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Executive summary                                       

 

Nowadays, depletion of fossil fuel glaringly causes gradual cost up for energy use. 

Also CO2 emission problem is being highly on the stage. So absolutely this is the era 

we have to take into account new energy resource. Hydrogen must be one of ideal solutions 

in terms of no carbon emission except for production phase, plenty of use possibility, 

and easy to access depending on circumstances. FCV is good for taking hydrogen. However, 

the current cost for dealing hydrogen is high as approximate three times as that of 

gasoline. the key point would be remarked as how to increase the infrastructure so 

that the demand market could straight up and allow users frequent access.  

 

One way to encourage this in early developing phase, in 2016~2025, transportable 

hydrogen station is meeting the needs since adoptable for just small amount of hydrogen 

and available anywhere due to its high mobility. Hence, as required in this contest, 

our proposal would absolutely give hands to help hydrogen early demand market increase. 

 

We propose off-site model, evaluated as low investment cost and capable of operating 

under stand-alone, so easier to disperse anywhere. Basically we get hydrogen from the 

plant that already has their own facility to produce and sell hydrogen to customers. 

Our target place is located in Pasadena Texas, where reforming generates hydrogen. 

We think this site is quite acceptable because the site for transportable hydrogen 

station is better to be placed at site aiming to increase station opportunity to local 

user due to undeveloped market. In addition, our site proposition is quite in a short 

distance within 35-40km for delivery, meaning quite low transportation cost. As for 

hydrogen delivery, we would get transported hydrogen already pressurized up to 400bar 

that Airproduct could deal with. 237kg of hydrogen could be transported each time, 

and then almost all amount are capable of being dispensed to FCV due to the efficient 

working rate by two compression working system, main compressor and small boosters 

equipped for each one.  

 

The initial total investment would be around US$ 1.5 MM. This could be recouped within 

10 years by selling hydrogen by around 20US$/kg that is considered as current average 

market price. Furthermore sales if the cost of higher pressurized tank (up to 1000bar) 

will reduce depending on market growth, our system will help to bring out flexibility 

of increasing volume and sales if the cost of higher pressurized tank (up to 1000bar) 

will reduce depending on market growth. 

 



(3) 

 

Table of Contents  

 

Executive summary ........................................................................................................... (2) 

 

Table of contents ................................................................................................................ (3) 

 

 

1. Design ............................................................................................................................ 1 

1.1 Key component ........................................................................................................... 1 

1.1.1 Hydrogen delivery .................................................................................................. 1 

1.1.2 Adoption of the transportation framework / unit method ..................................... 1 

1.1.3 Dispensing system .................................................................................................. 2 

1.1.3.1 Accumulator ........................................................................................................ 2 

1.1.3.2 Pre-cooling system and pressure fueling ............................................................ 2 

1.1.3.3 Dispensing system and characterizations .......................................................... 3 

1.1.4  Compression ............................................................................................................. 4 

1.1.5  Storage ...................................................................................................................... 5 

1.1.6  Telecommunications ................................................................................................. 6 

1.1.7  HVAC ........................................................................................................................ 7 

1.1.8  Safety equipment ...................................................................................................... 7 

1.1.8.1  Introduction ........................................................................................................... 7 

1.1.8.2  Temperature detector ............................................................................................ 8 

1.1.8.3  Gas detector ........................................................................................................... 8 

1.1.8.4  Deluge system ........................................................................................................ 8 

1.1.8.5  Fire detector, Fire extinguisher, Hot line to the fire department ........................ 8 

1.1.8.6  Fence, Security camera ......................................................................................... 8 

1.1.8.7  Alarm, Warning light ............................................................................................ 9 

1.1.8.8  Artificial lightning ................................................................................................. 9 

1.1.8.9  Breaker of the electric system ............................................................................... 9 

1.2  Key feature .................................................................................................................. 9 

1.2.1  Transparency ............................................................................................................ 9 

1.2.2  Modularity ...............................................................................................................10 

1.2.3  Mass production ......................................................................................................10 

1.2.4  Footprint ..................................................................................................................10 

2. Economics ..................................................................................................................... 11 

2.1 Capital cost ............................................................................................................... 11 

2.2 Operating cost ........................................................................................................... 11 

2.3 Market price for prototype fueling system ...............................................................12 



(4) 

 

2.4 Matrix of hydrogen sales price .................................................................................13 

2.5 Economics .................................................................................................................15 

3. Safety analysis .............................................................................................................16 

3.1 Failure Mode and Effects Analysis (FMEA) ............................................................16 

3.2 Analysis result ..........................................................................................................16 

4. Regulations, codes and standards ...............................................................................18 

4.1 Separation .................................................................................................................18 

4.1.1 Between storage system and exposure .................................................................18 

4.1.2 Between dispense system and exposure ...............................................................19 

4.2 Quantity of hydrogen storage and use .....................................................................19 

4.3 Safety precaution ......................................................................................................20 

4.3.1 Vehicle impact protection ......................................................................................20 

4.3.2 Emergency shutdown device .................................................................................20 

4.3.3 Vehicle fueling pad ................................................................................................21 

4.3.4 Maintenance ..........................................................................................................21 

4.3.5 Smoking .................................................................................................................21 

4.3.6 Fire protection system ...........................................................................................21 

4.3.7 Emergency alarm ..................................................................................................21 

5. Placement of the H2 station ........................................................................................22 

6. Environmental analysis ...............................................................................................25 

6.1 Resource analysis .....................................................................................................25 

6.2 Emission analysis .....................................................................................................26 

7. Marketing and education .............................................................................................27 

7.1 Marketing .................................................................................................................27 

7.2 Education ..................................................................................................................27 

8. Reference ......................................................................................................................30 

Appendix .............................................................................................................................33 



1 

 

1  Design                                                

1.1 Key component 

1.1.1 Hydrogen delivery 

We designed an off-site drop-in hydrogen station, which would aim to use city gas 

reformed hydrogen from a large plant. In this design, hydrogen is compressed for 

transporting form the plant to the station. This plan has two significant merits. The first 

is the expansion of station coverage i.e., it proves beneficial for spreading out if the plant 

in case of a hub and the satellite station. Also being an endothermic reaction, the steam 

reforming process should be integrated into one plant to reduce energy loss. If hydrogen is 

prepared on-site, not only is there a substantial heat loss, but the process also requires a 

hydrogen production device in each station. Moreover when compared with an off-site 

model, the investment drastically increases with the increase of demand for hydrogen. On 

the other hand, if the capacity for hydrogen production of the hub plant is adequate 

enough and the demand increases, an off-site hydrogen station can cope with increase of 

hydrogen demand much more economically. The second merit is the simplification of the 

whole system by the compressed gas transportation method. In order to be dispensed at a 

pressure of 700 bar, hydrogen should be transported in a compressed gas state to reduce 

the number of processes and components. Furthermore, cutting down of components can 

not only offer omission and automation but also, decreases the chances of machine failure 

thereby facilitating the operation and maintenance. 

 

1.1.2 Adoption of the transportation framework/ unit method 

The characteristic facilities of our design are transportable units by simply exchanging 

them. Firstly, we put hydrogen in a transportation container. Next, we place the 

container in the satellite station and replace it with the previous container. Finally, we 

collect the empty containers and repeat the refueling process. Thus, by this technique it is 

possible to suppress the cost without the need for a compressor at the time of loading/ 

unloading hydrogen, and it also simplifies the design. Furthermore, the plant can 

maintain a constant hydrogen production amount, which can run as a base minimum 

amount (without start-up and shut-down) when consider this transportation unit as 

having storage facilities in hub plant. In addition, we can meet the hydrogen demand for 

a wide range to some extent with one plant as far as the hydrogen production ability of 

the plant exceeds demand if we build the middle storage facility of the unit in the place 

remoter than a hub plant. Accumulators of pressures exceeding 700 bar are expensive 

(the details are in chapters of the cost estimates) and takes the policy carrying 100 kg of 

hydrogen every day at a time in 400 bar from the relations of the transportation cords. It 

is expected that the market of cadres and accumulators spreads by demand for hydrogen 
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increasing, and it is anticipated that the price of the high-pressure transportation cadres 

decreases. It can increase quantity of hydrogen carried at a time by putting up the 

pressure limit of the cadres, and can cope with increase of the demand flexibly. 

 

1.1.3 Dispensing system 

1.1.3.1 Accumulator 

In our design, hydrogen is dispensed by differential pressure dispensing. Dispensers and 

accumulators are equally important for this system, and accumulator was chosen first. To 

supply hydrogen at 700 bar to an FCV tank, the system needs a higher discharge 

pressure (more than 700 bar) from the accumulator. If the discharge pressure in an 

accumulator is more than 770 bar hydrogen is fast enough to meet supply time of 5 

minutes. Hence, we decided to use an accumulator which would be able to withstand 

pressures of up to 930 bar and also, simultaneously while supplying hydrogen the 

pressure in it can be reduced to 770 bar. In this case, partial reduction of pressures can 

dispense up to 10 kg in 5 minutes to two cars. Hence for this, the volume of accumulator 

required would be  

𝑉 =
𝑚𝑅𝑇

∆𝑝
=

10 × 4124 × 293.15

(930 − 770) × 105
= 0.76m3 

Where R is gas constant of hydrogen 4124 [J (kg ∙ K)⁄ ] and T is the absolute temperature 

at standard condition 293.15K (20℃). By this calculation, we decide to use four of 

accumulators produced by SAMTECH; its can resist up to 930 bar and is 200L of volume; 

the total volume of accumulation unit is 0.80 m3
[1] 

 

1.1.3.2 Pre-cooling system and pressure fuelling 

The standardization of SAE TIR J2601 has defined fuelling station dispenser type by its 

capability to dispense hydrogen fuel at a specific temperature. By means, there is a 

correlation between the “pre-cooling” temperature and the fuelling speed. Described in 

the guideline, there are 4 general types of fueling dispenser as shown in Table 1.1. 

 

Table 1.1 Four general types of fueling dispenser 

Dispenser type Min. pre-cooling temperature Max. Pressure fuelling flexibilty 

Type A -40˚C 700 bars & 350 bars 

Type B -20˚C 700 bars & 350 bars 

Type C 0˚C 350 bars 

Type D n/a 350 bars 

 

Our objective is to transfer the maximum amount of Hydrogen in the shortest amount of 

time without overfilling or exceeding the maximum allowable fuel temperature. And 
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based on the refueling protocol pressure corridor; 

The gas temperature in the FCV’s storage system will increase due to the heat of 

compression of the hydrogen gas. Thus, in order to prevent the tank from overheating 

within the operation time (handling-waiting-refueling), the hydrogen gas shall be 

pre-cooled initially prior to dispensing. Hence, type-A dispenser is the best choice for our 

dispensing system for the temperature of the pre-cooled hydrogen at the nozzle outlet of 

the dispenser shall be within the required minimum temperature of -40˚C. With this also, 

the filling rate are sufficiently decreased to avoid high temperatures. 

 

1.1.3.3 Dispensing system and characterizations  

Onto the description of the dispenser, the dispenser outer shell cabinet shall be made 

from non-combustible and anti-static materials with the interior shall be adequately 

naturally ventilated. It shall be designed with the wireless data collection and archiving 

through the Air Products’ electronic Remote Access Monitoring (eRAM) system for proper 

operation.   

The dispenser shall be equipped with two universal metal nozzle boots and hoses with 

protected jacket for both 700 bar and 350 bar dispensing pressure. The fuelling hose 

assembly shall be strong enough to withstand reasonably expected loads. The dispenser 

itself shall has an additional safety features of a secondary control system to 

independently stop the filling process if a hose is broken, or in a case of high hose 

pressure and abnormal ramp rates. It will also need enclosed and shrouded breakaway 

connectors to prevent the release of hydrogen if the hose is pulled away during filling. 

However, only an authorized person shall be able to reconnect the breakaway coupling 

once activated. Emergency stop button and operating instructions are well prepared with 

it.  

The dispenser must be well utilized with OEM specific fill algorithm and has this 

flexibility of two simultaneously filling. The temperature control for the hydrogen shall 

never be lower than -40˚C and it shall has the nominal fill quantity of 1-10kg per fill for 

light-duty FCV with a complete fill accuracy up to 98%.  

The customers can have both credit card and RFID payment options with store 

point-of-sale interface. A customer-friendly user interface is described to also have a debit 

payment system and 5.7” color LED display with on-screen training instructions for first- 

time users.  

Several suppliers offer the same type of dispenser however, Air Product has the best 

fundamentals as described above and it meets all the capabilities and the expectations of 

refilling FCVs in a safe, fast and reliable manner. All of its key features are compiled with 

the Society of Automotive Engineers (SAE) standards; SAE TIR J2600, SAE TIR J2601, 

SAE TIR J 2719, and SAE TIR J 2799.  
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1.1.4 Compression 

We adopt a differential pressure filling method when supplying hydrogen to the FCV. 

Thus, speed of filling time per FCV depends on the volume and pressure of the 

accumulator and, the supply to the number of FCVs per day depends on the ability of the 

compressor. Thus, we can always run compressors at a rating output in comparison with 

a direct filling method where a compressor is needed at the time of filling (at a stretch). A 

criterion for the compressors is to meet the condition of "operating six hours a day". Since 

hydrogen is a reversible adiabatic compression in the compressor, we can calculate the 

output at by the following formula[2]. 

𝑃 =
𝜅𝑝1𝑞1̇

𝜅 − 1
{(

𝑝2

𝑝1
)

𝜅−1
𝜅⁄

− 1} 

It is essential that we choose the output of the compressor at the maximum possible value 

while keeping it economical. At first we calculate the volume flow quantity 𝑞1̇ using 

mass flow quantity and specific volume. However, since we use the standard flow rate of 

the state in the use of the compressor, we need to change the values in order to adapt to 

this flow rate. 

𝑞1̇ = �̇� ∙
𝑅𝑇

𝑝
=

5 × 6

602
∙
4124 × 293.15

1.0 × 105
= 0.101𝑁𝑚3 𝑠⁄ = 363 𝑁𝑚3 ℎ⁄  

For deciding on the value (𝑞1̇) we use, atmospheric pressure p1 = 1.0 bar as the input and 

make pressure up to p2 = 930 bar, the necessary output. The required power for such a 

compressor is calculated below. 

 

𝑃 =
1.405 ∙ 1.0 × 105 ∙ 9.95 × 10−2

1.405 − 1
∙ {(

930

1.0
)

1.405−1
1.405⁄

− 1} = 2.16 × 105 W ≅ 216 kW 

 

As a result of having investigated the most suitable compressor from the 

above-mentioned calculation result, we decide to use hydrogen compressor of pure energy 

centre in the U.K. as the main compressor and 120HGD10-50 produced by Haskel as 

booster compressors[3], [4]. 

While using main compressor it is desirable to use booster compressor for each 

accumulator tanks, since power of this main compressor is only 200kW. The number of 

booster is four, and power and flow rate of several boosters is quarter of main compressor, 

while Maximum outlet booster should be more than 930 bar. With the help of these 

boosters besides main compressor, a station can supply hydrogen at a refueling speed of 6 

cars per hour (with storage and dispensing losses), even after wasting hydrogen in 

storage unit, and use most of hydrogen in accumulate. So to speak, this is hybrid system 

of a main compressor and four boosters. 

Table 1.2 Spec of main compressor and booster compressor 
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 Product 
Power 

[kW] 

Flow late 

[ m3  ⁄ ] 

Max outlet gas 

pressure [bar] 

Min inlet gas 

pressure [bar] 

Booster 

compressor 

Haskel 

120HGD10-50 

35.7 

(142.8) 

163 

(652) 
931 7 

Main 

compressor 

Pure energy 

Hydrogen pressure 
200 400 900  

( ); Times four, to accommodate for boosters 

 

Although main compressor transmit hydrogen from storage unit to accumulators by 

differential pressure dispensing basically, the dispensing method changes to direct 

dispensing to use almost all hydrogen after storage tank become vacant. Figure ? shows 

flow chart of two dispensing way. 

 

Differential pressure dispensing          Direct dispensing 

 

Figure 1.1 Flow chart before wasting hydrogen in storage unit and after of it 

 

1.1.5 Storage 

We decided to use a 450 bar cylinder produced by SAMTECH as our storage tanks. The 

reasons for using the cylinder are that, the price is relatively inexpensive (when 

compared to other cylinders with this capacity and storage pressure) and it is currently 

being produced in large numbers. With a volume of 300L, diameter of 436mm and length 

of 3,020mm, it can easily be accommodated in 4x4 matrix in a standard 40 feet container 

(L12.192m×W2.438m×H2.591m). The total volume can be calculated as follows. 

0.4362

4
π × 3.020 × 16 = 7.21 m3   

 

If hydrogen is stored in this unit at 400 bar, mass of the stored hydrogen will be given as 

Accumulator Booster 
compressor

Main 
compressor

Accumulator Booster 
compressor

Main 
compressor

Dispenser

Precooler

Storage  unit

Accumulator Booster 
compressor

Main 
compressor

Dispenser

Precooler

Storage  unit
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follows. 

40 × 106[Pa] × 7.21[m3]

(8.314 2.0 × 10−3⁄ )[J kg ∙ K⁄ ] × (273.15 + 20)[K]
= 236.6 kg 

For the given required amount of hydrogen of 100kg per day, it would still be able to 

provide enough hydrogen for every two days. 

 

1.1.6 Telecommunications 

A telecommunication system could support operation and transfer data to a center where 

monitoring, remote control and response for emergency would take place. 

1. Monitoring Unit 

Data such as temperature, pressure and flow rate would be monitored here. It would 

provide data for all processes hydrogen would undergo i.e., from the hydrogen production 

unit to dispenser. 

2. Remote control function 

To account for in case of an emergency such as a hydrogen leak or an unexpected rise of 

pressure in system, the system would be equipped with not only an automatic shutdown 

operation but, as an added precautionary measure would also come equipped with 

manual shutdown system. 

3. A phone would be set up near the dispenser at station and people could connect to the 

center at any given time of the day. 

 

[Internal Control] 

 In this H2 station, control system could operate the equipment with machine 

automation controller of OMRON Corporation (NJ Series). 

 

[External Control] 

 Out of this H2 station, control system would be built on cloud computing trough 4G-LTE 

of T-mobile Corporation. This system run as remote controller from monitoring center 

with iPhone’s Wi-Fi.  
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 To use iPhone’s application that system could get information of station position and 

condition. (iPhone Finder) Also iPhone could catch wave of 4G-LTE line around Houston 

area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.7 HVAC 

HVAC system is essential to stabilize the system to accommodate the temperature and 

humidity changes caused by the local conditions where our system operates.  

 

1.1.8 Safety equipment 

1.1.8.1 Introduction 

High safety is required for a Drop-in Hydrogen Fueling Station. It must be built and 

operated under the basic ideas; “Shouldn’t leak hydrogen.”, “Shouldn’t be filled with 

hydrogen if it leaks.”, “Discover it early and prevent expansion if it leaks.”, “Shouldn’t 

ignite a fire if hydrogen leaks”, “Shouldn’t have an influence on the neighborhood or 
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reduce influence by any chance, even if fires are caused.” The safety facilities in each 

device are very important in order to operate the hydrogen station safely and get the 

safety recognition from general people. 

 

1.1.8.2 Temperature detector 

In our station, we use hydrogen tanks (400 bar) and accumulators (930 bar). There are 

few temperature rises in hydrogen tanks as 400 bar isn’t relatively a high pressure. 

But an increment in temperature occurs in accumulators because of the sudden pressure 

increase provided by the compressor. The upper limit temperature of accumulators is set 

to be 85 ℃ as CFRP (carbon-fiber-reinforced-plastic) is used in accumulators. When the 

temperature of accumulators is greater than 85 ℃, the material melts and the strength 

of accumulators is greatly reduced.  

 

1.1.8.3 Gas detector 

Hydrogen storage facilities and the compressor have plumbing, joints and valves. These 

provide for hydrogen mobility and can be responsible for hydrogen leaks. If leaked 

hydrogen were to catch fire, it would be a catastrophe. Thus, early detection is necessary. 

Therefore, we would install gas detectors in the hydrogen storage area and the 

compressor area. 

 

1.1.8.4 Deluge system 

It is necessary to cool the accumulators for countering increments in temperature (if any). 

In addition, it must die down if hydrogen leaks out, and ignites. Hence so as to not 

increase the damage, we will set up a watering system such as sprinklers in hydrogen 

storage area. 

 

1.1.8.5 Fire detector・Fire extinguisher・Hot line to the fire department 

In case of a fire, the accumulator and hydrogen tank may be at a risk from it, and hence, 

it could be dangerous. Thus, early detection is necessary. Therefore, we would install fire 

detectors in the hydrogen storage area. In addition, we would install fire extinguishers 

because a person in proximity would be at a risk in case of a small fire (one which can be 

extinguished by a fire extinguisher). Furthermore we would install a telephone hotline to 

contact the fire department in case of an emergency. 

1.1.8.6 Fence・Security camera 

Even if each device of the mobile hydrogen station is operated safely, we cannot guarantee 

its security such as in the case of human error. Hence, we would install a fence so that 

general public would not approach any device. In addition, we would install a security 

camera to discover foul play (if any) at an early stage. 
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1.1.8.7 Alarm・Warning light 

We would install an alarm system and a warning light in the place with easy access to the 

public in case of an early detection and it would also alert the neighboring people if some 

kind of abnormality is detected in each device. 

 

1.1.8.8 Artificial lighting 

After sunset, the station would be devoid of any natural lighting. Hence, It would be 

difficult to confirm whether a nozzle is fixed to the car well in around dispensers in 

particular and it may cause a hydrogen leak. Therefore, we would install illuminations to 

light up the area around the dispenser. 

 

1.1.8.9 Breaker of the electric system 

In case of an abnormality, it would very dangerous to continue operating devices. For 

example; a malfunctioning of the equipment would occur if an abnormality would be 

observed at the compressor (and if it would continue operation at this abnormal state). 

Therefore, we would install a breaker cutting off the electric line to be able to stop each 

device emergency. 

Figure 1.2 Projection of the station 

1.2 Key features 

1.2.1 Transportability 

When the satellite station changes location, transporting infrastructure, loading/ 

unloading, transporting and unloading a container unit, connecting to new infrastructure 

at the new site and resuming operation of the station would have to be completed in a 

week. Considering this regulation, we would only use an electrical power source and the 

design of the system would be done in such a way so as to provide for the least amount of 

6,058 mm 

2,438 mm 

 
2
5
,9

1
 m

m
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time for installation and operation.  

 

1.2.2 Modularity 

The key to this design would also provide for the modularity of the system. The container 

unit/ tank of dimensions L3m*W2.5m*H2.5m would facilitate and arrange for an ease in 

transportability form the hub station to the satellite station. It would be much easier to 

transport the container unit on a daily basis when compared to a whole hydrogen station. 

 

1.2.3 Mass production 

Hydrogen is compressed gas state from hub plant to car tank consistently. So compared 

with liquate hydrogen transporting off-site system, there is no need to use a cryopump or 

vaporizer, and station producing process can become simple.  

 

1.2.4 Footprint 

Reliant Park Footprint 

For the Reliant Park scenario, we chose the parking in front of the Reliant Arena. This 

location has been chosen mainly because has a wide empty area, therefore it makes it 

easy to comply with the code and standards explained in the code and standards section. 

We chose for the station a total area of 30 m * 40 m. In this area, the guard posts and the 

fueling pad were included. 

The location of the station is at 160 m from the entrance of the Reliant Arena, 700 m from 

the Reliant Astrodome, and 850 from the Reliant Stadium. Similarly, it has a near access 

to the Interstate 610 (I-610) which facilitates the access for the Police Department, Fire 

Department, and/or ambulance in case of emergency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Footprint 
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2  Economics 

In this section, an overview of station cost is designed for owners. The station cost 

analysis we have designed is applied under market condition in 2015, thus in a short 

early market term, each components in design remain a cost reduction based on the 

future growth of hydrogen demand.  

 

2.1 Capital cost 

As for our system, main key component relatively affecting the high cost result is carbon 

fiber composite tank that is used for both transporting and storing hydrogen. Storage 

tank up to 930 bar take relatively higher cost compared to transportation tank up to 400 

bar. Thanks for technical person in charge at SAMTECH Corp in Japan, 930 bar tank 

cost less than 95,000 US$ but nearly equal to that high cost per unit while 400 bar unit 

costs about 14200 US$ per unit. Another big cost effect is compressor available up to 

930bar pressurizing. Unit price is assumed 0.28 million US$. Unit price of gas booster 

takes less cost assuming about 9,500 US$, but we prepare 4 units. Installation cost 

including construction, commissioning, permitting, and site preparation is considered 5 % 

of capital cost[5] 

 

Table 2.1 Capital cost  

 Cost  

[US$ MM] 

Compression  0.74 

Tank 0.53 

Dispenser 0.028 

Other Equipment 0.060 

Installation 0.068 

Contingency 0.064 

Total 1.50 

  

 

2.2 Operating cost 

Annual operation cost consists of main 5 factors, maintenance, land rent, labor, electricity 

consumption, and hydrogen resource. The site where our hydrogen station system 

operates, Pasadena in Texas, is one of cities area. Furthermore it is laid on the site of 

Reliant Park where land rent fee in Texas is assumed $3.0/sf/month unless the player is 

owner of the stadium site. Operation and maintenance cost is estimated 1.0% of the 

capital cost. Labor cost is simply 2 persons are assigned to one station for mostly 

Figure 2.1. Percentage of  

component cost 
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transportation. Electricity consumption takes most of the operation cost. Two 

compression system dominates energy consumption under 10 hours station running in a 

day, applied yearly station utilization rate by 75%. As mentioned in a guideline, 

electricity price is applied 10.58ct/kWh. 

 

Table 2.2 Electricity consumption cost 

 Compressor Booster  

Kilowatt [W] 200 35.3 

Operation [hour/day] 5 10 

Annual Cost 

[US$ MM] 
0.029 0.041 

Total [US$ MM] 0.07 

 

2.3 Market price for prototype fueling system   

All of the cost requirements from the system that we suggest are for first prototype 

running through early market phase at which each technical component and other 

system relatively cost higher due to hydrogen demand developing. Thus near-term cost 

reduction of capital investment for the prototype station each phase should be considered 

so that owners could expand their yield. To develop capital cost reduction scenario after 

2016, the formula below functioning the cost analysis with station size and cumulative 

installed station capacity helps to estimate how the future capital condition goes on, at 5th, 

100th, and 500th hydrogen station[6]. Formula below showcases how the capital cost of 

100th and 500th hydrogen station would be reduced by calculating based on the 5th station 

number. 5th station is assumed the same cost model as we designed here in 2015~2019 

term. 𝐶0 and 𝑄0 are each assumed as an average number in early commercial phase. 

𝑉0 approximates the total installed mobile station capacity in Texas at around 2016. At 

the beginning when 5th hydrogen station would be commercialized, approximate 30% of 

mobile hydrogen station might be dropped in market in Texas, that has each capacity by 

200kg/day resulting in  𝑉0 value. The α and β coefficient values were calculated by a 

numerical curve fitting of HSCC aggregated data referred by NREL cost analysis data[6]. 

As for the market demand mentioned at Table C below, the number estimate is remarked. 
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Table 2.3. Capital cost result for each station capacity 

Year 2016~2019 2020~2025 

Station 5th 100th 500th 

Market Base case Base case High Case Base case High Case 

Station capacity 

[kg/day] 

100 150 180 180 220 

𝐶0 [US$ MM] 1.50 1.50 1.50 1.50 1.50 

𝑄  [kg/day]  150 180 180 220 

𝑄0 [kg/day]  200 200 200 200 

𝑉  [kg/day]  1845 4968 21978 59532 

𝑉0 [kg/day]  2460 2460 2460 2460 

   0.707 0.707 0.707 0.707 

   -0.106 -0.106 -0.106 -0.106 

𝐶  [US$ MM] 1.50 1.25 1.29 1.10 1.14 

 

 

2.4 Matrix of hydrogen sales price  

After 2016 in a range of early market phase, both of low demand and high demand case 

are taken into account, based on the projected hydrogen fueling station deployment 

research in Texas area. Based on this, we assumed that the number of hydrogen station 

in Texas is 41 at low demand case and 92 at high demand case in 2016~2020, 407 for low 

case and 902 for high case in 2021~2025[7]. Thus capacity of hydrogen supply in Texas is 

determined as 100~220kg per day based on the station number calculated above.  

 

Table D shows cost overview for each station. Sales price is estimated in consideration of 

keeping a return on investing rate more than 10% annually in order that investing 

expense could be recouped within 10 years. In this case, ROI is set up with no exceeding 7 

years except for 5th station, 9 years payback expected. That is how sales price is estimated 

𝐶   = station capital cost ($/station) 

𝐶0 =base mobile station capital cost ($/station ) 

𝑄   = station capacity (kg/day) 

𝑄0 = base mobile station capacity (kg/day)  

𝑉  =cumulative capacity (kg/day) 

𝑉0 = cumulative capacity at cost status of  

mobile base station (kg/day) 

  = scaling factor ( 𝐻𝑆𝐶𝐶 = 0.707) 

  = learning factor ( 𝐻𝑆𝐶𝐶 = −0.106) 

 

 

 

 

𝐶 = 𝐶0 (
𝑄 

𝑄0
)

𝛼

(
𝑉 

𝑉0
)

𝛽
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such like Table A below. As a result, sales price especially from 5th station is not so 

attractive, since $7 delivered gaseous hydrogen which is generally including 

transportation cost with 100~150miles distance available is fixed even if our site plan for 

1st hydrogen station proposes totally profitable idea in a great short distance from the site 

where we procure hydrogen[8]. Therefore we believe sales price at the beginning stage 

should drop more from 21 US$/kg. 

 

Table 2.4 Sales price and simple payback 

Station 5th 100th 500th 

Market  Base case Base case High case Base case High case 

Capital cost [US$ MM] 1.83 1.26 1.29 1.10 1.14 

O & M [US$ MM] 0.39 0.49 0.55 0.56 0.62 

H2 sales price [US$/kg]  21 15 14 13 12 

ROI [%] 11.4 16.3 15.4 14.4 15.8 

Simple payback [year] 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Matrix of hydrogen sales price 
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2.5 Economics  

To compare with general vehicle driving force by gasoline as a current main source, 

US$19/kg hydrogen sales price is nearly equal to current market price of hydrogen. 

its sales price, approximate US$3.5/gallon. Eventually to compete gasoline base vehicle, 

US$6~US$10kg for selling is considered as ideal level[9]. Though US$12/kg sounds a little 

bit higher output, our hydrogen station does not take as much cost as the cost US$7 in 

which cost for delivery is estimated a little higher than the cost we could use. Therefore 

US$12/kg selling is sufficiently profitable. 
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3 Safety analysis                                          

3.1 Failure Mode and Effects Analysis (FMEA) 

The FMEA analysis is a systematical method of analysis to identify potential failure 

mode. It helps to prevent failures of the process and the product before problems occur.   

The FMEA was carried out as follows [10], [11]: 

1. List all compositional units along with their function. 

2. List the potential failure mode of each component and find out its cause. 

3. Evaluate the potential effects of each failure mode based on the degree of severity 

(1: little or no effects, 10: very severe effects). 

4. Estimate the probability of occurrence of each failure (1: remote probability, 10: 

certain failure). 

5. Evaluate the ability to detect each failure mode (1: failure will be detected or 

prevented, 10: failure will not be detected). 

6. Calculate the risk priority number (RPN) for each failure mode as the 

multiplication of the severity, occurrence and detection rankings. High numbers 

represent the most critical safety concerns. 

7. Check the improvement of the designing based on the priority of the RPN. 

 

For the 700 bar hydrogen fueling station design, some of the characteristic potential 

failures considered are: 

・Embrittlement by hydrogen at the high pressure. 

・Excess temperature buildup on the vehicle fuel tank. 

・Overfill H2, since the system configuration is complicate. 

・Degradation and damage caused by the influence of heat exchange, since some 

components are exposed to different temperatures. 

 

3.2 Analysis result 

Numerous potential failure modes, effects and causes were brainstormed during the 

FMEA process carried out on the fueling station design. The highest RPN represent the 

highest safety risks, and it is necessary to prevent and improve them. 

The three high RPN that represent the highest safety risks are: 

・Vehicle impact to a component of the station such as the trailer, compressor and 

dispenser: with increasing the vehicular traffic at the station the probability of a vehicle 

colliding with the hydrogen fueling station also increases. 

・Degradation of the O-ring of the dispenser nozzle: there is a possibility that frost 

formation and freeze-up will occur with the heat exchange with the cool hydrogen. 

・Mistook connection of the dispenser nozzle between the 700 bar and 350 bar. 
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It is necessary to take measures for these three safety risks that are analyzed by the 

FMEA analysis. The previsions for these three safety risks are as follows. 

・Place the barricade and edge stone. Also, a distance between the hydrogen fueling 

station and vehicles must be set. 

・Place a H2 detector. Additionally, an internal lock in an emergency must be set. Moreover, 

a routine check must be done periodically. 

・Design different nozzle between 700 bar nozzle and 350 bar nozzle to avoid any mistake 

for the connection. 

 

There are numerous provisions implemented for this hydrogen fueling station other than 

indicated above. For example, there are sprinklers, security camera, security alarm, and 

an electrical breaker. 

 

Several measures were taken to ensure that the hydrogen refueling station is safe; 

existing codes and standards relating to hydrogen production, delivery, storage and 

commercial dispensing were taken into consideration, numerous design solutions and an 

integrated control system were included in the solution, and a summary FMEA safety 

analysis was carried out to identify the highest safety concerns of the preliminary station 

design. Modifications were also made to the design to address the top three failures 

modes. As a result, an innovative and safe concept for a hydrogen refueling station was 

produced. 
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4  Regulations, codes and standards                       

Since safety and area regulation surrounding hydrogen station is required to be noted, 

this section mentions codes and standard related hydrogen station technology and others. 

There are main 5 key codes and standards below that we referred. 

- NFPA 2, Hydrogen Technologies Code, 2011 Editions.  

 - NFPA 30A, Motor Fuel Dispensing Facilities and Repair Garages Code, 2003. 

 - NFPA 52, Vehicular Gaseous Fuel Systems Code, 2010.  

 - NFPA 55, Compressed Gases and Cryogenic Fluids Code, 2005.  

 - International Fire Code (IFC), 2009.  

The codes and standards listed in a table at Appendix provide a general guide to the 

regulations associated with hydrogen stations. In this section, separation distance, 

hydrogen quantities and safety precaution are discussed.  

 

4.1. Separation distance 

The layout design of hydrogen station depends on separation distance. The separation 

distance can be divided into two types. One is between hydrogen storage system and 

exposure (the nearest street, parked cars, etc.). The second is between hydrogen dispense 

system and exposure.  

 

4.1.1 Between storage system and exposure 

Table 4.1 shows the considerations that must be taken between hydrogen storage system 

and exposure, as mentioned in NFPA55 (2005)[12]. 

 

Table 4.1 Minimum distances between hydrogen storage system and exposure 

Exposure 

Compressed gas pressure 

21 bars ~ 

51 bars 

51 bars~ 

103 bars 

Lot lines 8.75 m 10.38 m 

Exposed people other than those servicing system 4.13 m 5.05 m 

Buildings and structures   

1. Combustible 3.64 m 5.60 m 

2. Noncombustible non-fire rated 3.64 m 3.64 m 

3. Fire-rated construction with a fire  

resistance rating of not less than 2 hours 
1.50 m 1.50 m 

Openings in buildings of fire-rated or non-fire-rated 

construction (doors, windows and penetrations) 

1. Openable 

 

 

8.75 m 

 

 

10.38 m 
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2. Unopenable 3.64 m 4.31 m 

Parked cars 4.13 m 5.05 m 

Flammable gas storage systems above or  

below ground 

1. Bulk 

2. Non bulk 

 

3.64 m 

4.70 m 

 

4.31 m 

4.70 m 

Ignition sources such as open flame 8.75 m 10.38 m 

Air intakes 8.75 m 10.38 m 

 

4.1.2 Between dispense system and exposure 

In Table 4.2 are the considerations between hydrogen dispensing system and exposure, as 

mentioned in NFPA2 (2011)[13]. 

 

Table 4.2 Separation distances for outdoor gaseous hydrogen dispensing systems 

System 

component 
Exposure 

Required 

separation 

Dispensing 

equipment 

1. Nearest important building or line of adjoining 

property than can be built upon or from any source of 

ignition 

2. Nearest public street or public sidewalk 

3. Nearest rail of any railroad main track 

3.00 m 

Point of 

transfer 
Storage containers 1.0 m 

 

4.2 Quantity of hydrogen storage and use 

This part deliberates about the stations in point of quantity of hydrogen storage and use. 

First, Table 4.3 shows the maximum allowable quantity (MAQ) listed by NFPA2 (2011)[13]. 

 

 

 

Table 4.3 MAQ of hydrogen per control area  

(Quantity thresholds requiring special provisions) 

 No sprinkler area Sprinkler area 

Material 

No gas cabinet, 

gas room, or 

exhausted 

enclosure 

Gas cabinet, gas 

room, or 

exhausted 

enclosure 

No gas cabinet, 

gas room, or 

exhausted 

enclosure 

Gas cabinet, gas 

room, or 

exhausted 

enclosure 

GH2 2.50 kg 5.00 kg 5.00 kg 10.00 kg 
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The maximum quantity indicated is the aggregate quantity of materials in storage and 

use combined. Also, Table 4.4 considers the location of hydrogen station taking into 

consideration the quantity of hydrogen.  

Table 4.4 Location of GH2 systems 

 Quantity of hydrogen 

Location ≤ MAQ 
> MAQ to 

< 8.9 kg 

≥ 8.9 kg to  

< 38 kg 
≥ 38 kg 

In a detached building A* A A A 

In a gas room, in 

accordance with NFPA55 
A A A 

Detached building 

required 

Not in a gas room A A A 
Detached building 

required 

* A: Allowed 

 

4.3 Safety precaution 

Much safety precaution is referred in codes and standards regulation. Some important 

parts are extracted here. 

 

4.3.1 Vehicle impact protection 

Stations need guard posts to protect from vehicular damage. Vehicle impact protection 

requirements vary slightly between NFPA2/52/55 and the IFC. In the NFPA55 is 

mentioned that the guard posts shall meet the following criteria[12] 

 (1) They shall be constructed of steel not less than 102 mm in diameter and concrete 

filled.  

 (2) They shall be spaced not more than 1.2 m between posts on center  

 (3) They shall be set not less than 0.9 m deep in a concrete footing of not less than a 381 

mm diameter.  

 (4) They shall be set with the top of the posts not less than 0.9 m above ground.  

 (5) They shall be located not less than 1.5 m from the tank 

 

4.3.2 Emergency shutdown device 

Emergency shutdown controls vary slightly. Both IFC and NFPA 2/52 require manual 

emergency shutoff valve at hydrogen supply. IFC requires a minimum of one emergency 

shutdown control between 25-75 feet of dispensing area[14]. NFPA 52 requires a minimum 

of two emergency shutdown devices; one at the dispensing area and another remote from 

the dispensing area of 20-100 feet away[15]. 

IFC and NFPA 2/52 require that power to hydrogen storage, compression and dispensing 

equipment be shut off automatically and valves to hydrogen generator, between main 
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supply and compressor, and between storage containers and dispensing equipment are 

closed automatically[13[[15]. 

 

4.3.3 Vehicle fueling pad 

IFC (2009) mentions that the vehicle shall be fueled on noncoated concrete or other 

approved paving material having a resistance not exceeding 1 Mega ohm as determined 

by the methodology specified in EN 1081[14]. 

 

4.3.4 Maintenance 

To ensure safety, daily maintenance takes a prominent position. Referred by IFC(2009), 

GH2 systems and detection devices shall be maintained in accordance with the 

manufacturer instructions. 

 

4.3.5 Smoking 

Since GH2 is flammable gas, IFC (2009) and NFPA 55 (2005) oblige no smoking and open 

flame in range of 6.1 m all around, therefore indicator should be set up. 

 

4.3.6 Fire protection system 

IFC (2009) and NFPA 55 (2005) regulate that fire sprinkler system should be prepared. It 

also should be complied to NFPA 13. 

 

4.3.7 Emergency Alarm 

NFPA 55 shows “A manual emergency alarm system shall be provided in buildings, rooms, 

or areas used for the storage or use of compressed gases in amounts that exceed quantity 

thresholds requiring special provisions”. 
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5  Placement of the H2 station                             

In 2006, Melendez et al. proposed the areas that should be considered primary targets for 

hydrogen vehicle[16]. Not surprisingly, the east and west coast areas were the most 

favorable since these areas have experience in the hydrogen related topics. Due to the 

same reason these areas will be capable of supplying the hydrogen required of the 

hydrogen vehicles. On the other hand, places with potential hydrogen production from 

renewables, and fossil fuel should be taken into consideration. Milbrant et al. studied the 

potential for hydrogen production from renewable sources[17], and also the potential of 

hydrogen from coal, natural gas, nuclear and hydro power[18].  

In this proposed model of an offsite station, the availability of hydrogen is a key factor. 

Thus, areas with high hydrogen production are targeted. One of the states that fill the 

requirements stated above is Texas. Texas has a hydrogen production capability of 

3,768,136.125 kg H2/day[19], which is several hundred times the amount estimated to be 

required by the time the penetration of hydrogen vehicles would be 10% of the US fleet 

(8250 kg/day)[16]. 

 

By choosing the state of Texas we can ensure a continue supply of hydrogen as for more 

than 9,000 of our proposed stations. To make the most of this high production is to set our 

“satellite station” in a range of 200 km from the site to get hydrogen. For the 

aforementioned the targeted station is the one located in Pasadena. This station is 

operated by Air Products and has a production capacity of 192,781 kg H2/day[19]. Since it 

is equipped with a Pressure Swing Adsorption System (PSA) it provides high purity 

hydrogen for the delivery.  

For the satellite station two options in Houston, Texas have been considered. These 

places are within a 35-40 km. Therefore they are very convenient and at the same time 

can enable multiple hub-satellite trips in a week. 

 

 

Figure 5.1 The possible options for the satellite station 

The Houston Galleria Mall 

Reliant Park 



23 

 

As shown if Figure 5.1, the two possible options for the satellite station were chosen to be 

The Houston Galleria Mall in Westheimer Road, Houston and the Reliant Park, Kirby 

Drive, Houston. These locations were chosen due to their proximity to the River Oaks 

residential community and high popularity. The River Oaks residential community has 

one of the highest real estate prices in the state of Texas[20].  

 

 

Figure 5.2 Location of the Houston Galleria Mall and distance from Air Products Station.  

 

The Houston Galleria among the top ten biggest malls in the United States of America[21]. 

With a 2.4 million square feet area, this mall boasts of more than 26 million visitors 

annually and also has 13,900 parking spaces[22].  

 

 

Figure 5.3 Location of the Reliant Stadium and distance from Air Products Station.  

 

The second option is the Reliant Park, which comprises of the Reliant Stadium, Reliant 

Center, Reliant Arena and Reliant Astrodome. These have a combined capacity of holding 

more than 200,000 people and more than 26,000 cars in their parking spaces[23]. 
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As for the power and water needs, we have considered separate plans for the hub and 

satellite stations. Since Texas has its own grid[24], we decided that the electricity at the 

hub station could be provided by Texas Interconnection. For the satellite station, since 

the Reliant Park has its own energy providers[25], Reliant Energy. We believe that it 

would be best to conform with them as well. As for the Houston Galleria Mall, we would 

be using the electricity provided by Texas interconnection.  

For our water needs, we would utilize the services of the Public Utility Commission of 

Texas. 
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6 Environmental Analysis                                

6.1 Resource Analysis 

In this section, the energy balance of the Off-site type drop-in hydrogen fueling station 

which supplies hydrogen reformed from city gas. The all processes and efficiency of 

several of them from natural gas mining to hydrogen supplying to cars, the Well to Tank, 

in our plan is shown in Table 1; in this table, invested energy in each step are taken into 

account. Efficiency of Well to Tank processes is calculated as multiplication of all 

processes. 

 

Table 6.1 Efficiency of Well to Tank processes [25] 

Natural gas mining 0.987 

Natural gas transport 0.99 

City gas production 
0.998 

City gas transfer（pipeline） 

Steam reforming 
0.711 

Hydrogen refining 

Compression（~40MPa） 0.961 

Hydrogen transport（container） 0.974 

Storage・Compression（~80MPa） 0.914 

Hydrogen supplying 0.970 

Efficiency of Well to Tank 0.575 

 

It is difficult to calculate the efficiency of Tank to Wheel, so it is evaluated at distance 

travelled in JC08 mode and defined as Tank to Wheel efficiency. Thus multiply both 

efficiency , the product, Well to Wheel efficiency, is JC08 mode mileage per primary 

energy invested. The car model of driving distance used in above calculation is FCV 

concept of TOYOTA, and it has a 700km range[26]. And the maximum carrying hydrogen 

capacity of it is assumed as 5kg. Lower heat value (LHV) of natural gas and hydrogen, 

and CO2 emission factor of natural gas are in Table 2. 

 

Table 6.2  LHV and CO2 emission factor[25] 

 

 

 

 

 

 

LHV[MJ/kg] 
Natural gas 49.1 

Hydrogen 120 

CO2 emission factor of natural gas 

[g CO2/MJ] 

54.9 
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So efficiency of Tank to Wheel efficiency is  

700 km ×
1

5 kg
×

1

120 MJ/kg
= 1.17 km MJ⁄  

From the above calculation, Well to Wheel efficiency is 

1.17 km MJ⁄ ×
1

0.575
= 2.03  km MJ⁄  

 

 

6.2 Emission Analysis 

Here the amount of emission of CO2 is evaluated. Using result in Table 1 and date in 

Table 6.2, CO2 emission per LHV of hydrogen is calculated. 

54.9[ gCO2/MJ]

0.575
= 95.5 [gCO2 MJ H2⁄ ] 

This amount of CO2 is produced in the process of steam reforming. In this section, unlike 

the method of efficiency calculation, the amount of CO2 emission cannot be evaluated by 

multiplication of several processes. When the energy of all processes are met by natural 

gas, the natural gas power generation and natural gas mining emit 12 and 3 g of CO2 per 

hydrogen LHV[25]. Thus the total emission of CO2 are calculated as below equation. 

95.5 + 12 + 3 = 110.5[gCO2 MJ of H2⁄ ] 

Since the efficiency of Tank to Wheel is 1.17 [km MJ⁄  of H2], the amount of emission of 

CO2 per driving distance in JC08 mode is 

110.5 [gCO2 MJ of H2⁄ ]

1.17 [km MJ⁄  of H2]
= 94.4[gCO2 km⁄ ] 
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7  Marketing and Education                               

7.1 Marketing 

Nowadays, there are more and more people interested in a hydrogen society. However, in 

order to spread and gain market for our hydrogen fueling station we must attract the 

local people by providing them information about how safety, non-pollutant and other 

benefits that H2 fueled vehicles have. By installing our mobile hydrogen station in areas 

where large groups of people get toghether it will be easier to attract people, show, and 

adverstise the station, and also provide information about H2 as fuel, so little by litle we 

can erase the stigma from which H2 suffers. The advertising strategy will be as follows. 

 Small range advertising 

 Create a personage that will advertise the hydrogen station and interact with the 

people. 

 Exhibit the model of the hydrogen station, so the people can get familiar with it. 

 Paint the image of the personage and the station on the buses that people use to 

go to the areas where the station will be located. 

 In the case of the shopping mall, gift certificates can be given to the shoppers in 

order to promote the use of our hydrogen station. 

 Large range advertising 

 Broadcast a special program informing the local people the aims for a hydrogen 

society. 

 Arrange so our personage can appear in commercials at the shopping mall, and 

at the Reliant Stadium informing people about how safe is to recharge a H2 

fueled vehicle and also how safe H2 energy is. 

 

7.2 Education 

Compared to the common fuels, hydrogen requires scrupulous attention. It is important 

to have the knowledge about the possible risks when dealing with hydrogen in order to 

reduce the uneasiness of the general user when using the hydrogen station to refuel their 

vehicles. As education strategies we propose the following. 

 FCV test-ride event and hydrogen supply experience 

Prepare FCVs and hydrogen buses so people can have a ride on H2 fueled vehicles to 

our closest refueling station where they can be given information about refueling, 

they can observe how safe and fast the refueling can be and also they can experience 

how to refuel a car by themselves, during this type of experience the local news will 

be invited to show the people at home how easy and safe is to refuel their own cars. 

 Teaching at schools and at universities about hydrogen 

By teaching the young ones how safe is hydrogen once you learn how to deal with it, 
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we can ensure that their curiosity will also affect their parents curiosity. During 

these events, hydrogen properties, how hydrogen fueled cars work, hydrogen safety 

will be given. And, more important the safety of our hydrogen station will be 

mentioned. The students will be able to make questions and discuss with the people 

presenting. The extent and details of the presentations will also depend on the age of 

the students. 

 Free brochure with information about our hydrogen station 

Distribution of brochures with the information about our station, safety codes, prize, 

other stations locations, website, emergency call, etc. will be distributed among the 

local people. 

 A website 

A website where people can get knowledge about hydrogen, fuel cell vehicles, fueling 

stations, location of fueling stations, events where our personage will appear, 

information about our station, codes and regulations, emergency number, FAQs, 

client support, client recommendations, etc. will be created. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 

 

8. Reference 

 

[1] SAMTEC Information of High Pressure Gas Tank 

http://www.samtech.co.jp/products/hpc.html 

 

[2] JSME, 2010, Thermodynamics JSME Text Series, Maruzen Inc., pp.28, 37, 141 

 

[3] Pure Energy Centre, Hydrogen Compressor 

http://pureenergycentre.com/hydrogen-compressor/ 

 

[4] Haskel Air and Hydraulic Driven Gas Boosters  

http://pdf.directindustry.com/pdf/haskel-international/air-hydraulic-driven-gas-boosters/1

4078-272497-_33.html 

 

[5] A Near-Team Economic Analysis of Hydrogen Fueling Station 

http://www.its.ucdavis.edu/research/publications/publication-detail/?pub_id=46 

 

[6] Hydrogen Station Cost Estimate 

http://www.nrel.gov/docs/fy13osti/56412.pdf 

 

[7] Hydrogen infrastructure, Marc W. Melaina, PhD 

http://files.harc.edu/Projects/TexasHydrogen/HydrogenInfrastructure.pdf 

 

[8] Distributed Hydrogen Fueling System Analysis 

http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/30535bk.pdf 

 

[9] The U.S. Market Report, Hydrogen and Fuel Cell 

http://www.ttcorp.com/pdf/marketReport.pdf 

 

[10] JUSE Communication on Web 

http://www.i-juse.co.jp/statistics/product/func/process/fmea.html 

 

[11] J. Dileos, T. Owen, P. Sodouri, J. Haas, T. Smolak, L. St.Germain, J. Maddaloni, R. 

Songprakorp, A. Tura, 2004, Hydrogen Refueling Station, University of Victoria 

http://www.hydrogencontest.org/pdf/2004/UVictoria_2004.pdf 

 

 

http://pureenergycentre.com/hydrogen-compressor/
http://www.its.ucdavis.edu/research/publications/publication-detail/?pub_id=46
http://www.nrel.gov/docs/fy13osti/56412.pdf
http://files.harc.edu/Projects/TexasHydrogen/HydrogenInfrastructure.pdf
http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/30535bk.pdf
http://www.ttcorp.com/pdf/marketReport.pdf
http://www.i-juse.co.jp/statistics/product/func/process/fmea.html
http://www.hydrogencontest.org/pdf/2004/UVictoria_2004.pdf


31 

 

 

[12] NFPA 55, Compressed Gases and Cryogenic Fluids Code, 2005 

http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code

=55 

 

[13] NFPA 2, Hydrogen Technologies Code, 2011 Editions 

http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code

=2 

 

[14] International Fire Code (IFC), 2009  

https://law.resource.org/pub/us/code/ibr/icc.ifc.2009.pdf 

 

[15] NFPA 52, Vehicular Gaseous Fuel Systems Code, 2010 

http://files.dep.state.pa.us/OilGas/BOGM/BOGMPortalFiles/Act13/NGVProgram/NFPA_

52_2010_Vehicular_Gaseous_Fuel_Systems.pdf 

 

[16] M. Melendez and A. Milbrandt, “Geographically Based Hydrogen Consumer Demand 

and Infrastructure Analysis”, National Renewable Energy Laboratory, October 2006 

 

[17] A. Milbrandt and M. Mann, “Potential for Hydrogen Production from Key Renewable 

Resources in the United States”, National Renewable Energy Laboratory, February 2007 

 

[18] A. Milbrandt and M. Mann, “Hydrogen Potential from Coal, Natural Gas, Nuclear, 

and Hydro Power”, National Renewable Energy Laboratory, February 2009 

 

[19] “Hydrogen Analysis Resource Center:  Merchant Liquid and Compressed Gas 

Hydrogen Production Capacity in the U.S. and Canada by Company and Location” 

http://hydrogen.pnl.gov/cocoon/morf/hydrogen 

 

[20] Forbes 

http://www.forbes.com/pictures/emeg45hkek/texas/ 

 

[21] Environmental Systems Research Institute (ESRI) 

http://storymaps.esri.com/stories/2012/malls/ 

 

[22] The Galleria, Texas 

 http://www.simon.com/mall/the-galleria 

 

http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=55
http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=55
http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=2
http://www.nfpa.org/codes-and-standards/document-information-pages?mode=code&code=2
https://law.resource.org/pub/us/code/ibr/icc.ifc.2009.pdf
http://files.dep.state.pa.us/OilGas/BOGM/BOGMPortalFiles/Act13/NGVProgram/NFPA_52_2010_Vehicular_Gaseous_Fuel_Systems.pdf
http://files.dep.state.pa.us/OilGas/BOGM/BOGMPortalFiles/Act13/NGVProgram/NFPA_52_2010_Vehicular_Gaseous_Fuel_Systems.pdf
http://hydrogen.pnl.gov/cocoon/morf/hydrogen
http://www.forbes.com/pictures/emeg45hkek/texas/
http://storymaps.esri.com/stories/2012/malls/
http://www.simon.com/mall/the-galleria


32 

 

[23] Reliant Park, Texas 

http://reliantpark.com 

 

[24] Office of Electricity Delivery and Energy Reliability, US Department of Energy 

http://energy.gov/oe/information-center/recovery-act/recovery-act-interconnection-transm

ission-planning/learn-more   (Maps provided by Google and ESRI) 

 

[25] Analysis of General Efficiency and GHG Discharge, Japan Automobile Res. Inst. 

2011 

http://www.jari.or.jp/Portals/0/jhfc/data/report/2010/pdf/result.pdf 

 

[26] Toyota FCV Concept  

http://www.toyota.co.jp/jpn/tokyoms2013/fcv/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://reliantpark.com/
http://energy.gov/oe/information-center/recovery-act/recovery-act-interconnection-transmission-planning/learn-more
http://energy.gov/oe/information-center/recovery-act/recovery-act-interconnection-transmission-planning/learn-more
http://www.jari.or.jp/Portals/0/jhfc/data/report/2010/pdf/result.pdf
http://www.toyota.co.jp/jpn/tokyoms2013/fcv/


33 

 

Appendix   

                  appearance of the station                                 

Upper View 

 

 

Side View 

 

 

 

Tank Unit 
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Code and Standards Applicable to Hydrogen  
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