 

 

Every storage tank is outfitted with a temperature sensor, pressure sensor, and pressure relief valve.  A 

series of high-pressure automated flow valves control the flow and dispensing of hydrogen.  Mass flow 

meters track how much hydrogen has been dispensed to each vehicle. All of these inputs will be 

processed autonomously by the logic block and sent over a secure router to an operator. Figure 4 shows 

an example of what the user interface for the remote operator will look like. The logic block will provide 

real-time feed back to the operator interface in order to allow immediate monitoring and control. 

 
FIGURE 4. Example of the user interface seen by the remote operator. 
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This system is capable of being accessed by an operator remotely or locally from the station. In order to 

maintain the integrity of the fueling station, all communications must be secure. As seen in Figure 5, data 

transmission will be encrypted between firewalls and a secure router. Firewalls are needed for the 

protection of possible virus transmission. The communication between remote control and local control 

will be further protected by the firewall on the local control side.  The local control system has the 

primary authority to cut off remote access. The telecommunication within the local control system will be 

an isolated system. Telecommunications within the local system will not be encrypted for the 

consideration of its cost and effect. 

Secure RouterFirewall

Remote 
Access Point

Firewall Local 
Control System

Controllers 
and Sensors 

of the Station

Firewall

Remote Control Local Control
 

FIGURE 5. Diagram of the data transmission for remote and local controls. 

 

A tablet computer that is wirelessly connected to the communication module will provide the user 

interface for the customer. The communication module has been designed to transmit large quantities of 

data to handle multiple video chats and transmission of system data simultaneously without loss of 

quality. Details of the user interface can be found in Sec. 8.1 below. 

 

A Fire-Lite fire control panel will monitor all emergency systems.  It is equipped with a communicator to 

contact local police and fire departments as well as the remote operator in the event of an emergency. The 

control panel also contains an annunciator panel that can provide audio voice commands to the public 

during emergencies. A cryogenic liquid level gauge on the liquid hydrogen storage tank will warn the 

command module when it is low.  The command module will then send a message to a hydrogen 

distributor to schedule a delivery of hydrogen to ensure the system never runs out of fuel. 

2.5 HEATING, VENTILATION, AND AIR CONDITIONING (HVAC) SYSTEM 
 

The ambient condition of the air inside the fueling station will not be a critical factor in system operation 

based on specified operating ranges of all components. The design of the station will promote ventilation 

by using natural buoyancy of hot air to ducts on the ceiling of the container and two ventilation fans. This 

will remove waste heat generated by the fuel cell, chiller unit, and compressor. Two spark proof fans will 

be located in the ceiling ducts for added ventilation.  The ventilation fans are capable of exchanging all of 

the air within the fuel station every minute to ensure sufficient ventilation during peak demand. Active 

ventilation also ensures that concentrations of hydrogen cannot build up in the container creating a 

potential fire risk. 

 

Conditioning of the storage tank environment will be an important provision of the station design. A 

cooling system will maintain the HP and MP tanks at the required fueling condition of -40 °C (-40 °F). 

Compression will add excess thermal energy raising the temperature of the stored hydrogen. The thermal 

energy will be dissipated by submerging the MP and HP storage tanks in a liquid bath filled with 

Dynalene HC-50 heat transfer fluid. The fluid will be circulated and its temperature maintained by a 

Budzar LTW-40 industrial chiller which has a cooling capacity of 33.4 kW (114 Btu/hr) at -40 °C.  
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2.6 SAFETY EQUIPMENT 
 

The fuel station is equipped with fire suppression and emergency warning systems. A Cease Fire 

suppressant system that disperses a noncorrosive, nonhazardous gel of CFF800 will be used to extinguish 

flames. A Fire-Lite fire alarm control panel will integrate the fire suppressant and emergency systems. 

The control panel is equipped with communications to automatically contact local emergency dispatchers 

and the remote operator in the event of an alarm. The control panel will also be integrated with a Silent 

Night annunciator to provide audible warnings to the public as well as trigger emergency warning lights. 

The station will contain multi-sensor fire detectors and hydrogen detectors to trigger emergency systems 

in the event of a fire or release of hydrogen. These detectors can provide the remote operator and local 

police and fire departments an idea of what triggered the emergency system before they arrive on site. A 

manual pull handle and main power kill switch will be located near the hydrogen dispensers to manually 

activate the emergency systems.  

 

The roof of the container has a Haz-safe explosion relief panel to direct any explosion up through the roof 

and away from people and equipment. A wireless outdoor four-camera video surveillance system will 

continuously monitor the station. LED lighting will provide artificial light for the station after sunset. 

 

WEH
®
 TK17 hydrogen fueling nozzles with data interface have been selected for fuel dispensing. These 

nozzles only allow hydrogen to be dispensed when the nozzle is connected to a FCEV rated for 700 bar 

hydrogen and are in accordance with SAE J2600 and SAE TIR J2799. The nozzles will also be equipped 

with breakaway coupling and hoses, to ensure public safety and minimize danger.  

2.7 TRANSPORTABILITY 
 

The hydrogen fuel station will be completely contained inside one modified 12.2 m (40 ft) long ISO 

shipping container. The container will be secured to a standard 12.2 m (40 ft) long gooseneck chassis. The 

addition of a peaked roof to the standard container will not breach the height limit set by the DOT of 4.3 

m (14 ft). All hydrogen storage tanks will be empty during transport nullifying special precautions for 

moving hazardous materials. The container will remain on the chassis when delivered to simplify setup 

and minimize setup time. The towing hitch will be removed and the station will be immobilized to 

prevent unauthorized persons from attempting to move the system. The connections for electricity and 

water will be accessible from the outside of the container to ease connecting to the power grid and city 

water. The side panel on the dispensing side of the container will hinge open revealing the fill nozzles and 

doubling as an awning. In all, the hydrogen station will not take more than a day to setup or take down. 

The station in its consolidated state will be ready for shipping by sea or rail because it can be separated 

from the chassis and the original ISO container tie-down eyelets will remain intact. All components will 

be fixed to the container via vibration dampening pads thereby eliminating damage during transport. The 

station is designed to be operated outdoors so it will be inherently weather proof for shipping.  

2.8 MODULARITY  
 

The fuel station is currently designed to store 725 kg of hydrogen, fuel two FCEVs simultaneously and up 

to six vehicles per hour. Additional high pressure and medium pressure cylinders can be added to this 

system to increase the vehicle fueling rate with minimal redesign. If the demand increases, additional 

dispensing units can be added so that both sides of the station can dispense fuel or an additional station 

can be brought in to double the fueling capabilities. If the station has access to a natural gas line, a 

modular gas reforming unit can be connected to the fueling station to provide additional hydrogen for the 

medium pressure tanks which provide the majority of the fuel to the vehicles. This will allow for more of 

the LH2 to be used for cryo-compression, extending the time required between LH2 deliveries. 
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2.9 LOW COST 
 

The estimated total cost of the fueling station is approximately $422,600. This is less than 22% of the cost 

of stationary hydrogen fueling stations in part by using smaller capacity equipment and other cost saving 

strategies. Liquid hydrogen delivery was chosen to reduce the amount of energy required to compress and 

cool the hydrogen. However, this requires a large liquid hydrogen storage tank which is the most 

expensive component of the fueling station. There is a large market for used and refurbished cryogenic 

tanks that can be utilized to reduce costs further.  

 

The size, and thus the cost, of the compressor and refrigerator required for this system have been reduced 

by taking advantage of the properties of liquid hydrogen. Up to 34% of the vehicle tank charge will be 

provided by cryo-compression during the assumed average fill-up leaving 66% to be charged by a 

medium pressure range (414 bar) compressor. The required compressor is much less costly than a high 

pressure range (880 bar) hydrogen compressor needed in fueling stations with gaseous delivery and 

storage.  The 414 bar medium pressure range compressor used in this system requires 63% less power per 

fill-up than compressors used in typical 880 bar gaseous storage stations. 

 

The cooling requirement of the system can be significantly reduced by using the heat absorbed in 

vaporizing the liquid charge in the high pressure tanks to cool the medium pressure tanks.  This allows for 

a smaller chiller to maintain the gaseous hydrogen at -40 °C and also reduces the electricity required by 

the HP tank heaters for vaporization.  

 

The boil-off rate of the liquid hydrogen in the cryogenic storage tank is 0.3% per day, corresponding to a 

maximum of 2.2 kg per day.  This boil off vapor will be converted into electricity via fuel cell to run the 

station monitoring equipment. This saves electricity and vented hydrogen that would otherwise be 

unrecoverable.  

2.10 MASS PRODUCTION 
 

All of the fuel station components are currently in production and available in the U.S. However, some 

products have large lead times due to low demand.  Specialty items such as the bulk cryogenic storage 

tank, hydrogen compressor, high pressure composite tanks, and industrial chiller have a lead time of 

several weeks or even months because the manufacturers only produce a few each year and 

manufacturing is labor intensive. If a large contract for several hundred or thousands of units was 

established, manufacturers would develop an assembly line and automating production using robots, 

which expedites the manufacturing time and reduces costs. Standard system components such as the 

electronics, sensors, and plumbing are readily available off the shelf or have a lead time of one to two 

weeks. In general, manufacturing processes that are highly labor intensive such as welding may only see a 

reduction in price by 10% per component. If manufacturing processes can be highly automated and 

conducted by robots, components may see a price reduction of as much as 50% by mass production 

(Schultz 2014). The actual price reduction seen per unit will greatly depend on the manufacturing process 

of each component. 

2.11 APPEARANCE AND ATMOSPHERE 
 

A primary selling point of hydrogen fueled vehicles is that they have zero emissions and are 

environmentally-friendly. Customers expect the new technology of FCEVs and the associated hydrogen 

fuel stations to have a sleek, modern design and clean, inviting atmosphere. The hydrogen fueling station 

has been carefully designed to be aesthetically pleasing to the public and local communities.   
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Modifications will be made to the standard shipping container to enhance the appearance of the portable 

fueling station. The side wall of the container will be outfitted with a protective panel that folds out to 

expose the dispensing stations and act as an awning to shield customers from the weather. An additional 

panel will drop down to cover the wheels of the fuel station to make it aesthetically pleasing to the public. 

The dispensing units consist of a hydrogen nozzle that works similar to a regular gasoline nozzle and a 

tablet computer that provides the user interface and instructions. Manual emergency controls will be 

located in the center of the station between the two dispensing units to activate the emergency control 

systems. A curved guardrail will run the length of the station and extend out past the end of the container 

to protect against collisions with the dispensing units or fuel station. Figure 6 shows a rendering of what a 

hydrogen fueling station will look like. 

 

 
FIGURE 6. Rendering of a drop-in hydrogen fueling station. 

 

The system will be visually inspected weekly to check for damage and remove any trash or debris. The 

four surveillance cameras that are installed around the fuel station will deter vandalism. Six industrial 

LED lights will be installed on the awning to provide ample lighting after sundown. These components 

help to provide a safe, positive fueling experience for every customer. 

2.12 FOOTPRINT 
 

A site for the hydrogen fueling station design was selected on the Washington State University campus in 

Pullman, WA. The site is located in a large parking lot for an industrial steam plant. Distances in this 

section are reported in feet to be consistent with local regulations. The location of the fueling station was 
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determined by adhering to all required safety setback distances and providing a minimum turning radius 

for cryogenic liquid delivery tankers. The turning radius of a typical tanker truck was determined to be 42 

ft. A typical passenger car turning radius of 18 ft was used for FCEVs.  Figure 7 shows the footprint of 

fuel station with typical turning radii and setback distances in accordance with local regulations. The 

station will be placed towards one side of the parking lot to minimize disruptions to the existing site. The 

station placement allows delivery tankers and customer traffic to utilize existing driving pathways. This 

approach leads to the integration of the hydrogen fuel station without disrupting normal site operations.  

Additional details on the fuel station site can be found in Sec. 5. 
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FIGURE 7. Footprint of hydrogen fueling station. 

3. STATION COST AND ECONOMIC ANALYSIS 

 

For the fueling station to be viable, it must be profitable for the owner. The owner’s decision can be 

modeled mathematically by 
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, (1) 

where the owner has a required rate of return RR , they incur a startup cost f , monthly costs mcf , and per 

unit costs .C  The owner takes both the level of demand D and the price P  as given in the competition 

guidelines. The other variables in Eqn. 1 are: the number of months since installation t , the number of 

months the station is usable n , the discount rate r , and the proportion of the product sold l . For the 

owner to consider the installation of this device, it must be the case that RR  is greater than or equal to the 

individual’s (or company’s) required rate of return. Equation 1 can be simplified to 
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Table 1 provides an itemized list of all the system components which represents the fixed cost for a single 

station. The estimated cost of each station is predicted to be approximately $422,600.  
 

TABLE 1. Itemized list of station components. 

Equipment Manufacturer Qty. Cost*(ea.) Total 

Cryogenic Storage Tank Chart Industries 1 72,907.00 72,907.00 

1175 bar Composite 

Cylinder 

HyPerComp 

Engineering 
3 8,800.00 26,400.00 

415 bar Composite 

Cylinder 

HyPerComp 

Engineering 
13 3,900.00 50,700.00 

Semi Trailer Chassis King 1 13,500.00 13,500.00 

Container Port Containers LLC 1 4,900.00 4,900.00 

Compressor HydroPac 1 25,000.00 25,000.00 

Compressor Control 

Package 
HydroPac 1 29,000.00 29,000.00 

Chiller Budzar 1 42,824.00 42,824.00 

Refrigerant (5 gallons) Dynalene 24 350.00 8,400.00 

Coolant Tank Bailiff Enterprises Inc 1 1,380.00 1,380.00 

Mass Flow Meter Bronkhorst 2 3,222.00 6,444.00 

Automated Flow Valves Autoclave 16 3,018.00 48,288.00 

Temperature Sensors Omega 7 33.00 231.00 

Heaters Omega 3 1,375.00 4,125.00 

Pressure Sensors  Omega 7 250.00 1,750.00 

Pressure Relief Valves Swagelok 7 155.00 1,085.00 

S.S. Tubing (feet) Swagelok 100 22.80 2,280.00 

H2 Dispensing Nozzle WEH 2 10,947.00 21,894.00 

Dispensing hose (3m) WEH 2 1,948.00 3,896.00 

Breakaway Connection WEH 2 3,953.00 7,906.00 

Ventilation Fans Industrial Fans Direct 2 399.00 798.00 

Fire Resistant Interior 

Panels 
USG 36 17.28 622.08 

Fire Resistant Roof Panels USG 10 19.52 195.20 

Explosion Relief Roof Haz-Safe 1 9,000.00 9,000.00 

Fire Control Panel Fire-Lite 1 608.56 608.56 

Remote Annunciator Silent Knight 1 179.95 179.95 

Multi-Sensor Detector Fire-Lite 3 59.00 177.00 

Speaker-Strobe Fire Alarm Wheelock 6 75.00 450.00 

Fire Suppressant System Cease Fire 5 1,095.00 5,475.00 

Fire Suppressant Actuator 

Kit 
Metron 5 132.00 660.00 

Manual Pull Station Potter 1 45.00 45.00 

Hydrogen Sensors Honeywell 3 240.43 721.29 

3 kW Fuel Cell Horizon Fuel Cell 2 10,500.00 21,000.00 
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Technologies 

Workstation Computer Xi Computer Corp 2 1,499.00 2,998.00 

Secure Router Cisco 1 597.84 597.84 

Video Surveillance VideoSurveillance.com 1 3,499.00 3,499.00 

Lighting Utilitech Pro 6 69.98 419.88 

Sound Masking Generator Atlas Sound 1 373.00 373.00 

8" Soundmasking Speaker Atlas Sound 1 180.00 180.00 

Miscellaneous Electronics  N/A 1 1,000.00 1,000.00 

Fees and Permits 
City of Pullman and 

WSU 
1 650.00 650.00 

Total    422,559.80 

*Costs are approximate or estimated when actual values are unavailable. 

 

The monthly operating costs associated with the fueling station based on the specified demand are 

provided in Table 2. 
 

TABLE 2. Fixed monthly costs. 

Expense Item Monthly Cost* 

Power 521.64 

Water 160.78 

Maintenance 53.01 

Total 735.43 

*Costs are approximate based on estimated usage 

 

Using the above fixed and monthly costs, and assuming a ten-year life span and a very conservative 

discount rate of 6.25% (Small Business Administration), we can simplify our model and solve for the 

minimum price in dollars per kilogram that must be charged at the pump to be 

 
10125.9  7.77778 4695.23  RD R

P
D

 
 . (3) 

For a given demand and required rate of return, Eqn. 3 provides the minimum price per kilogram required 

to make the station economically viable. The required price schedule shown in Table 3 can be generated 

assuming the specified demand of 3,000 kilograms per month. A 5 kg tank with a 300 mile range has a 

fueling price of $57.35 based on a 20% return. Considering the most recent national average gas price of 

$3.55 per gallon (consumerreports.org 2014) and the average vehicle fuel-economy rating of 25.2 miles 

per gallon (umich.edu 2014), a typical gas powered vehicle would consume only $42.26 worth of fuel for 

a similar range. 
 

TABLE 3. Minimum price given required return and demand. 

Required Return Monthly Demand Price ( ) 

10% 3000 11.31 

20% 3000 11.47 

30% 3000 11.62 

40% 3000 11.78 

50% 3000 11.93 

 

However, if the demand for hydrogen is doubled to 50 vehicles per day, the price becomes more 

reasonable as shown in Table 4.  The cost per tank becomes $48.10 for a 20% return which is only 12% 

higher than the average gasoline powered vehicle.   
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TABLE 4. Minimum price given required return and demand. 

Required Return Monthly Demand Price ( ) 

10% 6000 9.54 

20% 6000 9.62 

30% 6000 9.70 

40% 6000 9.78 

50% 6000 9.86 

  

Consider, for example, the growth of the pure electric car industry: 447.95%
 
(evobsession.com 2014) year 

over year. Similar early growth rates were seen with Hybrid adoption (Gallagher et al. 2011). As an infant 

industry, it is not unusual to experience dramatic increases in demand. Therefore it is reasonable to 

consider the impact of increasing demand. Figure 8 summarizes this relationship between the monthly 

demand and required rate of return. 

 

 
FIGURE 8. Required price given required rate of return and demand. 

 

The minimum market price is not particularly sensitive to the required rate of return, but is quite sensitive 

to the demand as shown in Figure 8 and Tables 3 and 4. The main determinant of price will be demand, 

not operating costs or even the profit expectations of the station owner.  

 

The sensitivity of the required price to the assumed demand is integral to this analysis. The following 

relationship is found by examining the comparative static of price with respect to demand, 
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This can be converted into percent terms as follows (as well as insert assumed/calculated values), 

 
2.15663%Δ Δ

*  
%Δ Δ 2.15663 .00165653  
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. (5) 

Table 5 is provided to contextualize this result. The final column shows the allowable change in price 

with each percent increase in demand.  
 

TABLE 5. Percent change in price given required rate of return and demand. 

Required Return Monthly Demand 
   

   
 

10% 3000 -.31 

20% 3000 -.32 

30% 3000 -.33 
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10% 6000 -.19 

20% 6000 -.19 

30% 6000 -.20 

 

The reduction in price for each percent increase in demand is still very large as seen in Table 5. This 

indicates that even relatively small changes in demand (when considering an infant industry) will result in 

a much lower required price. However, the rate is diminishing as demand increases as shown in Figure 9. 

 
FIGURE 9. Percent change in price given required rate of return and demand. 

 

The production cost of each unit is expected to decrease with an increase in demand. However, predicting 

the cost of 100 units or 500 units was not possible without considerable research by the manufacturers. As 

discussed in Section 2.10, the most expensive components of this fuel station are the liquid and gaseous 

hydrogen storage tanks, compressor, chiller, and automated flow valves. If a contract for several hundred 

or thousand components was established, the manufacturer would set up a separate production line or 

automated production process to expedite production and reduce labor costs. Manufacturing components 

that are highly labor intensive such as welding may only experience a price reduction of 10% by mass 

production. Manufacturing processed that can be largely automated by the use of robotic machinery can 

see price reductions as high as 50% (Schultz 2014). It is certain that the price per unit would decrease 

with an increased demand. However, estimating this reduction would require making gross assumptions 

or extensive research on automating the manufacturing process of each component. 

3.1 CONCLUSIONS AND SUGGESTIONS 
 

The planned design of the fueling station is economically viable. The required market price is within a 

reasonable level. Nonetheless, some may be concerned that the required price is too high. As discussed 

above, many pricing concerns can be alleviated with higher demand. It isn’t unreasonable to assume a 

rapid growth rate for a nascent industry. The required price decreases dramatically with each increment of 

demand due to the cost structure of the design. This is clearly an advantage over designs where the 

marginal costs might be higher. As seen by the “Prius premium” (Sexton et al. 2013), some consumers 

may be willing to pay even more for the social benefits of adopting green technology. When one 

considers the source of battery power, hydrogen power is now the “greenest” of alternative energy 

technologies. Calculating this exact premium costumers are willing to pay would require a public survey. 

 

Refueling units can be rented to the station owners that worry about the uncertainty of demand or 

maintenance operations. If a major energy producer owns a fleet of H2 refueling stations, the company 

can inherently reduce the risk associated with local market forces and have a longer-term profit horizon. 

Further, they would be more qualified to manage and operate an additional station than an individual 

owner and they would have higher returns to scale. 
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4. SAFETY ANALYSIS 

 

The fuel station has been designed to be intrinsically safe. All tanks will be continuously monitored with 

temperature and pressure sensors by a remote operator. They will be outfitted with pressure relief valves 

to ensure tanks do not over pressurize. All system monitoring equipment can be powered by a 3 kW 

Horizon fuel cell so it is not affected by power grid failure. As a safety precaution, the station will have a 

backup 3 kW fuel cell to monitor the system in case the main fuel cell fails. This backup fuel cell will also 

be used to power all emergency and fire systems in case of a power outage. 

 

Hydrogen is flammable in air concentrations ranging from 4% to 75%. To ensure that there cannot be 

significant concentrations of hydrogen in the container, two ventilation fans will continuously pull air out 

of the container and disperse any hydrogen that may be in the container to the atmosphere. These fans can 

exchange all of the air within the trailer every minute. The fans are made of fiberglass to prevent any 

sparking which could potentially start a fire.  

 

The fueling station is fully equipped with a fire suppression system and emergency warning system, as 

discussed in Sec. 2.6. The fire suppression system will coat the interior of the container in a nonhazardous 

fire suppressant gel. The gel can simply be vacuumed up with no harmful affects to equipment or people 

after being release. The emergency warning system is equipped with multi-sensor fire detectors and 

hydrogen sensors. It is capable of calling local authorities and providing audible warning instruction to 

the public along with warning lights. A manual fire alarm pull and electrical kill switch will be located 

near the dispensing nozzles to manually activate fire and emergency protocols. The fuel station includes 

fire resistant materials to improve fire safety in addition to being completely enclosed in a steel cargo 

container. The interior walls of the container will be lined with fire walls constructed of Imperial
®
 

Gypsum Base Firecode
®
 C core panels to provide a 2 hour fire rated wall in accordance with 

Underwriters Laboratories (UL) test number U454. The roof is outfitted with SECUROCK
®
 Cement Roof 

Board that has a Flame Spread 0 and Smoke Developed 0 in accordance to ASTM E84 and E136.  In 

addition, the roof will have a Haz-safe explosion relief panel in accordance with NFPA 68 to direct any 

explosion or gas release out through the roof and away from people and equipment. 

4.1 FAILURE MODE AND EFFECT ANALYSIS (FMEA) 
 

A Failure Mode and Effect Analysis (FMEA) has been conducted on the key systems of the hydrogen fuel 

station to identify significant safety risks. All key systems were analyzed based on the severity of the 

failure, frequency of failure, and how fast/easily the failure will be detected. The criteria used to rank the 

importance, likelihood, and ability to detect failures is reported in Table 6. 

 

A Risk Priority Number (RPN) is assigned to each system to analyze the most important failure mode.  

The RPN is determined by multiplying the rankings from the severity (SEV), occurrence (OCC), and 

detection (DET). The highest RPN is given the highest priority. The FMEA analysis showing the RPN of 

each system is reported in Table 7. 

 

The dispensing system has the highest RPN as expected. Since the dispensing system is dependent on 

nearly all other systems, it is the most likely to fail. If the station is unable to dispense fuel it will provide 

an inconvenience for the customer but does not exhibit any safety concerns. It is estimated that the station 

would be unable to dispense fuel no more frequently than every six months. The primary cause for a 

dispensing system failure is due to a power outage. The two boxes in red under SEV in Table 7 represent 

a loss of system integrity if either system fails. However, the probability of either of these systems failing 

is extremely low and would be detected immediately. 
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TABLE 6. Ranking criteria used for determining the severity and frequency of occurrence for a potential system 

failure as well as how quickly the failure will be detected. 

 

TABLE 7. FMEA for key fuel station systems. 

 

Effect
Criteria: A 

failure could...
Ranking

Probability 

of Failure
Time Period Probability Ranking Detection

Criteria:  

Likelihood the 

failure will be 

detected 

Ranking

Hazardous: 

Without 

Warning

Injure a customer 

or employee
10 Almost Certain

More than once 

per day
> 30 % 10

Almost 

Impossible

Very unlikely of 

being detected
10

Hazardous: 

With Warning

Risk customer 

safety
9 Very high

Once every 3-4 

days
< 30 % 9 Very Remote

Detectectable on 

yearly inspections
9

Very High
Damage system 

integrity
8 High Once per week < 5 % 8 Remote

Detectable on 

monthly inspections
8

High Damage equipment 7 Moderate High Once per month < 1 % 7 Very Low
Detectable on 

weekly inspection
7

Moderate
Render unable to 

dispense fuel
6 Moderate

Once every 3 

months
< 0.03 % 6 Low

Easily detectable by 

visual/manual 

inspection

6

Low

Cause a loss of 

performance 

resulting in long 

fueling times

5 Low
Once every 6 

months
< 1 per 10,000 5 Moderate

Detected by daily 

system checks
5

Very Low

Cause minor 

system 

performance loss

4 Very Low Once per year
< 6 per 

100,000
4 High

Detected by remote 

operator
4

Minor

Cause a minor 

inconvenience;  can 

be overcome with 

minor 

dissatisfaction

3 Remote
Once every 1-3 

years

< 1 per 

500,000
3 Very High

Detected by remote 

operater with error 

message

3

Very Minor
Detected without 

performance loss
2 Very Remote

Once every 3-7 

years

< 1 per 1 

million
2 Almost Certain

Detected 

immediately without 

activating warning 

systems

2

None

Be unnoticed and 

not affect the 

performance

1
Almost 

Impossible
Once 7-10 years

< 1 per 10 

million
1 Certain

Detected 

immediately and 

activates warning 

system

1

Severity (SEV) Occurrence (OCC) Detection (DET)

Item / System
Potential Failure 

Mode

Potential 

Effect(s) of 

Failure

S
E

V Potential Cause(s) 

of Failure O
C

C

Prevention of 

potential 

cause of 

failure 

Detection of 

potential 

Failure Mode 

occurrence
D

E
T

RPN

Emergency Systems

Complete power 

failure, damaged 

controller or sensor

Unable to detect and 

warn of an emergency
8

Power outage and fuel cell 

failure, vandalism, faulty 

detectors

2

Backup power 

from fuel cell, 

surveillance system, 

regular system 

checks

continuous 

monitoring, weekly 

system checks

2 32

Fire Suppression
Electronic or manual 

activation

Unable to prevent fire 

after activation, clean 

inside of conatainer

5

Person or electronic 

controller unintentionally 

activates system

1

Surveillance 

systems, weekly 

system checks

system alerts 

operator, local fire 

and police

1 5

Monitoring System
Sensor or computer 

failure

Unable to monitor 

system
5

fuel cell failure, sensor 

fatigue, computer or router 

failure

3

Back up fuel cell, 

monthly inspection, 

daily system checks

remote operator 

will loose contact 

with station

2 30

Hydrogen Storage Overpressurized tank Ruptured tank, fire 8 Stuck pressure relief valve 1 Annual inspection

Tank pressure 

constantly 

monitored

1 8

Compression
Compressor 

malfunction/ shutdown
Unable to dispense fuel 6

Power outage, wear, 

fatigue, seal failure
4

Annual inspection, 

recommended 

maintenance

Compressor 

pressures 

constantly 

monitored

2 48

Dispensing

Nozzle disconnected 

or leak, Compression 

failure, power failure

Unable to dispense fuel 6

Power outage, nozzle wear 

and fatigue, user detaches 

nozzle, compressor 

shutdown, valve failure

5

Breakaway nozzle 

connector, weekly 

inspections

Monitoring system, 

onsite leak 

detection

2 60
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4.2  REGULATIONS, CODES, AND STANDARDS 
 

Developing a drop-in hydrogen fueling station must adhere to numerous regulations from a variety of 

local and national regulatory agencies. Table 8 describes the regulations that were considered and how 

they were applicable to the fueling station. Hydrogen is exempt from several regulations. These 

exemptions are reported in Table 9. 
 

TABLE 8. Applicable regulations used in the development of the hydrogen fueling station. 

Application Applicable Regulations 

Setback distances 
WAC 296-24-31505, NFPA 55, OSHA Standard 

1910.103 

Fire-resistant materials 
ASTM E84, ASTM E136, ASTM C1396/1396/M, 

NFPA 55, UL 454 

Station trailer size 
United States Department of Transportation 

Regulations 

Hydrogen fueling sites NFPA 52 

Hydrogen Dispensing SAE J2600, SAE TIR J2799 

Portable hydrogen storage containers 
OSHA Standard 1910.103, WAC 296-24-31505, 

WAC 296-24-31503 

Tanks and piping 
NFPA 2, NFPA 52, NFPA 55, OSHA Standard 

1910.103, WAC 296-24-31505 

Signage 
NFPA 55, NFPA 704, OSHA Standard 1910.103, 

WAC 296-24-31505 

Electrical equipment 
NFPA 55, OSHA Standard 1910.103, NEC  Article 

830, 840, 800.173, 800.93-A, and 514 

Exposure limits Non-applicable under OSHA Standard 1910.103 

Safety equipment 
NFPA 52, NFPA 55, NFPA 68, WAC 296-24-

31505 

 
TABLE 9. Hydrogen fuel station regulation exemptions. 

Regulation Explanation 

Emergency Planning and Community Right-to-

Know Act (EPCRA), 40 CFR 

Gaseous hydrogen is not a toxic material and is 

exempted from reporting requirements under 

Section 302 of EPCRA. 

Hazardous Materials Transportation Act Hydrogen tanks are exempted from HMTA 

5. SITING 

 

The hydrogen fuel station has been sited on the Washington State University campus in Pullman, WA for 

design convenience and feasibility. A single hydrogen fueling station would easily service all FCEVs 

within the City of Pullman for any daily commute or weekend excursion. The specific station site will be 

in the Grimes Way Steam Plant parking lot which is owned by Washington State University. The 

relationship between WSU and the City of Pullman allows WSU to regulate their own development. 

However, WSU does follow the same outlines for safety and the same general codes as the City of 

Pullman. The implementation of the hydrogen fueling station on the Washington State University campus 

was evaluated using the Site Planning Process from the City of Pullman in addition to the Washington 

Administrative Code (WAC). The WAC provides codes and regulations that are specific to the state of 

Washington and are generally in addition to, or more limiting than national regulations. Thus, if the 

hydrogen fuel station abides by the Washington Administrative Code, it likely abides by all other state 

https://www.osha.gov/pls/oshaweb/owalink.query_links?src_doc_type=STANDARDS&src_unique_file=1910_0103&src_anchor_name=1910.103
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and national regulations. Units in this section will be expressed in feet and gallons to be consistent with 

local regulations and permits.  

 

The City of Pullman has a regulated permitting process for new construction. The process is referred to as 

the Site Plan Review and includes a Conditional Use Permit, Environmental Checklist, site plan, 

architectural drawings, topographical map, landscape plan, and vicinity map. The purpose for this review 

is to establish a baseline for evaluation of a project for any harmful side effects that could occur due to the 

project. The city’s Site Plan Review Committee (SPRC) is made up of the directors for public works, 

planning and economic development, the city engineer, the fire chief, and the building inspector. The 

personnel on the board allows for an all-encompassing look at the impacts and project evaluation. This 

design and approval process is important because it provides the city planners additional information 

about the emerging technology of hydrogen fueling stations. 

 

Washington Administrative Code (WAC 296-24-31505) (apps.leg.wa.gov 2014) provides the specific 

requirements for liquid hydrogen system design, location, site considerations, operations, and 

maintenance that must be met in the state of Washington. This code is in addition to standards set forth by 

NFPA 52 and 55. Part two of this code refers specifically to locations of liquefied hydrogen storage.  The 

fuel station also falls under WAC 296-24-31502 regarding gaseous hydrogen systems because of the 

storage of compressed hydrogen gas. However, only the codes for liquid hydrogen systems are discussed 

here because the regulations and rules for liquid hydrogen systems are more limiting than gaseous 

systems. All internal plumbing, sensors, pressure relief, and ventilation components have been selected to 

be in accordance with NFPA 52 and 55 where there were no local WAC requirements. Each of the 

regulations is determined based on the volume or size of the hydrogen storage tanks in gallons. The 

hydrogen fuel station has a 3150 gallon liquid hydrogen storage tank. Table 10 shows the required 

setback distances for the storage tank used in this fuel station. 
 

TABLE 10. Minimum distance (in feet) from liquefied hydrogen systems to exposure from Table H-4 of WAC 296-

24-31505. 

Type of Exposure 

Liquid hydrogen 

storage 

39.63 to 3,500 gal. 

1. Fire-resistive building and fire walls* 5 

2. Noncombustible building* 25 

3. Other Buildings* 50 

4. Wall openings, air-compressor intake, inlets for 

air-conditioning or ventilating equipment 
75 

5. Flammable liquids (above ground and vent or fill  

openings if below ground) 
50 

6. Between stationary liquefied hydrogen containers 5 

7. Flammable gas storage 50 

8. Liquid oxygen storage and other oxidizers 100 

9. Combustible solids 50 
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10. Open flames, smoking, and welding 50 

11. Concentrations of people** 75 

12. Public ways, railroads, and property lines 25 

* Refer to standard types of building construction, NFPA No. 22-

1969 

** In congested areas such as offices, lunchrooms, locker rooms, 

time-clock areas, and places of public assembly 

Note 1: Note 1: The distance in Nos. 2, 3, 5, 7, 9, and 12 in Table 3 may 

be reduced where protective structures, such as firewalls equal to 

height of top of the container, to safeguard the liquefied 

hydrogen storage system, are located between the liquefied 

hydrogen storage installation and the exposure.  

Note 2: Where protective structures are provided, ventilation and 

confinement of product should be considered. The 5−foot 

distance in Nos. 1 and 6 facilitates maintenance and enhances 

ventilation 

The setback distances specified under Note 1 (2, 3, 5 ,7 ,9 and 12) will be reduce by 2/3 or to 5 feet 

(whichever is greater), in accordance with chapter 11 of NFPA 55 since the hydrogen fuel station has 

been designed with fire resistant walls rated for two hours. Figure 10 shows a diagram of the site with the 

required setback distances from the hydrogen fueling station. The site has existing electric and water 

infrastructure, two gasoline pumps, and is 150 feet from a fire hydrant.  
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FIGURE 10. Site layout on the WSU campus showing setback distances surrounding the hydrogen fueling station. 
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This fuel station site adheres to state WAC regulations, has access to both the required electricity and 

water infrastructure, and meets the local conditions and requirements set forth by the City of Pullman and 

WSU. This location was not only picked for its access to power and water but also vicinity to an existing 

gasoline pumps used by WSU’s motor pool. WSU is known for embracing emerging technologies and a 

having a progressive attitude. For these reasons it was chosen as the primary site of this hydrogen fueling 

station.  

6. OPERATION AND MAINTENANCE 

 

Autonomous operation relies on a controls and information system that will orchestrate components 

during charging, fueling, and emergency situations. The mechanical equipment and emergency systems 

will be powered directly from the main power grid during normal operation. The monitoring system 

which includes sensors, automated valves, computers, and wireless communication equipment will have 

the option of being powered from the grid or by a 3 kW fuel cell that runs off of the boil off vapor from 

the liquid storage tank. When the liquid storage tank is full, the boil off rate of 0.3 % per day corresponds 

to 2.2 kg. Since the fuel cell requires significantly more hydrogen (roughly 5 kg per day) it is more 

efficient and economical to run the monitoring systems off of the grid power rather than boiling liquid 

hydrogen to generate electricity. Implementing a fuel cell is critical to ensure that the fuel station can be 

monitored continuously, independent of the power grid for safety reasons. As a safety precaution, a 

backup 3 kW fuel cell will be included to ensure normal monitoring operations if the primary fuel cell 

fails. The backup fuel cell will also be used to power emergency and fire suppression systems in case the 

main grid power fails.  

 

The power flow circuit will follow a logic-driven combination of Normally Open (NO) and Normally 

Closed (NC) switches. For example, when power from the main grid is cut off, the NO switch that 

connects the backup fuel cell will be closed to continue emergency systems operations. The power 

supplied to the fuel station will be connected through a mechanical safety "kill-switch" that can turn off 

all operations during emergencies. The station can be fully monitored and maintain emergency system 

operations for a minimum of 48 hours without power from the main grid, but can continue potentially for 

weeks depending on the amount of onsite hydrogen. This design feature is critical to ensuring the 

integrity of the fuel station and the safety of the public.  

 

The temperature and pressure sensors in each tank, automated valves, and the kill-switch will 

communicate data via individual Sensor Data Collectors (SDC). The measured data from each sensor will 

be communicated to the main Communication Module using Arduino Ethernet Shield
®
 connected to an 

Arduino Uno
®
 board. Data and commands are considered as external data to the local control center 

because of the remote access capabilities. Signals from the sensors and automated flow valves will be 

transmitted to the communication module. The temperature and pressure measurements will be passed to 

the logic block for processing. The logic block will control routine operations like discharging and 

charging the storage tanks by determining which valves to open and close based on fueling demand and 

operational parameters of each tank. The logic block also controls when the refrigerator, compressor, and 

other auxiliary systems need to be running.  The result is a completely autonomous system that requires 

minimal monitoring. All system information will be sent to an operator at a remote control center where it 

can be analyzed and overridden if necessary. Figure 11 shows the flow of electrical power and 

information that will be used to operate the hydrogen fueling station. “External Systems” refers to the 

consumer interface equipment, lighting, and surveillance equipment. “Emergency Systems” refers to the 

fire detect, suppression, and warning systems. These systems have been designed to always be operational 

to protect the customers and equipment. 
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FIGURE 11. System diagram showing the flow of information and electrical power. 

 

The hydrogen fuel station has been designed to operate with minimal maintenance and human interaction. 

The only moving parts in the entire system are the hydrogen compressor, the compressor and pump in the 

chiller, ventilation fans, automated valves, and the flow controllers. All equipment was selected to have 

long operating lifetimes in excess of 10,000 hours of operation, with little maintenance. All machinery is 

only operated as need to maintain system operation. The compressor and chiller will run between 2 and 4 

hours per day with the current demand. It is recommended that these components get visually inspections 

every few months. The compressor, chiller, plumbing, and storage tanks should never have to be replaced 

in the 10 year life span of the station. Ventilation fans have a full two year warranty but should easily 

exceed this lifespan by running on the low settings or alternating operation between fans during off peak 

hours. The liquid cooling bath that cools the medium and high pressure tanks will slowly condense water 

into the solution, decreasing the concentration of the refrigerant. When this happens the solution turns 

cloudy as ice crystals start to form in the solution. It is recommended that a concentrate be added to the 

liquid bath every few weeks as need. The manufacturer recommends inspecting the hydrogen fuel nozzles 

every three months and checking for leaks. The WEH fueling nozzles must also be sent back to the 

manufacturer every three years for refurbishing. 

 

Due to the nature of electrical components, failures often occur abruptly and without warning. To 

minimize downtime, electrical components and sensors are monitored in real time so any failures or errors 

will send a warning message to the remote operator instantly. All electrical components are readily 

available from numerous vendors to speed up the replacement or repair time. The system utilizes standard 

plumbing and electrical practices so no special tools or equipment are needed to replace components. 
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In the event of a major failure that will result in long repair times, the transportable fuel station can be 

picked up via semi truck and hauled to the factory for maintenance. A new, fully-functional unit can be 

trucked in, unhook, and connected to the on-site power and water. This strategy reduces the downtime of 

a site to less than 24 hours.   

7. ENVIRONMENTAL ANALYSIS 

 

The proposed plan is to setup a transportable hydrogen fueling station in Pullman, WA. The site located 

on the Washington State University campus will result in the loss of 24 parking spaces. This will reduce 

traffic from gasoline-powered vehicles and also reduce non-point source pollution (see section 7.2) from 

vehicles driving through the campus. The proposed plan also lowers exhaust and runoff contaminants 

associated with gas vehicles. All H2 fuel station equipment runs on electric motors so there are no exhaust 

gases or emissions associated with normal operation. 

 

There are two alternatives to the proposed plan: not taking action and building a permanent station. Not 

taking action would simply mean cancelling or not carrying out the project. The other alternative would 

be to install a permanent, fixed-location hydrogen station instead of the proposed portable station. This 

would require a permanent loss of parking spaces at WSU and would also require the existing parking lot 

to be torn up in order to build the foundation for a permanent station. There would be significant 

emissions from construction equipment associated with a permanent station that are not included in a 

portable station. Delivery emissions will remain the same regardless of whether the station is permanent 

or portable. 

 

Building a permanent station would require disturbing the ground within the entire site to lay power 

cables and would likely require an underground storage tank similar to other compressed hydrogen plant 

that has been constructed with Department of Energy support. This disturbance does not occur with the 

preferred alternative because the entire fueling station is located above ground. 

7.1 RESOURCE ANALYSIS 
 

The only resource that will be consumed during operation of the hydrogen fueling station to store, 

compress, and dispense hydrogen is electricity. This station in its basic configuration will not produce 

hydrogen gas onsite therefore a resource analysis of feedstock has been omitted. Water will be used to 

remove heat from the compressor and the condenser of the chiller but since it is not consumed it will not 

be part of this analysis. The electricity consumed for each component in this analysis has been normalized 

for peak hourly requirements per kilogram hydrogen dispensed for comparison purposes (Gardiner 2009). 

Electricity consumed in auxiliary systems (lighting, communications, etc.) has been omitted. 

 

Electricity for hydrogen compression will be consumed in two separate systems. The cryo-compression 

system will vaporize liquid hydrogen resulting in high pressure gas (1125 bar) by converting electricity to 

heat in resistive heaters. Joule (resistive) heating is essentially 100% efficient which is an advantage over 

compressors with high outlet pressures (880 bar, 60% total efficiency). Electricity can be saved by letting 

natural heat conduction vaporize the LH2 charge. The savings depend on the time between fill-ups; 

electricity will be used less during off peak hours.  

 

Electricity will be consumed by the HydroPac reciprocating compressor in the medium pressure (414 bar) 

system. The compressor type chosen generally has 65% isentropic efficiency and 92% electric motor 

efficiency (60% total efficiency when combined). Isentropic work that will be done by the compressor for 

peak hourly fuel demands was calculated. From the isentropic work the specific electricity requirements 

for the compressor were found by applying the previously mentioned efficiencies.  
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The Budzar chiller will consume electricity to operate the refrigerant compressor and circulation pump. 

For this analysis the heat load from the hydrogen processed by the compressor was transformed to 

electricity consumed by the chiller using Budzar’s specified coefficient of performance (COP) of 1.38. 

This amount was normalized to get the peak hourly electricity required by the chiller per kilogram of 

hydrogen delivered.  

 

A diagram showing energy flows in to and out of the system is shown in Figure 12. The values are 

normalized for the assumed average fill of 3.75 kg H2. The electrical input (eelectricity) includes electricity 

that will be used by the compressor, heater, and chiller. It already assumes inefficiencies making the value 

larger than the ideal case which was used to calculate the hydrogen enthalpy change. The liquid enthalpy 

(eLH2) has been adjusted for the latent heat of vaporization to change phase from liquid to vapor. The gas 

enthalpy leaving the system (egH2) is a property of hydrogen in a fully charged vehicle tank. The heat 

leaving the system with the cooling water (qcooling) is a function of heat added to the system by 

compression.  

 
FIGURE 12. Hydrogen station energy balance per kg of H2 dispensed. 

7.2 EMISSION ANALYSIS 
 

The BP Cherry Point Refinery in Blaine, WA produces 40 million cubic feet of hydrogen per day. The 

drop-in fueling station will require 421.094 cubic feet of hydrogen per week and, with the assumption of 

weekly tank replacements, will require 21,896.89 cubic feet of hydrogen per year. The proposed hydrogen 

station's consumption is .00015% of BP Cherry Point's annual production. BP Cherry Point's 2010 Annual 

Environment Statement states that hydrogen production accounts for sixteen percent, or 186,933 tons, of 

the Cherry Point Refinery's greenhouse gas emissions. BP Cherry Point reports criteria pollutants 

(nitrogen oxide and dioxide, sulfur dioxide, carbon monoxide, particulate matter, and volatile organic 

compounds) as a single figure but, with the same ratio applied to the approximately 5150 tons of annual 

refinery emissions of criteria pollutants, hydrogen production is projected to account for an estimated 

total of 824 tons of these chemicals from hydrogen production. The proposed hydrogen fueling station, as 

0.00015% of BP Cherry Point's annual production, is responsible for 28.04 tons (25437.46 kg) of 

greenhouse gases and 0.77 tons (698.53 kg) of criteria pollutants annually. 

 

Transportation from BP Cherry Point to the fueling station in Pullman, WA will be by tanker truck and 

will be a 392 mile journey. For trucks traveling to Pullman, this means a round-trip distance of 784 miles 

per tank of hydrogen delivered and an annual distance of 40,768 miles. EPA estimates that "heavy-duty" 

diesel trucks release 0.0048 and 0.0051 grams per mile of nitrous oxide and methane. This means 195.68 

g of nitrous oxide and 207.92 g of methane are released annually as a byproduct of hydrogen tank 

transportation. EPA estimates tractor-trailer mileage to be approximately 6.2 miles per gallon. This means 

that approximately 6,575.5 gallons of fuel are required to move the hydrogen from the refinery to the 

fueling station and, consequently, transportation will produce 66741.16 tons (60546561.88 kg) of carbon 
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dioxide. The emissions associated with locating a hydrogen fueling station in Pullman, WA are provided 

in Table 11. 
 

TABLE 11. Estimated emissions associated with a hydrogen fueling station in Pullman, WA. 

 Greenhouse gases (incl. CO2) in 

kilograms 

Criteria pollutants (incl. NOx, 

SOx, PM, VOC) in kilograms 

Production 25437.46 698.53 

Transportation 60546561.00 0.20 

Total 60571998.46 698.73 

7.3 NOISE ANALYSIS 
 

The noise generated by the hydrogen fueling station will hardly be noticed by the public. The only 

mechanical machinery generating noise in the fuel station is the compressor, chiller, and ventilation fans. 

There may also be a small amount of noise generated by the electrical components (fuel cell, computer, 

etc.) that will be insignificant compared to the mechanical equipment. The HydroPac compressor 

generates 85 dBA at 3 meters when operating. The Budzar chiller generates approximately 80 dBA when 

operating. The noise generated by the ventilation fans will be assumed negligible when compared to that 

of the noise generated by the compressor and chiller. Since the frequency and phase of the noise has not 

been specified by the manufacturer, it is difficult to determine the noise signal generated within the 

container. To overcome this challenge, an Atlas Sound AA-GPN1200 sound masking generator and 

speaker that is able to cancel a wide range of noise frequencies common to industrial equipment will be 

used (Gerges et al. 2014). The noise will be muffle farther because it is enclosed in a steel cargo container 

that is lined with a fire resistant wall. Thus, the noise generated by the hydrogen fueling station will not 

adversely affect the public. 

8. INTERFACE DESIGN AND CUSTOMER EDUCATION 

8.1 INTERFACE DESIGN 
 

Costumers will interact with the hydrogen fueling station via touch screen tablet computer located next to 

each nozzle. They will first be greeted with a welcome screen stating the benefits of hydrogen and 

marketing for the station as shown in the top left of Figure 13. Once the start button is selected users will 

be prompted to select payment type. A choice will be available for those with PayPal accounts in addition 

to the common payment methods. Once payment is accepted the user will be given instruction on how to 

connect the nozzle to their vehicle and commence fueling. A status screen will show the costumer the 

real-time state of charge of their vehicle tank based on the system’s measurement. Once fueling is 

complete the user will be instructed to disengage the nozzle. The last screen will give options for their 

receipt. Eco-friendly users can choose to have an electronic copy of the receipt emailed (enter email 

address screen not shown) or not print a receipt and save paper. An “Emergency” icon will always be 

present on the screen for the user to select in the case of hazardous situations. The operator will first be 

notified if this button is pressed so that they can assess the situation and initiate the appropriate response. 

Inadvertent selecting of the button will not immediately shut down the system because the operator will 

be asked to respond first. The interface “Emergency” screen will direct the user to use the physical 

emergency “kill-switch” if there is a hazardous situation.  
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FIGURE 13. Graphical user interface used by customer. 

 

Information can be requested by the customer by selecting the always present orange icon in the lower 

right of the screen. Users will be provided a site map (supported by Google Maps) showing their location 

and available amenities near them. If the hydrogen station is off line the site map screen will direct 

customers to the next nearest fueling station. Information about hydrogen and the drop-in station can be 

found by selecting the “About” icon. An operator can always be contacted for further assistance by 

selecting the “Helpline” icon which will initiate a live video chat.   

8.2 CUSTOMER EDUCATION 
 

Public awareness and acceptance of the drop-in hydrogen fueling station will be generated by an 

advertisement posted at the station and distributed through local media channels. Figure 14 shows an 

example advertisement flyer. The advertisement will attract attention with the large adaptation of a street 

sign announcing hydrogen vehicles produce essentially zero emissions. The station itself is depicted as a 

clean, modern structure in the advertisement helping to attract customers. The included text eases safety 

concerns by informing that NASA used liquid hydrogen storage successfully for decades. It also provides 

support for the station design by saying it is the most efficient station on the market (compared to gaseous 

storage and high pressure compression systems). The advertisement text also states that lower station cost 

and FCEVs having no emissions benefit everyone and implies that domestic fuel production reduces 

dependency on foreign oil. 
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FIGURE 14. Advertisement for a hydrogen fueling station. 

9. OPTIONAL FEATURES 

 

Drop-in hydrogen fueling stations can easily be customized to suite local community’s needs. The 

addition of backup fuel cells can be readily implemented to supply up to 30 kW of electricity to 

emergency control centers during power outages or natural disasters. Hydrogen cylinders for energy or 

research applications could easily be filled directly from local fueling station as opposed to ordering them 

from national or regional distributors. 

 

By connecting the transportable fueling station to a hydrogen production facility, the efficiency of the 

fueling station can be increased greatly. Liquid hydrogen can be conserved for high-pressure cryo-

compression while the bulk of the hydrogen fuel delivered by the medium pressure tanks can be extracted 

by the generation facility. This would increase the time needed between LH2 deliveries. The system can 

easily be expanded to meet increased demand by adding nozzles to both sides of the trailer and increasing 

the number of medium and high pressure storage tanks in the system.  

 



 

i 

 

REFERENCES 

 

1. “Average gas prices.” consumerreports.org. Energy Information Administration, 17 Mar. 2014. 

Web. 17 Mar. 2014. 

2. “Average sales-weighted fuel–economy rating (window sticker) of purchased new vehicles for 

October 2007 through February 2014.” umich.edu. University of Michigan Transportation Research 

Institute (UMTRI), 4 Mar. 2014. Web. 17 Mar. 2014. 

3. Brunner, Tobias. “Hydrogen Storage Workshop.” BMW Hydrogen. Washington D.C., 15 February 

2011. 

4. “Fire-Resistant Assemblies.” usg.com. United States Gypsum Company, 2013. Web. 14 Mar. 2014.  

5. Gallagher, Kelly Sims, and Erich Muehlegger. "Giving green to get green? Incentives and consumer 

adoption of hybrid vehicle technology." Journal of Environmental Economics and Management 61.1 

(2011): 1-15. 

6. Gardiner, M. “Energy Requirements for Hydrogen Gas Compression and Liquefaction as Related to 

Vehicle Storage Needs,” DOE Record #9013, July 7, 2009. 

7. Gerges, S., Sehrndt, G. A., and Parthey, W. “Noise Sources.” who.int. World Health Organization, 

n.d. Web. 14 Mar. 2014. <http://www.who.int/occupational_health/publications/noise5.pdf>. 

8. Schneider, Jesse. “SAE J2601- Worldwide Hydrogen Fueling Protocol: Status, Standardization & 

Implementation.” SAE Fuel Cell Interface. n.d. Accessed 12 Mar. 2014. www.energy.ca.gov/. 

9. Schultz, Allen. PEAK Engineering and Automation Co. Personal conversation with Ian Richardson. 

15 Mar. 2014. 

10. Sexton, Steven E., and Alison E. Sexton. "Conspicuous conservation: The Prius halo and willingness 

to pay for environmental bona fides." Journal of Environmental Economics and Management 

(2013). 

11. Technology Transition Corporation (TTC). (22 March 2010). Hydrogen and Fuel Cells: The U.S. 

Market Report. Available from http://www.hydrogenassociation.org/. 

12. “WAC 296-24-31505: Liquefied Hydrogen Systems.” apps.leg.wa.gov. Washington State 

Legislature, 2003. Web. 12 Mar. 2014. 

13. Zach. “100% Electric Car Sales Up 447.95% in US in 2013.” evobsession.com. 4 Oct. 2013. Web.  

14 Mar. 2014. 

 

 

 

 

http://www.energy.ca.gov/
http://www.hydrogenassociation.org/


 

ii 

 

APPENDIX 

The project guidelines requested a picture of how a fuel station may look, a one-page illustration showing 

the customer interface and step of the refueling process, and a one-page advertisement. These additional 

figures were not included in the page count of the report. Figure 15 shows a rendering of how one of the 

hydrogen fueling stations may look. Figure 16 illustrates the progression of steps that a customer would 

encounter during the refueling process. Figure 17 is an advertisement promoting the hydrogen fueling 

station and educating the public on hydrogen technologies. 

 

FIGURE 15. Rendering of a transportable hydrogen fueling station. 
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FIGURE 18.ADVERTISEMENT PROMOTING THE HYDROGEN FUELING STATION AND EDUCATING THE 

PUBLIC ON HYDROGEN TECHNOLOGIES. 
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