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Executive Summary 
 

The Columbia Metropolitan Airport (CAE) in South Carolina faces several challenges in airport 

operations and the surrounding environment as air travel increases.  The H Team focused on 

implementing hydrogen technologies to control issues such as noise pollution, air and water 

quality, and energy efficiency, while spending less than $3 million.  The H Teamôs design 

followed codes and standards to ensure the safety and security of the hydrogen plant to the 

airport.  The proposed design is realistic and available for installation by January 2009.  The 

objective is to secure the environment while simultaneously enhancing the quality of the airport 

operations. 

 

The H Team from Wayne State University in Detroit, Michigan, is proposing to utilize a fuel cell 

system that delivers about 250 kW of power, provides hot water at 110ºF, and supplies 12.94 kg 

of gaseous hydrogen per day. This amount of hydrogen that is generated in an electrolyzer, is 

used to fuel three modified 2008 Chevrolet Silverado vehicles that can replace three of the 

airport service vehicles. 

 

The H Teamôs system consists of a DFC300
®
MA

TM
 fuel cell system from FuelCell Energy, 

which has a molten carbonate fuel cell (MCFC), a steam-methane reformer, and a direct current 

(DC) to alternative current (AC) inverter.  The South Carolina Electric and Gas Company 

(SCE&G) provides the natural gas utilized by the fuel cell system.  Additionally, a heat 

exchanger will employ the exhaust from the fuel cell system to heat the utility water for the 

airport use.  The electrolyzer is connected to a compressor, three-bank storage vessel system, and 

a dispenser, respectively, to supply hydrogen gas to the airport vehicles at 5,000 PSI. 

 

The overall system efficiency is calculated to be 62.5%.  The cost of the system including all the 

components, installation, and infrastructure costs is estimated to be about $2.86 million.  In the 

end, the airport will save about $113,400 per year.  The fuel cell system provides a 42% 

reduction in carbon dioxide emissions for the 250 kW replaced. 

 

The H Team designed this plant to ensure the safety of the airport and all its patrons.  Alarm 

systems are on all components to alert maintenance and control personnel instantly of potential 

problems.  Panic buttons exist for automatic system shut down in case of extreme emergency 

situations.  Surveillance cameras and key-card access help prevent any potential terrorist attacks 

on the hydrogen plant. 

 

The H Team opted to use the current CAE tour and information center, in addition to other 

marketing forms, to enhance public awareness about hydrogen.  The hydrogen internal 

combustion engine (HICE) vehicles will be a focal point of the tour, along with emphasis on the 

fuel cell stack, heated water, and electricity production.  Pamphlets and presentations on LCD 

televisions are also part of the overall H Team marketing strategy.  This report presents the 

proposed design incorporating the technical design, safety analysis, cost analysis, environmental 

analysis, and energy efficiency. 
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1.0 Technical Design 
 

The H Team has designed a system that will supply 250 kW of electrical power and 12.94 kg H2 

per day to Columbia Metropolitan Airport.  A molten carbonate fuel cell system (MCFC) is 

utilized to reform methane internally to produce hydrogen to generate electricity.  An 

electrolyzer will produce hydrogen, which will be compressed and stored at 6,000 PSI.  Three 

gasoline internal combustion engine (ICE) vehicles will be converted to hydrogen ICE vehicles 

and will use the hydrogen produced by the electrolyzer as fuel.  The fuel cell system and 

hydrogen production equipment will be housed in a building on the Columbia Metropolitan 

Airport grounds.  Details of the technical design are described in the following sections. 

 

1.1 Site and Building Plan 

 

The components for the H Teamôs design will be located in a building on the airport property. 

The building will serve to protect the equipment from the weather and increase security of the 

site.  Figure 1.1 below shows the top view plan for the location of the new building.  The 

hydrogen plant is located 300 feet (ft) west of the airport main terminal building and has an area 

of 2,500 ft
2
. 

 

 
Figure 1.1:  Airport Aerial View with Plant Location

1
 

 

Figure 1.2 shows the layout of the equipment in the building.  The brick building will have three 

entrances with two of the doors constructed of reinforced steel.  The third entrance is a garage 

door, which allows entrance to the building for Hi-Los and other large maintenance vehicles.  All 

entrances have keypad locks to increase security of the building. 

 

The building has venting spaces located around the perimeter of the building near the ceiling, 

which prevents a buildup of natural gas or hydrogen in case of a leak.  Adequate space is 

provided near all equipment to allow for maintenance access.  The dispenser is located outside 

the building and close to the hydrogen storage.  Safety posts located around the dispenser and the 

safety wall located to the left of the dispenser provide protection from accidental collision. 
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Figure 1.2: Floor Plan of Equipment Building  
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Hydrogen System Component Summary 

Component Inputs Conditions Outputs Conditions 

FuelCell Energy 

DFC300MA Fuel Cell 

System 

Natural 

Gas 

638 kW, 39 scfm Electricity 3-phase, 300 kW, 

480 VAC 

Water 545 L/hr Exhaust 371
o
C, 1793.3 

kg/hr 

Electricity 70 kW for 72 hour 

start up 

Noise 72 dBA at 3.05 m 

          

Heat Exchanger 
Exhaust 371

o
C, 1793.3 kg/hr Water 43

o
C, 3648 kg/hr 

Water 10
o
C, 3648 kg/hr     

          

Hogen 6m 

Electrolyzer 

Water 5.50 L/hr Hydrogen 99.9999% purity, 

6 Nm
3
/hr, 218 PSI 

Electricity 40.8 kW     

          

Compressor and 

Dispenser 
Hydrogen 218 PSI Hydrogen 6000 PSI 

          

Hydrogen ICE Trucks Hydrogen 10.5 kg, 5,000 PSI Mileage 
15.2 to 27 

miles/GGE 

Table 1.1: Component summary 

 

Table 1.1 summarizes the technical specifications of major components shown in Figure 1.2. 

 

Table 1.2 lists some of the significant standards and codes for the major components.  Upon 

installation, the fuel cell system will be in compliance with UL 1741 (Standard for Power 

Conversion Systems) and NFPA 853 (Standard for Installation of Fuel Cell Power plants). 

 

Components Safety Codes and Standards 

Electrolyzer NFPA 69 and EN 1127-1 

Compressor NFPA 50A 

Piping system ASME piping design codes 

Storage Vessels NFPA 86C 

Fuel Cell System CSA-FC1, UL 1741, CARB 07 (CCR 94200-94214). 

Table 1.2: Major Standards and Codes for Design Components
2
 

 

1.2 Mechanical Design 
 

Figure 1.3 shows the process flow for the H Teamôs hydrogen plant.  Natural gas (NG) and water 

acquired from the pipelines enters the water purification and steam-methane reformer (SMR) 

unit.  Hydrogen is produced in the SMR is sent to the fuel cell.  The fuel cell takes in air along 

with the hydrogen, and produces direct current (DC) electricity.  The DC electricity goes to a 

DC-to-AC inverter which outputs alternating current (AC) power of 300 kW at 480 VAC.   
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Figure 1.3: Hydrogen Plant Schematic 
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Approximately 250 kW of the power produced is sent to the airportôs electrical grid.  The fuel 

cell also produces high temperature exhaust, which is utilized in a heat exchanger to heat the 

utility cold water.  The cooled exhaust is then vented to the atmosphere, and the hot water is sent 

to the airport. 

 

The some of the remaining power from the fuel cell system (41 kW) is used by an electrolyzer, 

which produces hydrogen at a rate of 12.94 kg/day.  The hydrogen is compressed and stored.  

Finally, a dispenser provides the compressed hydrogen to two hydrogen ICE vehicles.  The 

system requires 72 hours to start up and will operate continuously after that period.  The 

following sections explain the design in detail. 

 

1.2.1 Fuel Cell System 

 

One of the H Teamôs objectives is to provide at least 250 kW of clean power to the airport.  The 

DFC300MAÊ fuel cell system manufactured by FuelCell Energy
2
 meets the H Teamôs 

specifications and is commercially available. The system comprises three components: a steam 

methane reformer (SMR), molten carbonate fuel cell (MCFC), and a DC to AC converter. A net 

power of 300 kW, 3-phase at 480 VAC is produced by the system. The following sections provide 

an explanation of the system specifications and principles.  The system specifications are 

presented in Table 1.3.  Note that the listed efficiency does not include co-generation with the 

heat exchanger.  Sections 1.2.1.1, 1.2.1.2, and 1.3 discuss the system in detail. 

 

Specifications FuelCell Energy DFC300MA 

Fuel Cell Stack MCFC 

Reformer Steam-Methane 

Input  Natural Gas 

Power Output 300 kW 

Natural Gas (NG) Used 638 kW, 39 scfm 

Hydrogen Produced/Used 5.36 kg/hr 

NG to Electricity Efficiency 0.47 

Exhaust Gas 1,793.3 kg/hr 

Exhaust Temperature 644K 

Noise (dBA) 72 at 3.05 m 

Cost ($)/kW 3,600 

Total Cost ($) 1,080,000 

Table 1.3: Specifications for fuel cell options
2
 

 

1.2.1.1 Steam Methane Reformation 

 

Steam methane reforming is a process of producing hydrogen utilizing methane and steam.  The 

first step of generating hydrogen in the SMR involves a chemical reaction between methane 

(CH4) and steam (H2O).  The ideal chemical equation for this reaction is shown in equation 1.1: 

 4 2 2CH H O CO 3H+ ­ + . 1.1 
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The products of this reaction are carbon monoxide (CO), hydrogen (H2), and in practice, a small 

amount of unreacted steam and methane.  This step produces the majority of the hydrogen.  The 

CO produced during this reaction goes through a secondary reaction called the water gas shift to 

eliminate its emission with the exhaust. The chemical reaction is shown in equation 1.2: 

 
2 2 2H O CO H CO+ ­ +  1.2 

This reaction produces an additional amount of H2 and carbon dioxide (CO2). 

 

In a small-scale reformer, similar to the one used in the fuel cell system, natural gas is treated to 

remove sulfur compounds in order to prevent poisoning of the catalyst in the fuel cell system.  

This treatment process takes place in a hydrodesulphurization (HDS) pre-heater where the gas is 

heated to about 475
o
C (730 degree Kelvin). 

 

The water is pumped into a steam boiler and is preheated for the SMR reaction.  The steam and 

the purified methane streams proceed to the SMR, which is heated by a gas burner.  A typical 

SMR process uses 73% of the preheated methane.  Hydrogen, carbon monoxide, and excess 

methane and steam gases exit the reformer at a temperature of 1073 K.  The effluent stream 

flows back through the HDS pre-heater in a heat exchanger and a reformer cooler, where the 

stream is cooled down to 722 K. 

 

The cooled gas then enters the water gas shift chamber where it undergoes the second chemical 

reaction.  The stream then moves to the condenser where the excess water is removed.  Finally, 

the remaining hydrogen, methane, and carbon dioxide undergo pressure swing adsorption (PSA) 

and hydrogen purification in order to isolate the hydrogen.  The gases extracted from the 

hydrogen stream are recycled for use as fuel gas during the subsequent set of SMR processes.
3
 

 

The fuel cell system intakes about 637 kW of natural gas at 39 standard cubic feet per minute 

(scfm) and 545 kg/hr of water, and outputs 5.63 kg/hr of hydrogen
2
.  A sizable amount of the 

natural gas is used in the pre-heating stage.  The DFC300MA
TM

 fuel cell system has the ability to 

intake either natural gas or anaerobic digester gas (ADG).  The H Team searched for nearby 

sources of ADG but discovered that the local wastewater treatment facility does not collect the 

gas they produce.  If in the future, however, the local wastewater treatment does decide to collect 

the ADG, this may prove to be a renewable source for the methane needed in the reformer. 

 

1.2.1.2 Fuel Cell and Heat Exchanger Description 

 

The DFC300MA
TM

 fuel cell system runs on a molten carbonate fuel cell (MCFC).  The anode 

and cathode half reactions for a MCFC are: 

 2

2 3 2 22 2 2 2 4H CO H O CO e- -+ ­ + +  1.3 

 2

2 2 32 4 2O CO e CO- -+ + ­  1.4 

The catalysts and membranes in a MCFC are resistant to poisoning due to carbon monoxide 

intake.  In fact, the MCFC reaction uses both oxidized carbon monoxide and carbon dioxide in 

the cathode without deactivating or degrading the catalyst.  The output of the fuel cell system is 

300 kW and 480 VAC, which is equivalent to 375 kVA.   

 

(Anode) 

(Cathode) 
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The MCFC exhaust contains a significant amount of energy due to its high temperature.  This 

energy is recovered by attaching a heat exchanger to the fuel cell system exhaust outlet chamber. 

This allows the H Team to provide heated utility water to the airport.  According to the 

manufacturer, the exhaust temperature must be lowered to 250
o
F (121

o
C) for an optimum energy 

release of 480,000 BTU/hr (140 kW).  The water enters the heat exchanger at about 50
o
F (10

o
C). 

With a heat exchanger efficiency of 75%, the exhaust energy is transferred to the utility water, 

raising the temperature to 110
o
F (43

o
C), for a water flow rate of 2,737 kg/hr.  Utilizing the heat 

exchanger will optimize the overall energy efficiency of the system. 

 

1.2.2 Deionizer Water System (DI) 

 

An external deionizer (DI) water system is required to supply purified water to the electrolyzer.  

The H Team has selected the ELGA, Purelab Option S7 deionizer, which comprises a three-stage 

water purification process
4
.  In the first stage, the water is sent through a pre-treatment cartridge.  

The second stage utilizes reverse osmosis cartridges to further purify the water.  The last stage 

includes the ion exchange cartridges, which de-ionizes the water.  The final product is sent to the 

electrolyzer to produce hydrogen at a rate of 7 L H20/hr.  The power service requirement is 

120/240 VAC, 43 VA. 

 

The Option S7 deionizer meets the ASTM Type I standard for water purification to be less than 

0.1 micro-Siemens per cm.  Furthermore, if the water quality falls below the minimum 

specification, a sensor will detect the discrepancy and activate an alarm.  In order to maintain 

water purity, it is crucial to use non-corrosive piping materials to transport the DI water to the 

electrolyzer.  Therefore, the H Team selected polypropylene plastic tubing to pipe the DI water. 

 

1.2.3 Electrolyzer 

 

The electrolyzer is used to produce the hydrogen necessary for the hydrogen ICE vehicles.  The 

Hogen H6m electrolyzer manufactured by Distributed Energy
5
 is used in the H Teamôs design. 

The system incorporates polymer exchange membrane (PEM) technology to produce hydrogen. 

The PEM electrolysis of water uses electricity to divide water into its elements of hydrogen and 

oxygen.  This occurs through the passage of an electric current between the anode and the 

cathode of the electrolyzer, which are immersed in an electrolyte solution.  The two elements are 

separated in the electrically charged electrolyte. 

 

The system will use DI water at a rate of 5.5 L H2O/hr.  The H6m has a built in 10-gallon DI 

water storage tank, which will store excess water produced by the deionizer.  Furthermore, the 

electrolyzer consumes 40.8 kW of electricity provided by the fuel cell system.  The H6m 

produces 99.9995% pure hydrogen at a rate of 12.95 kg/day. 

 

1.2.4 Compressor 

 

The compressor is used to raise the pressure of the hydrogen gas allowing it to be dispensed to 

the HICE vehicles.  The compressor chosen for the H Teamôs design is manufactured from RIX 

Industries 4VX
6
.  This unit is selected due to its capability to increase the hydrogen pressure 

from 218 PSI to 6,000 PSI using only 2 kW of power.  The HICE vehicles can store hydrogen up 
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to 5,000 PSI. The compressor raises the hydrogen pressure to 6,000 PSI providing a large enough 

pressure difference to allow the HICE vehicles to completely fill their storage tanks.  The 

compressor operates at speeds of 300-1,100 revolutions per minute (RPM) and is a three-stage 

design.  Furthermore, the compressor requires 30 kW of power to compress gaseous hydrogen at 

a maximum flow rate of 65 scfm. 

 

1.2.5 Storage 

 

The storage unit will house a combined 36 kg of hydrogen.  The C-31738 storage unit comprises 

three stationary ASME seamless pressure vessels manufactured by CP Industries.
7
  Each vessel 

has the capability to store hydrogen at pressures as high as 6,672 PSI.  The vessels include a 5 

percent notch ultrasonic inspection, a 0.75 inch NGT outlet plug on both ends, and an exterior 

coat of primer.  Table 1.4 shows additional specifications for the storage vessels: 

 

Specifications 

Safety Factor  3 to 1 for dry gas, non-corrosive service 

Design temperature  -20 °F to +200 °F. 

Vessel material  SA372 Grade J, Class 70 

Size 16" OD x 1.250" MW x 18' 0" Long /406 mm x 31.75 mm x 5.5 m 

Design Pressure 6,667 PSIg / 460 bar 

Vessel Water Volume 15.8 cu. ft. / 447 liters 

Vessel Capacity 5,087 scf H2 @ 6,000 PSIg / 12 kg H2 @ 414 bar 

Vessel Weight 4,017 lbs / 1,822 kg 

Table 1.4: Storage Vessel Specifications 

 

The three-bank storage unit is implemented to dispense hydrogen to the airport vehicle tanks at a 

pressure of 5,000 PSI.  The storage unit uses a cascading method to fill the hydrogen effectively.  

Each vessel will have pressure sensors to segregate the vessels as high, medium, and low.  

During hydrogen dispensing, the pressure differences between each of the vessels and the vehicle 

tank will be analyzed by a control panel to determine the appropriate vessel compatible with the 

vehicle tank. 

 

1.2.6 Dispenser 

 

The dispenser will distribute hydrogen to the hydrogen ICE vehicles.  The H Teamôs design uses 

the CH350A hydrogen dispenser manufactured by General Hydrogen
8
.  The dispenser has 

separate electrical and gas enclosures in order to comply with emerging safety codes and 

standards.  The system has SAE J2601 fueling communication capabilities.  This will allow for 

communication between the dispenser and vehicle for information such as vehicle diagnostics.  

The system delivers hydrogen at 5,000 or 6,250 PSI, which allows different types of vehicles to 

refuel at the station.  This will prevent the system from becoming quickly outdated, since 

hydrogen technology improves at a rapid rate. 
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1.2.7 Hydrogen Internal Combustion Engine (ICE) Vehicles 

 

The purpose of using hydrogen ICE vehicles is to reduce emissions generated by the airport.  

Gasoline or diesel ICE vehicles contribute to air pollution at Columbia Metropolitan Airport.  

The H Team has decided to have three 2008 Chevrolet Silverado gasoline ICEs converted into 

hydrogen ICEs by ETEC Roush Industries
9
.  The trucks will replace three vehicles currently 

used at the airport.  The converted vehicles will have 6.0 liter supercharged and inter-cooled 

engines.  Hydrogen fuel will be electronically injected by a custom Engine Control Unit 

specifically tuned for hydrogen fuel consumption. 

 

Three aluminum-lined, carbon fiber wrapped hydrogen storage tanks will be located in the bed of 

the truck. Their combined storage capacity is 450 liters or 10.5 kg of hydrogen at 5,000 PSI. The 

vehicle fuel economy is rated at 15.2 miles per gallons of gas equivalent (GGE) for the SAE 

J1634 driving cycle. However, the fuel economy climbs up to 27 miles/GGE at a constant 

driving speed of 45 mph
9
.  The H Team has estimated that each vehicle can run on one fill -up for 

about two days if the vehicles run for two hours per day. 

 

1.3 Electrical System 

 

The fuel cell system is directly connected to the grid and draws 150 kW, 3-phase, 480 VAC 

during the 72 hour startup time.  After the first 72 hours, the system provides for its own power 

requirements. The fuel cell system produces DC electricity, which is converted to AC power by 

an internal three phase inverter. The system outputs AC power at 300 kW, 60 Hz with a process 

efficiency of 97%.  Figure 1.4 shows the block diagram of the electrical system for power service 

and distribution. 

 

 
Figure 1.4:  Electrical System Block Diagram 

 



The H-Team 

Wayne State University 

College of Engineering                                            

10 

Electrical output from the fuel cell system will supply electrical loads to the CAE main terminal, 

main lobby, terminal front ticket counter, lighting, and security rooms that run at 3-phase, 480 

VAC.  These loads require a total power supply of 244 kW and the distribution is shown in Table 

1.5.  The remaining 56 kW of electricity produced by the fuel cell system power the hydrogen 

production and distribution subsystems. The individual power requirements for these subsystems 

are shown in Table 1.6. 

 

There are two operating scenarios for the hydrogen power plant. In the first scenario, all 

hydrogen production components, such as the electrolyzer and compressor, are powered by the 

fuel cell system inverter bus. This system also supplies power to the hydrogen power plant 

building and to three airport loads: the main lobby, terminal ticket counter, and security room 

east dock.   

 

In second operating scenario, the fuel cell system inverter bus supplies electrical power to the 

main lobby, terminal front ticket counter, lighting and ticket counter, security room east dock, 

and security room west dock located at CAE.  All hydrogen production subsystems (listed in 

Table 1.6) are powered by the Columbia Metropolitan Airport electrical grid.  Electrical 

schematics of both operating scenarios are shown in the Appendix. 

 

The first scenario is recommended by the H Team and is primarily used in the system.  However, 

the electrolyzer still has the option, via manual switch, to connect to the grid.  This will act as a 

back-up electrical supply source in case the fuel cell system fails or is shut down for 

maintenance.  This allows the electrolyzer to continue producing hydrogen for use in the 

hydrogen ICE vehicles. 

 

In the event of fuel cell system failure, automatic transfer switches (ATS), will transfer the 

electrical load to the grid, providing an uninterrupted power supply (UPS).  Circuit breakers are 

installed on all circuits for over-current protection.  The electrical system will provide safe 

disconnect circuits and lockout protection in case of emergencies or for maintenance purposes. 

 

Tables 1.5, 1.6, and 1.7 provide a total accounting of the electrical power service.  Parameters 

that were not provided by the equipment manufacturers were calculated using the following 

formulas: 

 PF (Power Factor) = True Power (kW) / Apparent Power (kVA) 1.6 

 ( )( )I kW 1000 / E 1.73 PF= ³ ³ ³ 1.7 

 ( )kW E I 1.73 PF /1000= ³ ³ ³  1.8 
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CAE Load 

Description 

Existing CAE 

Transformer  
VAC Phases Amps kW 

Power 

Factor 
KVA  

Main Lobby Square D, 34349-17212-064 480 3 90 64 0.85 75 

Terminal Front 

Ticket Counter 
Square D, 34349-17212-065 480 3 90 64 0.85 75 

Lighting and 

Ticket Counter 
Square D, 34349-17212-066 480 3 90 64 0.85 75 

Security Room 

East Dock 
Square D, 33349-17212-055 480 3 36 26 0.85 30 

Security Room 

West Dock 
Square D, 33349-17212-055 480 3 36 26 0.85 30 

Table 1.5: Existing Columbia Metropolitan Airport End-Use Electrical Loads 

 

Item Model VAC Phases kW 

Power 

Factor kVA  

Electrolyzer HOGEN, H6m 480 3 40.8 0.85 48 

H2 Compressor 
PDC Ins., PDC-3-

600/3000 
480 3 2 0.85 2.35 

480 volt feed to a new 25 

kVA transformer 
  480 3 21 0.85 25 

DI Water System Elga, Purelab Option S7 120 1 0.037 0.85 0.04 

H2 Dispenser 
General Hydrogen, 

CH350A 
120 1 2 0.85 2 

H2 Storage Tanks CP Industries 120 1 1 0.85 1 

Building Lighting 
GE (12 Fixtures, 2-4' T8 

Lamps) 
120 1 0.7689 0.85 0.91 

2 Building Power Outlets Rated at 15 amperes each 120 1 5 0.85 6 

Miscellaneous Pumps   120 1 1.5 0.85 2 

Miscellaneous Controls 

& Sensors 
  120 1 1.5 0.85 2 

Table 1.6: New Electrical Loads  

 

Item Model VAC Phases Amps kW Power Factor KVA  

Power Plant FCE DFC300MA 480 3 425 300 0.85 352.9 

Table 1.7: Hydrogen Electrical Power Supply 
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2.0 Safety Analysis 

 
Utilizing hydrogen technologies safely at the Columbia Metropolitan Airport will promote 

acceptance of a hydrogen economy.  Sources of potential danger were carefully analyzed and 

controlled to ensure the safety of the surrounding environment and the system itself.  These 

detection devices include pressure sensors, thermocouples, pH meters, flow meters, H2 gas 

detectors, smoke detectors, H2 flame detectors, and surveillance cameras positioned at specific 

locations to optimize operations.  In the event of an unusual behavior detected in the system, 

visual and sound alarms will identify the failure, and the system will shut down. 

  

The subsystems are regularly tested for normal operation conditions, as specified by the various 

manufacturers.  Maintenance checks will verify system corrosion, damage, wear, and low level 

of fluids that could cause a decrease in the system performance.  Additionally, periodic oil 

changes, catalyst replacements, and resin refills are implemented to maintain equipment quality 

and maximize the design life. 

 
2.1 System Process Safety 

 

The system layout is designed to prevent potentially hazardous situations.  The following list 

displays each process of the system design that has been analyzed to enhance safety and security.  

Note that the numbers in brackets after the bullet point corresponds to the three zone 

designations in Figure 1.3. 

 

¶ [1] The steam methane reformer within the fuel cell system has a RTD thermocouple to help 

measure and control operating temperature.  Flow meters at the natural gas inlet and H2 outlet 

will initialize both a visual and an audio alarm when hydrogen outlet from the reformer is 

less than 5.4 kg H2/hr. 

¶ [2] The electrolyzer features a pressure sensor, which will initiate an alarm for pressures 

below 11 Bar, and a pH meter.  The pH meter monitors impurity levels of water used in the 

electrolyzer to prevent the resin death.  Fluoride and chloride ions regularly exist in normal 

tap water.  The presence of these ions leads to the water being slightly acidic. The ions need 

to be removed in the deionizer to create pH neutral water into the electrolyzer.  If the resin 

fails, then the pH meter will read out an acidic pH less than 7.  Flow meters will help ensure 

constant water flow rate of 5 L/hr, with alarms issuing a warning for lower flows. 

¶ [2] The compressor is equipped with a pressure sensor, which initiates an alarm when the 

hydrogen pressure is below 5,800 PSI.  A hydrogen detector will be installed close to 

interconnections, which are high risk leakage areas. 

¶ [2] Because the compressor is designed to compress hydrogen to 6,000 PSI, a pressure 

greater than 6,000 PSI is not possible.  Storage tanks are made of stainless steel for its 

compatibility with hydrogen and strength at high pressures.  The site of the storage vessels is 

determined based on the hydrogen quantity stored.  Possible proximity hazards include 

danger to electrical, thermal, mechanical devices, and the safety of the public.  The storage 

tanks will be installed in a well-ventilated area, following the criteria given by the Safety 

Standards of  NASA: 

o 6.1 m (20ft) from stored flammable materials 

o 7.6 m (25ft) from open flames, electrical equipment or other sources of ignition 
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o 15.2 m (50ft) from ventilation intakes and air conditioning systems 

o 15.2 m (50 ft) from other flammable gas storage (NG). 

o 7.6 m (25ft) ï from concentration of peoples 

¶ [3] The dispenser operates using pressure sensors to calculate the pressure difference 

between the vehicle tank and the three storage vessel banks.  The pressure sensors are located 

at the hydrogen inlet to the dispenser and before the dispenser hose.  Also, a thermocouple is 

positioned at the outlet of the refrigerator inside the dispenser.  If the hydrogen temperature 

rises above ambient temperature, the dispenser will initiate a visual and audio alarm, and will 

shut off.  The dispenser will not restart operations until the faulty condition is corrected and a 

manual override lever/button is engaged.  The dispenser will be protected at the sides and the 

four corners by steel pillars to prevent damage in the event of a vehicle careening into it. 

¶ [1] A thermocouple is used to monitor water temperature at the heat exchanger outlet, and 

will generate a safety message in the monitoring system for a temperature above 125
o
F 

(52
o
C).  

¶ [1, 2,3] Piping systems, valves, and fittings were chosen based on their compatibility with 

hydrogen to prevent possible hydrogen embrittlement.  The pipes will be installed above 

ground to prevent hazardous leakage and buildup of gases underground.  The connecting 

fittings are of compression type rated for hydrogen usage.  Shut off valves, pressure relief 

valves in the storage vessels and fuel cell system, and flow regulators are employed in the 

design to allow modular connectivity of subsystems, protect the system from overpressure, 

and adjust flow.  The control valves and pressure sensors located at the inlets and outlets of 

certain subsystems are used to stabilize and manage the flow of the various gases involved.  

The maintenance crew will carry portable hydrogen detectors. 

¶ [2] A filtering system will ensure hydrogen purity.  The filtering system will have a 

differential pressure sensor to indicate a decrease in the filtering performance and the need of 

filter replacement.  Shut off valves will be installed before and after the filter to allow safe 

and timely filter exchange.  

¶ [1] Electrical systems will be installed at a specified distance from the hydrogen systems to 

prevent fire or explosion.  Electrical devices will be grounded to avoid sparking with 

hydrogen, and the inert gas purge boxes will be located around electrical equipment and 

connections.   

¶ [1, 2,3] The facility building material is noncombustible, to prevent fire spreading to adjacent 

buildings or systems.  To reduce sabotage risks, the access to the plant is limited to 

authorized personnel.  Badges will be used for door access.  Emergency exits are located 

throughout the building in case of hazardous situations.  To prevent accidents, work on 

hydrogen will be started only after the hydrogen in the system has been purged and diluted 

with nitrogen.  The systemôs control and detection is connected to the airport control system, 

and the necessary training is provided to the operator to monitor and keep the plant 

continuously safe. 

 

The aforementioned metering and sensor additions to the process components means the system 

can autonomously and safely run continuously.  The components needed to generate, store, 

transport, dispense, and utilize hydrogen and electricity are designed using the current safety 

codes and standards for hydrogen applications to minimize any chances of leakage, explosion, 

and other hazardous conditions.  Finally, the DFC
®
300MA

TM
 fuel cell system already contains 

methods to regulate itself for continual operation. 
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2.2 Significant Failure Modes 

 

The Table 2.1 displays the four most significant major failure modes and ways they are 

contained and prevented in the design. 

 

Potential 

Failure 

Mode 

Potential 

Effect(s) of 

Failure 

Potential Cause(s)/ 

Mechanism(s) of 

Failure 

Current Controls  

- Prevention 

Current Controls 

- Detection 

Dispenser 

pressure 

lower than 

5,000 PSI 

Limited 

hydrogen 

dispensing 

Isolation valve or 

nozzle damage 

Ensure the proper 

connection of nozzle, 

vehicle tank, and 

valves. 

Train the operator  

 

Hydrogen detection 

sensors, leak 

checks prior to 

each fill. 

 

Electrolyzer 

produces less 

than 12.94 

kg H2/day 

 Limited 

hydrogen 

dispensing 

Electrolyzer PEM 

degrading 

Replace PEM after 

3600 operating hours 

NFPA 69 and EN 

1127-1 

Pressure sensors to 

detect outlet H2 

pressure, alarms 

sound when 

pressure is below 

11 Bar. 

Compressor  

outputs 

pressure 

below 5,800 

PSI 

Hydrogen not 

dispensing 

Hydrogen or air 

leakage from 

inlet/outlet pipe, 

inlet/outlet valve, or 

cylinder 

Weekly leak checks. 

Oil Changes after 

1400 operating hours. 

Pressure sensors to 

detect outlet H2 

pressure, below 

5,800 PSI. 

Fuel cell 

system 

outputs  less 

than 300 kW 

electricity 

Draw 

electricity 

from grid for 

airport and 

electrolyzer 

Reformer and fuel 

cell catalyst 

degradation 

Catalyst replacement 

cycles of about 3 

years, as manufacturer 

specifies. 

Adheres to the 

following codes and 

standards: CSA-FC1, 

UL 1741, CARB 07 

(CCR 94200-94214), 

and California Rule 

21. 

Thermocouples 

located inside the 

Steam Methane 

Reformer, and 

Molten Carbonate 

Fuel Cell.  

Alarm for detection 

of temperature 

change. 

Flow meters for 

methane and 

hydrogen (135 kg 

H2/day). 

Table 2.1: Major Failure Modes 
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3.0 Cost Analysis 
 

The H Team has $3 million at its disposal to implement a design at the Columbia Metropolitan 

Airport.  These funds are used to cover the cost of purchasing equipment and installing it at the 

build site.  Operation and maintenance of the system will also incur costs.  These recurring 

charges are accounted for separately from the $3 million budget.  Table 3.1 shows where the H 

Team is spending their funds.  The majority of the funds are spent on system equipment. Other 

costs include the cost for infrastructure, which covers building costs. Installation costs cover the 

charge for installing the equipment at the build site.  The following sections will discuss in detail 

the cost breakdown for all the sections of the H Teamôs design. 

 

System Components Cost 

Fuel Cell $1,080,000 

Electrolyzer $180,000 

Di System $6,000 

Heat Exchanger $100,000 

Compressor $50,000 

Hydrogen Storage $64,300 

Hydrogen Dispenser $100,000 

ICE Vehicles $483,000 

Infrastructure $100,000 

Installation $500,000 

Marketing $200,000 

Total $2,863,300 

Table 3.1: Complete cost breakdown for the H Team design. 

 
3.1 Capital Costs 

 

Capital costs comprise the cost of all equipment purchased by the H-Team.  The total capital 

costs of the design amount to $2,863,300.  The fuel cell system provided by FuelCell Energy is 

the most expensive component of the entire design and makes up more than half of the 

equipment cost.  The total cost is $1,080,000 but this amount covers several areas including an 

SMR system, the fuel cell, and power inverter.  Purchasing this system allows the H Team to 

save money since they will not have to buy individual parts. 

 

The H Team is also converting two trucks into hydrogen internal combustion engine vehicles 

(ICE).  Three 2008 Chevrolet Silverado 1500 series pickup trucks must be purchased. One truck 

ranges in price from $38,000 to $41,000
10

.
 
 The conversion process carried out by ETEC costs 

$120,000 per vehicle
11

.
 
 Assuming that the trucks are purchased for $41,000, the total cost for the 

hydrogen ICE vehicles amounts to $483,000.  
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3.2 Building and Installation Costs 

 

Installation costs cover the cost of installing the equipment and construction of the building.  The 

total amount set aside for this purpose amounts to $500,000.  Approximately $100,000 has been 

set aside for infrastructure costs.  Table 3.2 outlines the components of the infrastructure.  This 

includes the cost of piping, laying the foundation, and the building that houses the entire system.  

The building is simple in design, acting as an enclosure for the equipment and protection from 

the weather.  The building is not heated or cooled in order to minimize costs.  Installation costs 

are estimated at $500,000.  This amount will cover the cost of installation of all the equipment, 

including $1,000/kW for the fuel cell system.  Detailed costs for the electrical wiring can be 

found in the appendix. 

 

Unit  Material  Quantity Cost/Quantity Total Cost 

Electrical Wiring Copper 4500 ft Varies/ft $4,212.00 

Transformer N/A 1 $1,500/Unit $1,500.00 

Piping
12

 Stainless Steel 640 ft $62/ft $39,680.00 

Valves
12

 Stainless Steel 12 ft $375/ft $3,300.00 

Building Walls
12

 Concrete 77 yd
3
 $70/yd

3
 $5,390.00 

Building Foundation
12

 Concrete 186 yd
3
 $70/yd

3
 $13,020.00 

Miscellaneous N/A N/A N/A $30,000.00 

   Total $97,102.00 

Table 3.2:  Infrastructure costs 

 

3.3 Operational Costs 

 

The H Teamôs design uses resources from utilities in several components of the design.  The 

main components analyzed are the electrolyzer and the fuel cell system.  The electrolyzer uses 

electricity provided by the fuel cell and water. The fuel cell system requires water and natural 

gas. Figure 3.1 shows the monthly utility charges based on the electrolyzer and fuel cell system 

resource consumption and Table 3.3 gives a summary all operating costs.  

 

Monthly Utility Charges for System Operation
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Figure 3.1: Monthly Utility Charges for the Hydrogen Power Plant 
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  Average Monthly Cost Yearly Cost 5 Year Cost 10 Year Cost 

Natural Gas $1,139.43 $13,673.19 $68,365.95 $136,731.90 

Water/Sewage $1,904.94 $11,429.66 $57,148.28 $114,296.56 

Total $3,044.37 $25,102.85 $125,514.23 $251,028.46 

Table 3.3: Summary of Operating Costs for the Hydrogen System 

 

The fuel cell system operation requires natural gas for the SMR process.  Bills provided by 

Columbia Metropolitan airport were used to determine the cost of natural gas throughout the 

year
13

.
 
 This information was used to estimate the cost of natural gas used in the fuel cell system. 

 

The electrolyzer and the fuel cell system both require water for operation. Sewage rates are based 

on water consumption.  Water and sewage rates were acquired from the city of Cayce and used 

to determine the operating cost of the system
14

.
 
 The city of Cayce bills for water and sewage bi-

monthly. The total yearly operation cost for these components amounts to $25,100. 

 

The cost per kWh of electricity was also determined for the hydrogen power plant using equation 

3.1 

 
0.125CC 3.412FC O&M

COE
H He

= + + , 3.1 

where COE is the cost of electricity, CC is the capital cost, FC is the fuel cost, O&M is the 

operating and maintenance cost, H is the annual operating hours, and Ů is the efficiency
15

.  The 

cost per kW for the H Teamôs system is 0.203 $/kWh. 

 

3.4 Cost Savings 

 

Table 3.4 shows the current cost to purchase 225 kW of electricity and provide gasoline for three 

vehicles. 

 

Utility  Avg. Monthly Cost Yearly Cost 5 Year Cost 10 Year Cost 

Purchasing 250 kW $9,999.78  $119,997.31  $599,986.55  $1,199,973.10  

Gasoline for 3 Vehicles $1,539.84  $18,478.13  $92,390.65  $184,781.30  

Total $11,539.62  $138,475.44  $692,377.20  $1,384,754.40  

Table 3.4: Current Cost of Electricity and Gas 

 

Electricity charges were determined using a rate schedule provided by South Carolina Electricity 

and Gas (SCE&G), the company that provides electricity to Columbia Metropolitan Airport
16

.  

The total electricity cost includes the demand and energy charges.  If the airport were to purchase 

250 kW of power from SCE&G, the cost would be approximately $10,000 per month. 

 

The monthly gasoline expense for three vehicles was determined for a truck with an average fuel 

economy of 16 mpg. If the vehicles operated for two hours per day with an average speed of 45 

mph, gasoline would cost $1,540 per month when the price per gallon is $3.00. The total cost of 

the current infrastructure to produce the equivalent of the hydrogen power plant would be 

approximately $11,900 per month. 
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The difference between operating costs of the current infrastructure and the proposed hydrogen 

power plant results in a cost savings outlined in Table 3.5. 

 

  Average Monthly Yearly 5 Years 10 Years 

Current Costs $11,539.62  $138,475.44  $692,377.20  $1,384,754.40  

Hydrogen Costs $2,091.90  $25,102.85  $125,514.23  $251,028.46  

Total Savings $9,447.71  $113,372.59  $566,862.97  $1,133,725.94  

Table 3.5: Cost Savings for Implementing the Hydrogen Power Plant 

 

The total yearly savings are $113,400. Specifications for the boilers currently installed at 

Columbia Metropolitan airport are needed in order to be able to determine the money saved by 

heating water with the heat exchanger. This will further decrease the airportôs operational costs. 

 

The hydrogen power plant provides monetary, environmental, and educational value.  Columbia 

Metropolitan Airport will save money in their monthly operating expenses.  The power plant also 

provides educational opportunities to the community, providing tours and information about the 

benefits of hydrogen technology.  The system also has value for the environment due to the 

reduction in emissions provided by the technology used.  Detailed information on the marketing 

and environmental aspects will be provided in the following sections. 
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4.0 Environmental Analysis 

 
Given the increase in air travel, Columbia Metropolitan Airport is committed to reducing the 

emissions produced by its operations by employing hydrogen technologies. The technologies 

chosen by the H Team minimize the CAEôs carbon footprint and to improve water quality. 

 

The fuel cell system will reduce the overall airport CO2 emissions, due to electrical power 

consumption, by 42% for the 250 kW replaced.  The co-generation system will recover the 

exhaust thermal energy from the fuel cell system and will heat water to be used at the airport 

main terminal.  This process will reduce CO2 produced by natural gas combustion to heat water 

by 223 tons a year.  To reduce the environmental impact with the ground support equipment 

(GSE), three vehicles will be retrofitted with hydrogen ICE to reduce emissions.  This change 

will reduce CO2 emissions by 63 tons/yr for the three vehicles.  The reduction of emissions with 

the proposed design is presented for each subsystem in Table 4.1 on a daily and yearly basis. 

 

Emissions reduction with proposed design 

Proposed Systems 
 

CO2  (kg) NOx  (kg) SO2  (kg) 

Day Year Day Year Day Year 

Fuel Cell  

System 
2,304.9 841,275.4 15.7 5,728.5 9.5 3,451.2 

Co-Generation 

(Hot Water) 
611 222,859 0.5 175 0.01 1.9 

HICE  

Vehicles 
173.487 63,322.65 0.01 4.2278 NA NA 

Total Reduction 3,089.4 1,127,457.0 16.2 5,907.8 9.5 3,453.1 

Table 4.1: Emissions reduced by the proposed designed 

 

4.1 Fuel Cell System 

 

The DFC300MA fuel cell system employs an internal natural gas reformer to produce the 

hydrogen used in the fuel cell to generate the electricity supplied at the main terminal and the 

electrolyzer. Considering the emissions generated by the coal power plants, the fuel cell system 

will reduce emissions by 42% for the 250 kW replaced, and by 5% for the entire airport electrical 

consumption.  

 

South Carolina Electric and Gas Company (SCE&G) provides electricity and natural gas to 

Columbia Metropolitan Airport.  The total charges, electrical power consumption, and emission 

are tabulated for the year 2006 and can be found in the appendix in Table A.1
17

. 

 

Table 4.2 and Figure 4.1 show a comparison between yearly emissions using electrical power 

provided by SCE&G and electrical power from the proposed fuel cell system for the 250 KW 

replaced. 
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Proposed Systems 

CO2  (kg) NOx  (kg) SO2  (kg) 

Day Year Day Year Day Year 

Power plant emissions to 

generate 250 KW
16

 5,436 1,984,140 16 5,752 9.5 3,452 

Fuel Cell System
2
 3,131 1,142,864 0.1 23.8 0.0 1.2 

Reduction    (%) 42.4 42.4 99.6 99.6 100 99.97 

Table 4.2: CAE vs. fuel cell system emission reduction 

 

Current CAE vs Proposed FCS emissions for the 

250 KW replaced
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Figure 4.1: Emissions comparison of Columbia Metropolitan Airport  

and fuel cell system (FCS) 

 

4.2 Co-Generation 

 

The co-generation system employs the MCFC exhaust thermal energy, to heat the water to be 

used at the main terminal. This approach will offset part of the natural gas currently consumed 

with the water boilers, and with it the emissions produced. The MCFC available exhaust heat is 

480,000 Btu/hr (140 kWh), which amounts to 516 ft
3
/hr of natural gas considering an energy of 

930 Btu/ ft
3
 of natural gas.  This system will reduce CO2 by 223,000 kg/yr, NOx by 155 kg/yr and 

SO2 by 2 kg/yr. 

 

4.3 Hydrogen ICE 

 

Airport Ground Support Equipment (GSE) at CAE contributes to airport emissions of CO2, NOx, 

CO and HC (hydrocarbon). Airport GSE includes pickup trucks, maintenance and fuel trucks, 

belt loaders and snow removal equipment. Conversion of gasoline ICEs to hydrogen ICEs for 

three pick-up trucks (Chevrolet Silverado 1500, 6.0L,V8) provides a lean-burn strategy to 

achieve very low NOx, CO and no CO2 and HC emissions.  
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The comparison of gasoline ICE and hydrogen ICE emissions for the 3 vehicles replaced is 

shown in Table 4.3 and Figure 4.2. 

 

Gasoline vs. Hydrogen Vehicles emission 

Vehicle Type 
CO2  (Kg) NOx  (Kg) CO (Kg) THC (Kg)  

Day Year Day Year Day Year Day Year 

Gasoline ICE 

vehicles 173.54 63341.37 0.03 10.54 0.39 143.88 0.03 12.45 

H2 ICE vehicles 0.05 18.72 0.02 6.32 0.01 5.20 0.00 0.09 

Reduction  % 99.97 99.97 40.09 40.09 96.38 96.38 99.29 99.29 

Table 4.3: Emissions comparison of gasoline vs hydrogen vehicles
18

 

 

Gasoline vs Hydrogen ICE emissions

NOx-H

CO2-G

CO2-H

NOx-G

CO-G

CO-H

THC-G

THC-H

0.00

0.01

0.10

1.00

10.00

100.00

1000.00

10000.00

100000.00

1000000.00

1

E
m

is
s

io
n

s
 [

k
g

/y
e

a
r]

CO2-G

CO2-H

NOx-G

NOx-H

CO-G

CO-H

THC-G

THC-H

 
Figure 4.2: GSE Emission Comparison

18
 

 

From the Figure 4.2, it can be predicted that hydrogen ICE vehicles result in a significant 

reduction in emission levels, specifically greenhouse gases. 

 

The fuel cell system DFC300MA is designed with noise level of 65dB at 10 feet from the plant 

perimeter. The HOGEN H series electrolyzer for hydrogen production produces less than 70dB 

noise level at a distance of one meter.  Both the fuel cell system and the electrolyzer comply with 

the FAA noise standards. 

 

4.4 Energy Balance 

 

The system inputs and outputs were analyzed to determine the overall efficiency of the hydrogen 

plant. The energy inputs to the plant are natural gas, electrical loads from electrolyzer and 

compressor. An additional 1 kW of power was considered for miscellaneous loads. The 

contributors to the energy output are the fuel cell system electrical output and the exhaust heat 

used for cogeneration. The energy content of the hydrogen produced by the electrolyzer was also 
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considered. The following diagram presents the input and output energies for an overall 

efficiency of 62.5%. 

Overall Effeciency 

 62.5 %

Fuel Cell Ouput

 300 [KW]

Hydrogen produced by 

the electrolyzer 

21.28 [KW]

Energy recover with 

co-generation 

105 [KW]

Electrolyzer Load 

40.8 [KW]

Compressor Load

 2 [KW]

Miscellaneous Loads 

1 [KW] 

Natural Gas 

638 [KW]

 
 

Figure 4.3: Energy Balance for the hydrogen plant 
2, 5, 6

 

 

The H Team performed detailed energy balance calculations for a small scale reformer similar to 

the one present in the fuel cell system. The calculations involve determining the energy used 

during the chemical reaction as well as the energy used to heat or cool excess materials.  Heat 

losses out of the reaction chambers are assumed to be negligible in order to simplify calculations.  

Equation 4.1 is used to determine the energy and power requirements. 

  prod reactQ H H= -  4.1 

The H Team determined that in order to produce about 5.69 kg/hr of hydrogen, 15.5 kg/hr of 

methane and 60.14 kg/hr of water are required for a typical SMR reaction.  Table 4.5 shows the 

heat required for each section of the SMR process.  Calculations were determined using standard 

quantities found in the textbook ñThermodynamics: An Engineering Approachò
 19

. 

 

 
Boiler 

HDS 

Pre-heater 

Steam Methane 

Reformer 

Reformer 

Cooler 

Water Gas 

Shift Reactor 
Condenser 

  

Heat 

Required 
2.878 kJ/s 55.53 kJ/s 80.11 kJ/s -20.34 kJ/s -35.91 kJ/s -10.22 kJ/s 

Table 4.5: SMR heat requirements 




