November 1998 « NREL/TP-570-25106

Costs of Storing and Transporting
Hydrogen

Wade A. Amos
National Renewable Energy Laboratory

& s\
»Ne=L

\\‘-'//

National Renewable Energy Laboratory

1617 Cole Boulevard

Golden, Colorado 80401-3393

A nationdl |aboratory of the U.S. Department of Energy
Managed by Midwest Research Ingtitute

for the U.S. Department of Energy

under contract No. DE-AC36-83CH10093




NREL/TP-570-25106

Costs of Storing and Transporting
Hydrogen

Wade A. Amos
National Renewable Energy Laboratory

«s\\

»NR=L

National Renewable Energy Laboratory

1617 Cole Boulevard

Golden, Colorado 80401-3393

A nationdl |aboratory of the U.S. Department of Energy
Managed by Midwest Research Institute

for the U.S. Department of Energy

under contract No. DE-AC36-83CH10093

\\‘-'//

Prepared under Task No. HY 914041

November 1998




NOTICE

This report was prepared as an account of work sponsored by an agency of the United States government.
Neither the United States government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States government or any agency thereof. The

views and opinions of authors expressed herein do not necessarily state or reflect those of the United States
government or any agency thereof.

Available to DOE and DOE contractors from:
Office of Scientific and Technical Information (OSTI)
P.O. Box 62
Oak Ridge, TN 37831

Prices available by calling 423-576-8401

Available to the public from:
National Technical Information Service (NTIS)
U.S. Department of Commerce
5285 Port Royal Road
Springfield, VA 22161
703-605-6000 or 800-553-6847
or
DOE Information Bridge
http://www.doe.gov/bridge/home.html

LA
"‘ Printed on paper containing at least 50% wastepaper, including 10% postconsumer waste



EXECUTIVE SUMMARY

An andysis was performed to estimate the costs associated with storing and transporting hydrogen.
These cogts can be added to a hydrogen production cost to determine the total delivered cost of

hydrogen.

Storage methods analyzed included compressed gas, liquid hydrogen, meta hydride, and underground
storage. Mgjor capital and operating costs were considered over arange of production rates and
goragetimes. Indl cases, underground storage was the chegpest method; liquid hydrogen has
advantages over compressed gas for longer storage times.

For the trangport of hydrogen, compressed gas, liquid hydrogen, metd hydride, and pipeline ddivery
were consdered. Modes of trangportation included truck and rail transport for the compressed gas and
meta hydride. For liquid hydrogen, barge delivery was investigated as an option in addition to truck
andrail. Trangportation costs were estimated for arange of production rates and delivery distances.
For large quantities of hydrogen, pipeline ddivery was the chegpest option. For smaler quantities of
hydrogen, liquid hydrogen had advantages over the other methods for longer delivery distances.

All cost assumptions and sample caculations are included in the report dong with some background
information on each storage method. The gppendix contains sengtivity andyses and graphs showing
important trends associated with hydrogen storage and transportation.
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ABBREVIATIONS AND ACRONYMS

ADS Alterndtive depreciation system m Meter

am Atmospheres (pressure) M One thousand (1,000)

Btu British thermd unit MH, Metd hydride
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d Day mo Month
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GH; Gaseous hydrogen N Newton

GJ Giggoule Nn? Normal cubic meter

om Gram Pa Pascal

h Hour psa Pounds (force) per square inch
H, Hydrogen absolute pressure

hp Horsepower psig Pounds (force) per squareinch
hr Hour gauge pressure

in. Inch Q Heat

K DegreesKevin S Second

kg Kilogram scf Standard cubic foot
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km Kilometer ton English ton (2,000 pounds)
kw Kilowatt tonne Metric ton (1,000 kilograms)
kWh Kilowatt-hour tpd Tons per day

L Liter Wc Work (compression)

Ib Pound We Work (expansion)

LH, Liquid hydrogen yr Year



1.0 INTRODUCTION

The purpose of this report isto andyze the capitd and operating costs associated with storing and
transporting hydrogen. It mentions some future trends in hydrogen storage and trangportation, but
concentrates on current commercia processes. The storage techniques considered are liquid hydrogen,
compressed gas, meta hydride, and underground storage. The modes of trangportation examined are
liquid hydrogen delivery by truck, rail, and barge; gaseous hydrogen delivery by truck, rail, and pipdine;
and metd hydride ddivery by truck and rall.

2.0 HYDROGEN STORAGE OPTIONS

The main options for storing hydrogen are as a compressed gas, as a liquid, or combined with a meta
hydride. Underground storage is dso considered, athough it isjust a specia case of compressed gas
gorage. Each dternative has advantages and disadvantages. For example, liquid hydrogen has the
highest storage density of any method, but it dso requires an insulated storage container and an energy-
intensive liquefaction process.

2.1 Liquid Hydrogen
2.1.1 Liquefaction Processes

Liquefaction is done by cooling agasto form aliquid. Liquefaction processes use a combination of
compressors, heat exchangers, expansion engines, and throttle valves to achieve the desired cooling
(Flynn 1992). The smplest liquefaction processisthe Linde cycle or Joule-Thompson expansion cycle.
In this process, the gasis compressed a ambient pressure, then cooled in a heat exchanger, before
passing through athrottle valve where it undergoes an isentha pic Joule- Thompson expansion, producing
some liquid. Thisliquid isremoved and the cool gasis returned to the compressor via the heat
exchanger (Hynn 1992). A flowsheet of the Linde processis shown in Figure 1. The same processis
represented on a temperature-entropy diagram in Figure 2.

The Linde cycle works for gases, such as nitrogen, that cool upon expansion a room temperature.
Hydrogen, however, warms upon expansion at room temperature. In order for hydrogen gas to cool
upon expangon, its temperature must be below its inversions temperature of 202 K (-95°F). Toreach
the inversion temperature, modern hydrogen liquefaction processes use liquid nitrogen pre-cooling to
lower the temperature of the hydrogen gasto 78 K (-319°F) before the first expanson vave. The
nitrogen gas is recovered and recycled in a continuous refrigeration loop (Flynn 1992; Timmerhaus and
Flynn 1989). The pre-cooled Linde processis shown in Figure 3. Figure 4 isthe associated
temperature-entropy diagram for the process.



Figure 1 - Linde Liquefaction Process Flowsheet
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Figure 2 - Linde Process Temperature-Entropy Diagram
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Figure 3 - Pre-Cooled Liquefaction Flowsheet
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Figure 4 - Pre-Cooled Liquefaction Temperature-Entropy Diagram
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An dternative to the pre-cooled Linde process is to pass the high-pressure gas through an expansion
engine. An expanson engine, or turbine, will dways cool a gas, regardiess of itsinverdon temperature
(Flynn 1992). The theoretical process referred to as ideal liquefaction uses areversible expanson to
reduce the energy required for liquefaction. It consists of an isothermal compressor, followed by an
isentropic expansion to cool the gas and produce aliquid. It isused as atheoretica basisfor the
amount of energy required for liquefaction, or idedl work of liquefaction, and is used to compare
liquefaction processes (Timmerhaus and Hynn, 1989). In practice, an expansion engine can be used
only to cool the gas stream, not to condense it because excessive liquid formation in the expansion
engine would damage the turbine blades (Timmerhaus and Flynn 1989). Figure 5 isaflowsheet for an
idedl liquefaction process, Figure 6 shows the process using a temperature-entropy diagram.

The ided work of liquefaction for hydrogen is 3.228 kWh/kg (1.464 kWh/1b). For comparison, the

ideal work of liquefaction for nitrogen is only 0.207 kWh/kg (0.094 kWH/Ib) (Timmerhaus and Hynn
1989). Appendix C contains sample work caculations for idedl liquefaction, the Linde process, and
the nitrogen pre-cooled Linde process.

Other processes include the Dua-Pressure Linde Process, the Claude Cycle, the Dua-Pressure Claude
Cydle, and the Haylandt Cycle. They are Smilar to the above processes, but use extra heat exchangers,
multiple compressors, and expangon engines to reduce the energy required for liquefaction. This energy
reduction is offset by higher capita costs (Timmerhaus and FHynn 1989).

2.1.2 Ortho-to-Para Conversion

Hydrogen molecules exigt in two forms, para and ortho, depending on the eectron configurationsin the
two individua hydrogen atoms (Noganow 1992). At hydrogen's boiling point of 20 K

(-423°F), the equilibrium concentration isamogt dl para-hydrogen, but at room temperature or higher,
the equilibrium concentration is 25% para-hydrogen and 75% ortho-hydrogen (Noganow 1992;
Encyclopedia of Chemica Technology 1991; Timmerhaus and Flynn 1989). The uncatalyzed
conversion from ortho to para-hydrogen proceeds very dowly, so without a catalyzed conversion step,
the hydrogen may be liquefied, but may gtill contain Sgnificant quantities of ortho-hydrogen. This ortho-
hydrogen will eventualy be converted into the paraform in an exothermic reaction (Timmerhaus and
Flynn, 1989).

This poses a problem because the trangtion from ortho to para-hydrogen releases a Sgnificant amount
of heat (527 kJkg [227 Btu/Ib]) (Noganow 1992). If ortho-hydrogen remains after liquefaction, this
heat of transformation will dowly be released as the conversion proceeds, resulting in the evaporation of
as much as 50% of the liquid hydrogen over about 10 days. This means long-term storage of hydrogen
requires that the hydrogen be converted from its ortho form to its paraform to minimize boil-off losses
(Noganow 1992; Timmerhaus and Flynn 1989).



Figure 5 - Ideal Liquefaction Flowsheet
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Figure 6 - Ideal Liquefaction Temperature-Entropy Diagram
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This can be accomplished using a number of catalysts including activated carbon, platinized asbestos,
ferric oxide, rare earth metd's, uranium compounds, chromic oxide, and some nickel compounds
(Encyclopediaof Chemica Technology 1991; Timmerhaus and Flynn 1989). Activated charcod is
used most commonly, but ferric oxide is aso an inexpengive dternative (Noganow 1992; Timmerhaus
and Flynn 1989). The heet reased in the conversion is usualy removed by cooling the reaction with
liquid nitrogen, then liquid hydrogen. Liquid nitrogen is used first because it requires less energy to
liquefy than hydrogen, but sill cools the hydrogen enough to achieve an equilibrium concentration of
roughly 60% para-hydrogen (Timmerhaus and Flynn, 1989).

2.1.3 Liquid Hydrogen Storage

A mgor concern in liquid hydrogen storage is minimizing hydrogen losses from liquid boil-off. Because
liquid hydrogen is stored as a cryogenic liquid that is at its boiling point, any heeat transfer to the liquid
causes some hydrogen to evaporate. The source of this heat can be ortho-to-para conversion, mixing
or pumping energy, radiant heeting, convection heeting or conduction heating. Any evaporation will
result in anet lossin system efficiency, because work went into liquefying the hydrogen, but there will be
an even greater lossif the hydrogen is released to the atmosphere instead of being recovered.

Thefirst step in avoiding boil-off lossesisto perform an ortho-to-para conversion of the hydrogen
during the liquefaction step to prevent any conversion and subsequent evaporation from occurring during
storage. Another important step in preventing boil-off is to use insulated cryogenic containers.

Cryogenic containers, or dewars, are designed to minimize conductive, convective, and radiant heat
transfer from the outer container wal to the liquid (Hart 1997). All cryogenic containers have a double-
wall congtruction and the space between the wals is evacuated to nearly eliminate heet transfer from
convection and conduction. To prevent radiant heet transfer, multiple layers (30-100) of reflective,
low-emittance heat shidding--usualy auminized plastic Mylar--are put between the inner and outer
walls of thevessd. A chegper dternative to Mylar filmis perlite (colloidd slica) placed between the
vesd walls (Timmerhaus and Hynn 1989).  Some large storage vessdls have an additiona outer wall
with the space filled with liquid nitrogen. This reduces hest transfer by lowering the temperature
difference driving the heet transfer (Huston 1984).

Most liquid hydrogen tanks are spherical, because this shape has the lowest surface area for heat
transfer per unit volume (Hart 1997; Timmerhaus and Fynn 1989; Report to Congress 1995). Asthe
diameter of the tank increases, the volume increases fagter than the surface area, o alarge tank will
have proportiondly less heat transfer areathan asmadl tank, reducing boil-off. Cylindrica tanks are
sometimes used because they are easier and cheaper to congtruct than spherical tanks and their volume-
to-surface arearatio is dmost the same (Timmerhaus and Flynn 1989).



Liquid hydrogen storage vessels at customer sitestypically have a capacity of 110-5,300 kg (230-
11,700 Ib) (Internationa Journa of Ambient Energy 1992; Report to Congress 1995; Zittd and
Wurster 1996; Huston 1984; Taylor et d. 1986). NASA hasthe largest sphericd tank in the world
with a capacity of 228,000 kg (500,000 Ib) of liquid hydrogen (Internationd Journd of Ambient Energy
1992; Zittel and Wurgter 1996; Taylor et a. 1986; Report to Congress 1995). Hydrogen liquefaction
plants normally have about 115,000 kg (250,000 Ib) of storage onsite (Report to Congress 1995).
Single tanks can be constructed to hold as much as 900,000 kg (2,000,000 Ib) of hydrogen (Report to
Congress 1995).

Even with careful insulation, some hydrogen will evaporate. This hydrogen gas can be vented, alowed
to build up pressurein the vessdl, or captured and returned to the liquefaction process. If theliquid
hydrogen is stored in a pressure vessd, the gas can be left to build up gradudly until it reaches the
design pressure, then some of the gas must be vented (Hart 1997). The length of time it takes for the
gas pressure to reach the pressure limit is called the lock-up time. For processes that use gaseous
hydrogen, if the storage time is shorter than the lock-up time, no hydrogen losses will occur--any gases
produced can be drawn off first and used in the process instead of being vented to the atmosphere
(Hart 1997).

Another option if the hydrogen is stored on the same Ste where it isliquefied is to pull the hydrogen gas
out of the liquid hydrogen vessdl and re-liquefy it. Thisway no hydrogen islost, and because the
hydrogen gasis il cold, it is easier to compress. In large trangportation gpplications such as barges,
the boil-off gasis being consdered as transportation fud--as the hydrogen gas boils off the liquid, it is
recgptured and fed into the ship’s bailer.

If the hydrogen cannot be recovered, it can be vented. Venting the hydrogen to the atmaosphere poses
little safety risk because it will quickly diffuseinto the air.

2.1.4 Plant Size

Medium-sized liquefaction plants have production rates of 380-2,300 kg/h (830-5,000 Ib/h) (Zittd and
Wurster 1996). Plants built during the past few years have been smdler (110-450 kg/h [250-1000
Ib/h]) (Zittd and Wurster, 1996). One plant built in Germany during 1991 has a production rate of 170
kg/h (370 Ib/h) (Zittel and Wurster 1996).

2.2 Metal Hydride Storage

Meta hydrides store hydrogen by chemicaly bonding the hydrogen to meta or metaloid dements and
dloys (Noganow 1992). Hydrides are unique because some can adsorb hydrogen at or below
atmospheric pressure, then release the hydrogen at significantly higher pressures when heated--the
higher the temperature, the higher the pressure. There is awide operating range of temperatures and
pressures for hydrides depending on the dloy chosen (Ali and Sadhu 1994; Hydrogen Components,
Inc. 1997). Each dloy has different performance characteristics, such as cycle life and hesat of reaction.
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Figure 7 illugtrates the temperature and pressure relationship for atypica hydride. When the hydrogen
partid pressure isfirst increased, the hydrogen dissolvesin the metd or dloy, then begins to bond to the
metal. During the bonding period the equilibrium or plateau pressure remains congtant from the time that
10% of the hydrogen has been stored until about 90% of the storage capacity isreached. After the
90% point, higher pressures are required to reach 100% of the hydride storage capacity (Worf 1992;
Huston 1984). Heat released during hydride formation must be continuoudy removed to prevent the
hydride from heating up. If the temperature is dlowed to increase the equilibrium pressure will increase
until no more bonding occurs. If hydrogen is being recovered from another gas, some hydrogen can be
alowed to escgpe or blow off, taking away any contaminants that didn't bond to the hydride (Au et d.
1996).

To recover the hydrogen from the metal hydride, heat must be added to break the bonds between the
hydrogen and the metal. Again, the higher the temperature, the higher the release pressure. Initidly the
pressure of the gasis high as any free hydrogen is released, then the pressure plateaus as the hydride
bonds are broken. When only about 10% of the hydrogen remains the equilibrium pressure drops of f
(Worf 1992; Huston 1984). Thislagt bit of hydrogen dissolved in the metd matrix is difficult to remove,
and represents strongly bonded hydrogen that cannot be recovered in the normal charge/discharge cycle
(Au et a. 1996).

Metd hydride beds can be configured smilar to carbon adsorption columns. Thisresultsin areaction
front moving through the bed with a very high upstream concentration of hydrogen and alow residua
concentration downstream of the reaction front. Using this configuretion, it is easy to determine when
the bed is completdly charged because the outlet hydrogen concentration will suddenly increase. Using
multiple columns dlows semi-continuous charging and discharging of the hydrides (Au et d. 1996).

Hydrides store only about 2%-6% hydrogen by weight (Encyclopedia of Chemica Technology 1991;
Hart 1997), but have high volumetric storage dengties. The hegats of reaction for hydrides can range
from 9,300 to greater than 23,250 kJkg (4,000-10,000 Btuw/Ib) of hydrogen, and operating pressures
can reach more than 10 MPa (1,450 psig). Some hydride release temperatures can aso be quite
high-greater than 500°C (932°F) (Ali and Sadhu 1994; Hydrogen Components, Inc. 1997).

With thiswide range in pressures and temperatures, the congtruction of the storage unit becomes a
chdlenge. Thevessd containing the hydride must be pressurized and contain sufficient heat exchange
areato dlow rapid heet transfer for charging and discharging the hydride (Encyclopedia of Chemica
Technology 1991). The metal hydride aloy must aso be structuraly and thermdly stable to withstand
numerous charge/discharge cycles. Some hydrides can aso be poisoned by carbon dioxide, sulfur
compounds, or water (Internationa Journa of Ambient Energy 1992).
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Figure 7 - Metal Hydride Pressure Behavior
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Oneindudtrid ste has used alow-temperature meta hydride to successfully recover 18 kg

(39 Ib) of hydrogen in 4 hours from an ammonia waste steam containing 50% hydrogen. Cooling water
was used for removing heet during absorption and warm water supplied the heat for desorption. One
bendfit of usng ameta hydride in this application was the purification effect provided by the metal
hydride. Even though the incoming hydrogen concentration was only 50%, a brief purging or blowdown
of the hydride vessdl resulted in a 99.999% hydrogen purity with 76% hydrogen recovery (Au et d.
1996).

2.3 Compressed Gas Storage

Compressed gas storage of hydrogen is the smplest storage solution--the only equipment required isa
compressor and a pressure vessel (Schwarz and Amonkwah 1993). The main problem with
compressed gas storage is the low storage density, which depends on the storage pressure. Higher
storage pressures result in higher capita and operating costs (Garrett 1989).

Low-pressure spherical tanks can hold as much as 1,300 kg (2,900 Ib) of hydrogen at 1.2-1.6 MPa
(1,700-2,300 psig) (Hart 1997). High-pressure storage vessals have maximum operating pressures of
20-30 MPa (2,900-4,350 psg) (Zitte and Wurster 1996). European countries tend to use low-
pressure cylindrica tanks with a maximum operating pressure of 5 MPa (725 psg) and storage
capacities of 115-400 kg (255-800 Ib) of hydrogen (Zittd and Wurster 1996).

One concern with large storage vessels (especidly underground storage) is the cushion gas that remains
in the “empty” vesse at the end of the discharge cycle. In smdl containers this may not be a concern,
but in larger containers this may represent alarge quantity of gas (Hart 1997; Taylor et a. 1986). One
option isto use aliquid such as brine to fill the volume of the container and displace the remaining
hydrogen gas (Taylor et a. 1986).

2.4 Underground Storage

Depending on the geology of an area, underground storage of hydrogen gas may be possible (Zittd and
Wurster 1996). Underground storage of natural gas is common and underground storage of helium,
which diffuses faster than hydrogen, has been practiced successtfully in Texas (Hart 1997).

For underground storage of hydrogen, alarge cavern or area of porous rock with an impermesble
caprock above it is needed to contain the gas. A porous layer of rock saturated with water is an
example of agood caprock layer. Other optionsinclude abandoned natural gas wells, solution mined
sdt caverns, and manmade caverns.

As mentioned with compressed gas containers, one consideration is the cushion gas that occupies the
underground storage volume at the end of the discharge cycle (Hart 1997; Taylor et d. 1986). Thiscan
be as much as 50% of the working volume, or severd hundred thousand kilograms
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(pounds) of gas. Some storage schemes pump brine into the area to displace the hydrogen, but this
increases the operating and capital costs (Taylor et a. 1986; Zittd and Wurster 1996).

2.5 Storage in Pipelines

Piping sysems are usudly severad mileslong, and in some cases may be hundreds of mileslong.
Because of the greet length, and therefore great volume, of these piping systems, adight change in the
operating pressure of a pipeine system can result in alarge change in the amount of gas contained within
the piping network. By making small changes in operating pressure, the pipeline can be used to handle
fluctuations in supply and demand, avoiding the cost of ondte storage (Hart 1997; Report to Congress
1995).

2.6 Compressors

Compressed gas Sorage, liquefaction, underground storage, and pipdines dl require compressors; only
meta hydride storage does not, athough a compressor may aso be used for hydrides depending upon
the hydride plateau pressure (Schwarz and Amonkwah 1993).

Hydrogen can be compressed using sandard axid, radia or reciprocating piston-type compressors by
making dight modifications of the sedls to take into account the higher diffusvity of the hydrogen
molecules (Hart 1997). Reciprocating compressors can be as large as 11,200 kW (15,000 hp) and
can handle hydrogen flows of 890 kg/h (1,950 Ib/h) at up to 25 MPa (3,600 psig). They dso work
well with varigble flows (Timmerhaus and Flynn 1989). Radia compressors are used for flows of 160-
22,000 kg/h (350-49,000 Ib/h) and axial compressors for 6,400-89,000 kg/h (14,000-200,000 Ik/h)
(Timmerhaus and Hynn 1989). One benefit of axid compressorsis that several can be mounted on one
common shaft, but they must be protected from surging by using arecycle and have an efficiency of only
about 50% (Timmerhaus and Flynn 1989).

The firgt stage in most multi-stage compressors normally reaches a couple of atmospheres of
compression (0.3-0.4 MPa[45-60 pdg]). In higher-pressure gpplications, 3-4 M Pa (435-580 psig) of
precompression is done before compressing the gas to 25-30 M Pa (3,600-4,400 psg) (Zittd and
Wurster 1996).

A metd hydride can dso be used for gas compression by adsorbing hydrogen a alow temperature and
low pressure and then heating the hydride to a higher temperature to produce a higher pressure
(Hydrogen Components, Inc. 1997). A series of hydrides that have increasing desorption temperatures
can be used for compression so the adsorption heat of one hydride can be used for the desoprtion heat
of another. Compression ratios greater than 20:1 are possble using hydrides, with find pressures of
over 100 MPa (14,700 psg) (Huston, 1984, Hydrogen Components, Inc. 1997).
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2.7 Expanders

Modern liquefaction processes and some compressed gas storage schemes use expanson engines to
recover some of the energy in the compressed hydrogen gas. In liquefaction, expansion engines are
used to cool the gas more efficiently than just throttling the gas in a Joule- Thompson expangon
(Timmerhaus and Flynn 1989). In gas storage, expansion engines are sometimes used to produce work
from the gas leaving a high-pressure storage container if the gpplication requires only low pressure

hydrogen.

Turboexpanders are usudly used for large gas flows, but can range from 0.75 to 7,500 kW (1-10,000
hp), handling flows as high as 103,000 kg/h (230,000 Ib/h) of hydrogen (Timmerhaus and FHynn 1989).
Turboexpanders have efficiencies of 85% at full flow, but the efficiency can drop to 60% as the flow
rate for a given turbine drops (Timmerhaus and Flynn 1989). Reciproceating expanders, which can be
used for variable flows, have efficiencies of 75%-85% (Timmerhaus and FHynn 1989).

2.8 Developing Methods of Hydrogen Storage

Besdesliquid, gaseous, metd hydride, and underground storage methods, severa other methods of
storing hydrogen are in various stages of development. Each hasits own advantages and disadvantages.

2.8.1 Liquid Hydrides

Japan islooking a a scheme to produces hydrogen by eectrolysis using hydropower in Canada, storing
the hydrogen in the form of cyclohexane for trangport to Japan, then regenerating the hydrogen to
produce eectricity. Because hydrodectric power is available at relaively low costs in Canada, this
source of renewable energy can be used to produce hydrogen through electrolyss. The hydrogen then
reacts with benzene to form cyclohexane. The hydrogen can be recovered using a catalyzed reaction
with membrane separation (Chemica Engineering 1994).

Thiswould alow the hydrogen to be transported across the ocean as a stable liquid, but the process
doesinvolve atoxic chemica (benzene) and requires complex recovery equipment. (T-Raiss and
Sadhu 1994; Huston 1984). Hydrogen can aso be converted into methanol, but again the toxicity of
methanol is a concern (Chemica Engineering 1994; Huston 1984; Hart 1997; T-Raiss and Sadhu
1994).

2.8.2 Adsorption
Adsorption is ahigh density storage dternative compared to compressed gas, with a storage volume of
about one-third that of compressed gas at 20 MPa (2,900 psg). The mass of the storage media,

however, becomes afactor because only 1%-10% of the storage system by weight is hydrogen. The
weight of the storage media may be two to four times heavier than a
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comparable compressed gas system, including the vessel. Another issue with hydrogen adsorption is
that under some circumstances, only 80% of the adsorbed hydrogen can be recovered from the storage
media (Hart 1997).

Carbon adsorption has arelatively good storage density, but currently available systems require
refrigeration and an insulated storage container to reach high storage dengties.  Carbon nanotube
research may improve the outlook of using carbon adsorption by producing carbon with much higher
surface areas per unit mass, dlowing it to adsorb grester amounts of hydrogen at room temperature.
Currently carbon can adsorb up to 4% hydrogen by weight, with agod of reaching about 8% at room
temperature with further research (Hart 1997; Schwarz and Amonkwah 1993; T-Raiss and Sadhu
1994; Report to Congress 1995).

2.8.3 Sponge Iron

Iron oxide reacts with hydrogen in an endothermic reaction at 1,230°C (2,240°F) to form iron and
water. Later, the hydrogen can be recovered by reacting the iron with steam to again form iron oxide
and hydrogen. The uncatayzed reaction requires temperatures of 430°-630°C (800°-1,160°F), but
with the appropriate catalyst, the reaction temperature can be reduced to 250°C (482°F). An added
benefit of usng sponge iron is that, unlike some competing storage methods, it is not poisoned by
carbon monoxide, which is produced when reforming hydrocarbons to hydrogen (Hart 1997; T-Raiss
and Sadhu 1994).

So far, sponge iron storage has been demongtrated on alaboratory scale only and is at least 3-5 years
from commercidization, but it could have the advantages of high energy density and low storage cost
(T-Raiss and Sadhu 1994, Zittd and Wurster 1996).

2.8.4 Glass Microspheres

Glass microspheres are small, hollow spheres 25-500 microns (0.001-0.020 in.) in diameter
constructed of a glass that becomes permesable to hydrogen when heated to 200°-400°C (392°-
752°F). Hydrogen gas enters the microspheres and becomes trapped when they are cooled to room
temperature. The hydrogen can then be recovered by reheating the microspheres (Hart 1997; Report
to Congress 1995).

2.8.5 Ammonia

Hydrogen can be reacted to form ammonia, which can be stored at 1.7 MPa (250 psg). It can then be
dissociated back into hydrogen and nitrogen over an iron oxide catayst at 700°C (1,292°F) and 0.1

MPa (15 psig), consuming 7.9 kwWh/kg (3.6 kWH/1b) of eectricity in the process. The anmoniagas
provides a high storage density, but it is hazardous to handle and requires eectricity to dissociate the
ammonia back into hydrogen and nitrogen (Huston 1984).
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3.0 CAPITAL COSTS OF STORAGE EQUIPMENT
3.1 Compressor Capital Costs

Compressor cogts are based on the amount of work done by the compressor, which depends on the
inlet pressure, outlet pressure, and flow rate. Reciprocating compressors are most commonly used for
hydrogen applications, but centrifugal compressors are aso an option. Reciprocating compressors cost
about 50% more than a comparable centrifuga compressor, but have higher efficiencies (Timmerhaus
and Flynn 1989). The capital costs of both types of compressors have a sizing exponent of 0.80. High
operating pressures also add to the cost of a compressor (Garrett 1985).

Table 1 gives some examples of compressor costs. The prices are $650-$6,600/kW ($440-
$4,900/hp); the larger compressors are several times cheaper on a unit basis than smaller ones.

Table 1 - Compressor Capital Costs

Size (kW) | Size(hp) Cost* ($) Cost/kwW* Cost/hp* | Source
(Fkw) ($'hp)
10 13 na $6,600 $4,900 | Zitte and Wurster 1996
75 100 $180,000 $2,400 $1,800 | Taylor et d 1986
250 335 na| $660-$990 | $490-$735 | Zittd and Wurster 1996
2,700 3,600 | $2,330,000 $863 $647 | Taylor et a. 1986
3,700 5,000 | $2,440,000 $650 $480 | Taylor et a. 1986
4,500 6,000 | $3,160,000 $702 $527 | Taylor et a. 1986
28,300 38,000 | $20,000,000 $702 $526 | TransCanada Pipeline, Ltd.
1996a

*All costs are adjusted to 1995 dollars. n/a- Specific information not provided.

3.2 Liquefaction Capital Costs

The capitad cost of aliquid hydrogen plant can be estimated based upon the hydrogen production rate.
Sizing exponents for liquid hydrogen plants range from 0.6-0.7 (Zittd and Wurster 1996; Garret 1985;
Cuoco et d. 1995). One source gave the total capital cost breakdown as 10% planning, 60%

equipment, and 30% congtruction (Zittel and Wurster 1996).

Table 2 lists some capitd cogts for liquid hydrogen facilities of various Sizes. Price ranged from
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$25,600/kg/hr ($11,600/10/h) to $118,000/kg/hr ($53,300/1b/h).

Table 2 - Liquefier Capital Costs

Sze (kg/h) Size (Ib/h) Cost* ($) Cost* Cost* | Source
($kg/h) ($/I/h)
170 375 | $20,000,000 | $118,000 | $53,300 | Zittd and Wurster 1996
380 830 na $31,750 | $14,400 | Taylor et d. 1986
1,500 3,300 | $38,800,000 | $25,600 | $11,600 | Taylor et d. 1986
na na na| $116,000 | $52,500 | Cuoco et d. 1995

*All costs are adjusted to 1995 dollars. n/a- Specific information not provided.

3.3 Metal Hydride Capital Costs

For metal hydrides, capita expensesinclude not only the storage material, but also a pressure vessd

and an integrated heat exchanger for cooling and heating during absorption and desorption, respectively
(Schwarz and Amonkwah 1993). In some cases, the gas may need to be compressed, depending on

the particular properties of the hydride used (Schwarz and Amonkwah 1993). Because much of the
capita codt isfor the hydride materid itsdf, thereislittle economy of scae for metd hydride storage

(Carpetis 1994).

Table 3 gives some cost estimates for meta hydride storage. Vdues ranged from $820/kg ($370/1b) of

hydrogen to $60,000/kg ($29,000/1b) for very small hydride units. Metd hydride units have been
congtructed for as much as 27 kg (59 1b) of hydrogen (Hydrogen Components, Inc. 1997).
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Table 3 - Metal Hydride Capital Costs

Sze(kg) | Sze(lb) Cost* ($) Cost/kg H* Cost/lb Hy* Source
($ka) ($/1b)
na na na $1,765 $800 | Carpetis 1994
na na na| $2,100-$2,600 $940-$1,200 | Carpetis 1994
0.036 0.080 $2,150 $60,000 $29,000 | Hydrogen
Components
Inc. 1997
0.089-89 | 0.2-20 na $820-$1,300 $370-$570 | Oy 1992
8.9-890 | 20-2000 na| $1,400-$1,800 $640-$800 | Oy 1992
2.7 59 $8,500-$33,000 | $3,150-$12,200 | $1,440-$5,600 | Zittd and
Wourster 1996
0.089 0.2 na| $6,000-$22,000 | $3,000-$10,000 | Zittel and
Wourster 1996
0.89 2 na| $3,000-$11,000 | $1,350-$5,050 | Zittd and
Wurster 1996
8.9 20 na| $2,200-$8,200 | $1,000-$3,700 | Zittd and
Wourster 1996

*All costs are adjusted to 1995 dollars. /a- Specific information not provided.

3.4 Compressed Gas (Above-Ground) Capital Costs

Above-ground storage of hydrogen typicaly employs high-pressure sphericd or cylindrica tanks with
pressure ratings as high as 30 MPa (4,350 psg), but low-pressure spherica tanks with large diameters

are dso used (Zittd and Wurster 1996; Hart 1997.) Pressure vessdl sizing exponents vary from 0.62 to

0.75 based on the capacity (Garrett 1985; Carpetis 1994; Cuoco et a 1995).

Listed in Table 4 are some sample costs for hydrogen gas storage. Capital costs are $625-$2,080/kg
($280-$940/1b) of hydrogen. In many cases, smdl tanks are rented by the gas supplier for acouple
thousand dollars per month (Zittd and Wurster 1996).
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Table 4 - Compressed Hydrogen Pressure Vessel Capital Costs

Sze(kg) | Sze(lb) | Cost* ($) Cost/kg* Cost/Ib* Source
(ko) ($1b)
n‘a na na| $625-$2,080 | $280-$940 | Carpetis 1994
8.9-890 | 20-2,000 na| $950-$1,400 | $430-$640 | Oy 1992
0.089-8.9 | 0.2-20 na| $715-$840 | $325-$380 | Oy 1992
250 550 $180,000 $720 $330 | Taylor et d. 1986
1240 2750 | $840,000 $680 $305 | Taylor et d. 1986

*All costs are adjusted to 1995 dollars. n/a- Specific information not provided.
3.5 Liquid Hydrogen Vessel Capital Costs

Liquid hydrogen vessals are low pressure, but have high capital costs because of the insulation required
to prevent boil-off (Zittd and Wurgter 1996). The cost depends mainly on volume with aszing
exponent of around 0.7 (Carpetis 1994, Garrett 1989). Small vessels can be quite expensive and the
economy of scae savings are not sgnificant except with large volumes. Thereisaso areduction in
hydrogen losses with larger vessals because of the lower surface area per unit volume at the larger sizes
(Carpetis 1994). Perliteinsulated tanks cost less than Mylar wrapped tanks, but still provide good
insulating properties (International Journa of Ambient Energy 1992).

Table 5 lists some costs for liquid hydrogen vessdls of various sizes. Costs were $31-$700/kg ($8.20-
$320/1b).

Table S - Liquid Hydrogen Dewar Costs

Sze(kg) | Sze(lb) Cost* ($) | Cost/kg* Cost/lb* | Source
($ka) ($/1b)
na na na| $31-$520 | $14-$235 | Carpetis 1994
8.9-890 | 20-2,000 na $21-$36 $9-$16 Oy 1992
0.089-89| 0.2-20 na| $490-$700 | $220-$320 | Oy 1992
270 590 $120,000 $450 $200 Taylor et d. 1986
300,000 660,000 | $5,400,000 $18 $8.20 Taylor et d. 1986

*All costs are adjusted to 1995 dollars. n/a- Specific information not provided.
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3.6 Underground Storage Capital Costs

Underground storage is the most inexpensive means of storage for large quantities of hydrogen. Capita
costs vary depending on whether thereis a suitable natura cavern or rock formation, or whether a
cavern must be mined. Using abandoned natura gas wells is the chegpest dternative, followed by
solution salt mining and hard rock mining. Solution mining costs were estimated a $23/nT ($0.66/ft°);
hard rock mining costs were estimated at $34-$84/nT ($1.00-$2.50/ft°) depending on the depth
(Taylor et d. 1986).

New Y ork State Electric & Gas recently completed an underground naturd gas storage system
conssting of 89 km (55 mi) of high-pressure pipeline, a 1,930 kW (2,587 hp) compressor and a
solution mined cavern with a22.6 million Nn? (800 million scf) working volume (roughly equivaent to 2
million kg [4.5 million Ib] of H,). The complete project cost was cost $57.2 million (NY SEG 1996b,
NY SEG 1996¢). The cavern storage capacity was later expanded to 41 million Nn (1.45 billion scf,
or about 3.6 million kg [8 million Ib] of H,) working volume by adding two more compressors and
raising the operating pressure (NY SEG 1997).

One additiond expense for underground storage is the value of the cushion gas that remains when the
sorage system is a the end of its discharge cycle. Brine can be used to displace thisgas at an
additiond expense for pumping and storing the brine solution (Taylor et al, 1986).

Table 6 gives some underground storage capital cost etimates. Prices are $2.50-$18.90/kg ($1.10-
$9.00/Ib). Thisisan order of magnitude less than liquid hydrogen storage and two orders of magnitude
less than compressed gas above-ground storage.

Table 6 - Underground Storage Capital Costs

Sze (kg) Sze(lb) Cost* ($) Cost/kg* Cost/Ib* Source
($/ko) ($/Ib)
na na na $10.00 $5.00 Carpetis 1994
8.9-890 20-2000 na $2.50-$7.00 | $1.10-$3.20 | Oy 1992
na na na $6.30-$18.90 | $3.50-$9.00 | Taylor et a. 1986
2,000,000 | 4,500,000 n‘a $28.60 ** $12.70** | NYSEG 1996b

*All cogts are adjusted to 1995 dollars. /a- Specific information not provided.
** |ncludes 89 km (55 mi) of pipdine.

3.7 Pipeline Capital Costs

Pipeline congtruction costs will be included later in the report with transportation costs. Storing
hydrogen in a pipeline system by increasing the operating pressure requires no additional capital
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expense as long as the pressure rating of the pipe and the capacity of the compressors are not exceeded
(Hart 1997; Report to Congress 1995).

4.0 OPERATING COSTS FOR HYDROGEN STORAGE

Utility cogts for hydrogen storage consist of dectricity, heet for the metd hydride, and cooling for dl the
processes. For liquid hydrogen, boil-off loses increase costs.

4.1 Compressed Gas Operating Costs

The largest operating cost with above-ground gas storage is the energy to compress the hydrogen. The
exact energy requirements would, of course, depend on the final pressure, but because compression
work is an exponentia function of pressure, a high finad storage pressure requires minimal power
compared to the initial compression of the gas. Pressurized electrolyzersthat produce hydrogen at an
elevated pressure have lower power requirements for compression or liquefaction than electrolyzers
operating at or near atmospheric pressures (Hart 1997).

The efficiency of the compressor will aso affect the economics. Small compressors may have
efficiencies as low as 40%-50%; larger dternating, double-action compressors may have efficienciesin
the 65%-70% range (Zittel and Wurster 1996; Cuoco et d. 1995). The energy to compress hydrogen
from 0.1 to 15-20 MPa (14.5 psig to 2,100-2,800 psig) can be 8%-10% of the energy content of the
hydrogen (Cuoco et al. 1995).

Totd costs for compressed gas storage, including equipment-related charges are listed in Table 7. One
source breaks down the contributors to above-ground storage costs as follows: $0.46/kg ($0.21/1b) for
the storage vessdl, $0.06/kg ($0.03/Ib) for compressor-related costs, and $0.08/kg ($0.04/1b) for the
compressor energy (Schwarz and Amonkwah 1993). In other words, the capital cost of the tank was
75% of the storage costs, explaining the much lower cost for underground storage.

Table 7 - Compressed Gas Above-Ground Storage Total Costs

Sze(kg) | Sze(lb) Cost/kg* Cost/Ib* Source
($kg) ($/1b)
167,000 | 368,000 $0.60 $0.28 Schwarz and Amonkwah 1993
na na $1.00-$1.50 | $0.46-$0.67 | Cuoco et al. 1995
na na $0.07 ** $0.03** | Carpetis 1994

*All costs are adjusted to 1995 dollars. n/a- Specific information not provided.
**Power-related costs only.
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4.2 Liquefaction Operating Costs

The highest operating cost for liquefaction is dectricity. Smal amounts of nitrogen and cooling water
are dso needed. One source bresks down costs as $0.08/kg ($0.04/1b) for compression equipment
and utilities, $0.13/kg ($0.06/Ib) for the liquid hydrogen tank, and $0.99/kg ($0.45/Ib) for dectrical
energy (Schwarz and Amonkwah, 1993). Compared to compressed gas storage, the storage vessals
cogs are lower, but for liquefaction the energy requirements are higher.

Table 8 - Liquefier Operating Costs

Sze(kg) | Sze(lb) | Cost/kg* | Cost/Ib* | Source
($ka) ($/1b)
167,000 | 368,000 | $1.20 $0.55 | Schwarz and Amonkwah 1993
na na $0.40** | $0.19** | Carpetis 1994

*All cogts are adjusted to 1995 dollars. n/a - Specific information not provided.
** Cost for power only.

Liquefaction power requirements varied from 8.0 kWhvkg (3.6 kWHb) to 12.7 kWhvkg (5.8 kwhib). Application of
magnetocaloric cooling to liquefy hydrogen may result in energy requirements aslow as 4.94 kWh/kg
(2.24 kWH/1b) in the future (Schwarz and Amonkwah 1993; Internationd Journd of Ambient Energy
1992; Zittel and Wurster 1996; Johannsen 1993; Cuoco et d. 1995). For comparison, the idea energy
of liquefaction of hydrogen is 3.228 kWh/kg (1.464 kWH/Ib) (Timmerhaus and Flynn 1989). Table 9
gives some liquefaction power reguirements.

Table 9 - Liquefier Power Requirements

Liquefaction | Liquefaction | Source
Energy Energy
(kWhvkg) (kwWh/1b)
10.4 4.7 | Schwarz and Amonkwah 1993
12.7 5.8 | Zittd and Wurster 1996
9.0-11.0 4.1-5.0 | Johannsen 1993
8.0 3.6 | Cuoco et al. 1995

Boil-off rates depend on the Sze of the storage vessal and range from 2%-3% per day for small
portable containers down to 0.06% per day for large vessdls (Internationa Journal of Ambient Energy
1992; Carpetis 1994; Timmerhaus and Flynn 1989; Johannsen 1993; Cuoco et d. 1995; Taylor et d.
1986). A typicd boil-off rate is 0.1% (Timmerhaus and Hynn 1989; Johannsen 1993; Taylor et d.
1986). If this hydrogen is not recaptured by the process, the lost hydrogen
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represents an expense, and even if it isrecaptured, energy is required to re-liquefy it. The industry
target for boil-off rateis 0.03% per day (Johannsen 1993).

4.3 Metal Hydride Operating Costs

The main operating cost consderations with metal hydrides are the heeting and cooling requirements for
the desorption and absorption processes (Encyclopedia of Chemica Technology 1991; Carpetis 1994;
Zittel and Wurgter 1996). When ameta hydrideis also used for purification, the 10% or so of
hydrogen lost during blow-off of the contaminants results in an additional cost (Au et d 1996).

A breakdown of storage costs from one source was $0.04/kg ($0.02/1b) for utilities, $0.17/kg
($0.08/1b) for energy, and $0.44/kg ($0.20/1b) for the vessdl, heat exchanger and metal hydride
(Schwarz and Amonkwah 1993). In this case, the capital cost of the hydride is two-thirds of the tota
storage cost and energy costs are another 27% of the total storage cost.

Heating and cooling requirements vary from 9,300-18,600 kJkg H, (4,000-8,000 Btu/lb H,) (T-Raiss
and Sadhu 1994). In the case of low-temperature hydrides, the hydride temperature requirement is
generdly lessthan 100°C (212°F), but the heat source may need to be at a higher temperature to alow
fadt heat trandfer with aminimum of heet trandfer area (T-Raiss and Sadhu 1994).

4.4 Underground Compressed Gas Operating Costs

The operating costs for underground storage are limited to the energy and maintenance costs related to
compressing the gas into underground storage and possibly boosting the pressure coming back out.
One estimate of the operating costs of underground storage is $1.00-$3.90/kg ($0.47-$1.80/1b) (Oy
1992).

5.0 CHOICE OF STORAGE
The choice of which method of hydrogen storage is best depends on:

J The agpplication (Is liquid hydrogen required? What pressure is required?)

o The required energy density (What form of hydrogen delivery will be used? Is space an issue?)

J The quantity of hydrogen to be stored (Is the storage used as a buffer, or primary storage for a
large amount of hydrogen?)

. The storage period (Will the storage be used to keep hydrogen for afew hours, or isit seasona
storage?)

J What forms of energy are readily available (Isthere waste heat available? Isthere high-
pressure steam available for aturbine?)

. What isthe geology of the area (Are there abandoned natural gas wells available?)
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o Any future expansion needs (Are there reasons to believe additiona storage will be needed in
the future?)

o Maintenance requirements (Is high reliability required? How often can the storage system be
shut down for maintenance?)

o Capita cogts (Are high capital costs prohibitive?)

(T-Raiss and Sadhu 1994; Oy 1992)
5.1 Application

If hydrogen isrequired for a cryogenic gpplication, the only choiceisliquid hydrogen. If on the other
hand, hydrogen can be used as agas, thiswould alow al forms of storage and delivery to be
considered.

5.2 Energy Density

The energy density of the hydrogen may be an important consderation. For example, if the hydrogen
must be delivered to aste far away, liquid hydrogen would probably be the best option. The higher
dengity of liquid hydrogen means one truck can carry as much liquid hydrogen as 20 trucks carrying
compressed gas.

Energy density can be expressed in terms of the volumetric energy density or the weight dendity. Thisis
important in the case of metd hydrides because they have a high volumetric dendty, but alow weight
dengity (Encyclopedia of Chemicd Technology 1991; Hart 1997; Schwarz and Amonkwah 1993). In
other words, ameta hydride storage tank may have a smdl footprint, but can weigh severd tons. One
reason metd hydrides are difficult to use in automobiles is weight limitation, but for stationary storage,
gzeisusudly of more concern than weight.

If hydrogen is being delivered continuoudy by pipdineg, littleif any hydrogen storage may be required,
and it would not make sense to liquefy the hydrogen, then ddliver it to a pipeline as agas (Hart 1997,
Report to Congress 1995). In pipelines with large variation in flow, hydrogen may need to be stored to
meet peak demand. The method of storage in that case would depend on the quantity to be stored and
the storage time.

5.3 Quantity

The quantity of hydrogen to be stored is a mgor cons deration because the capital cost per pound of
hydrogen is generdly lower for larger cgpacity storage units. In the case of liquid hydrogen, boil-off
raes are d o inversaly proportiond to the vessd Sze, 0 larger storage units will have lower boil-off
rates.

Compressed gas storage can be used for smdl quantities of hydrogen when cryogenic temperatures are
not required (Carpetis 1994). Because of the high capital cost of aliquefaction
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plant, liquid hydrogen would be cost-prohibitive for smal quantities of hydrogen, and the high boil-off
rates associated with the smaler vessal sze would raise this cost even more. A metal hydride might be
a cogt-effective option if the hydrogen is produced at alow pressure and a high- pressure gasis
required. A metal hydride could also be usad if the hydrogen must be purified. With very small
quantities of hydrogen, the cost difference between compressed gas and meta hydride Storage is not
great because both require a pressure vessdl and the metd hydride aloy cost is smal compared to the
vesd codt for smdl units (Carpetis 1994).

As the storage requirements increase, the meta hydride aloy becomes alarger percentage of the unit
cost and becomes the driving cost factor. At the same time, the cost of compressed gas storage
decreases per unit volume with larger vessals, making compressed gas storage more economica. Metdl
hydride storage may 4iill be economicd if high pressure hydrogen is needed and a source of waste hest
isavalable (Carpetis 1994).

For even greater quantities of hydrogen, liquid hydrogen starts to become competitive because of the
lower storage unit cost per pound of hydrogen. For small quantities of hydrogen, the pressure vessel
cost for the compressed gasis lower than the combined cogts of the insulated dewar, liquefier, high bail-
off, and high energy use. However, as the quantity of hydrogen to be stored increases, the cost of the
pressure vesse increases faster than the liquefaction costs (Taylor et a. 1986).

Underground storage is a specia case of compressed gas storage where the “vessal” cost is very low.

In most cases, underground storage in anatura geologica formation will cost less than any other storage
technique (Carpetis 1994; Oy 1992). The only case it wouldn't be chegper iswith smadl quantities of
gasin large caverns where the amount of working capita invested in the cushion gasislarge compared
to the amount of hydrogen stored.

Compressed gas storage is generaly limited to 1,300 kg (2,800 Ib) of hydrogen or less because of high
capital costs (Taylor et d. 1986). Over this, liquid hydrogen storage or underground storage should be
considered.

5.4 Storage Period

The longer hydrogen is to be stored, the more favorable underground or liquid hydrogen storage
becomes because of lower capitd codts. If hydrogen is stored for along time, the operating cost can be
asmall factor compared to the capital costs of storage (Carpetis 1994; Oy 1992).

Underground storage is the cheapest for short-term storage, followed by above-ground compressed
gas storage, which should be considered for storage times of several hoursto severa days (Carpetis
1994; Oy 1992). Liquid storage and underground storage should be considered for seasond or long-
term storage of hydrogen for periods longer than a couple of days or 5% annud turnover rates of gas
(Carpetis 1994). Metd hydride storage is not economical for large quantities of gas because of the high
capitd cost of the meta hydride (Oy 1992).
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5.5 Energy Availability

The available energy may be another consideration when choosing methods of storage. For
compressed gas storage and hydrogen liquefaction, compressor power consumption can be quite high.
If inexpensive dectricity, gas turbine, or steam turbine power is available, the compresson costs will be
lower. A cheap source of therma energy or waste heat would benefit meta hydride storage by
reducing the energy codsts for releasing the hydrogen from the hydride (Carpetis 1994).

5.6 Maintenance and Reliability

Maintenance and rdliability will depend on how simple the sorage method is to operate and maintain. A
liquefaction plant will be much more complicated and more costly to maintain than a metd hydride
Sorage unit that has no rotating assemblies. Liquefaction will have the highest maintenance
requirements, followed by compressed gas storage, and then meta hydrides.

5.7 Safety

Safety isaconcern with any option. When the main options for storage are examined, metal hydrides
appear to be the safest storage option because the storage unit is at low pressure. If thereisaleak in
the container, very little hydrogen will leak out because a source of continuous hest is required to
release the bond between the metd and the hydrogen (Encyclopedia of Chemica Technology 1991;
Hart 1997).

For compressed gas, there are two dangers. Firgt, ahigh-pressure vessel always presents some level of
risk, whether it is an inert gas or areactive gas such as hydrogen (Schwarz and Amonkwah 1993; T-
Raiss and Sadhu 1994). Second, if acompressed gas tank develops a legk, it will result in the release
of alarge amount of hydrogen very quickly. Liquid hydrogen has the potentid to release even more
hydrogen than compressed gasif a storage container lesks because the liquid hydrogen will quickly
vaporize. In open areasthere is, however, little chance of detonation, because hydrogen diffusesinto air
quickly (Hart 1997).

5.8 Summary
Basad on current hydrogen storage technology, the following generaizations can be made:

Underground Storage - For large quantities of gas or long-term Storage.

Liquid Hydrogen - For large quantities of gas, long-term storage, low electricity costs or gpplications
requiring liquid hydrogen.

Compressed Gas - For smdl quantities of gas, high cycle times or short Sorage times.

Metd Hydrides - For small quantities of gas.
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6.0 ANALYSIS OF STORAGE COSTS

An andysis was performed to estimate storage costs based on the mgjor operating and capita
expenses. For storage, there were two main factors: production rate and storage time. Production rate
isused in szing compressors and liquefaction plants, and determining the operating costs in each case.
Production rate multiplied by the number of days of storage gives the storage capacity required, which
in turn determines the storage unit Sze and capital costs. Flow rates are used to caculate the eectricity,
heating, and cooling requirements. These operating codts are independent of storage capacity. Sample

cdculations for each storage option arein Appendix A.

6.1 Cost Assumptions

Table 10 provides the factors used to estimate the capital costs associated with hydrogen storage.
These particular numbers were used because they provided the best cost estimates over the entire range

of flows examined.

Table 10 - Hydrogen Storage Capital Cost Assumptions

Base Size Base Cost Base Pressure Szng Pressure
Exponent Factor
Compressor 4,000 kW $1,000/kW 20 MPa 0.80 0.18
(5,400 hp) ($746/hp) | (2,900 psia)
Compressed 227 kg $1,323/kg 20 MPa 0.75 0.44
GasVessH (500 Ib) ($600/b) | (2,900 psia)
Liquefier 454 kg/h $44,100/kg/hr na 0.65 na
(1,000 I/h) ($20,000/1b/h)
Dewar 45 kg $441/kg na 0.70 na
(100 Ib) ($200/1b)
Metal na $2,200/kg na 1.00 na
Hydride (%$1,000/1b)
Underground na $8.80/kg 20 MPa 1.00 1.00
($4.00/b) | (2,900 psia)

n/a- Not applicable.

Table 11 gives the operating cost assumptions used in the anadyss:
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Table 11 - Storage Operating Cost Assumptions

Sl Units English Units
Compressor Power (0.1t020 | 2.2 kWh/kg 1.0 kWHIb
MPa[14.7 to 2,900 psid])
Compressor Cooling (0.1to 20 | 50 L/kg 6.0 gd/lb
MPa[14.7 to 2,900 psia))
Liquefier Power 10 kWh/kg 4.5 kwh/Ib
Liquefier Coaling 626 L/kg 75 gd/lb
Boil-Off Rate 0.1%/d 0.1%/d
Hydride Cooling 209 L/kg 25qd/lb
Hydride Hesat of Reaction 23,260 kJkg 10,000 Btu/Ib
Electricity Cost $0.05/kWh $0.05/kWh
Steam Cost $3.80/GJ $4.00/MM Btu
Cooling Water Cost $0.02/100 L $0.07/1,000 gal
Operating Days 350/yr 350/yr
Depreciation 22-year, draight-line, 22-year, draight-line,

ADS method

ADS method

6.2 Compressed Gas Storage Methodology

For compressed gas, the storage requirements are caculated from the production rate and storage time.
Energy useis based on the flow rate and find outlet pressure. The base case for this power
consumption assumes compression from 1 atmosphere to 20 MPa (2,900 psia). For other outlet
pressures, aratio of the natural logs of the pressuresis used to adjust the power requirements up or
down. Compressor costs are based on the power of the compressor and are adjusted for outlet
pressure. Compressor tank costs are based on an estimate of the storage cost at 20 MPa (2,900 psia)
and this cost is adjusted for different Szes at different pressures. Although the base cost isgiven on a
meass bas's, it is scaed based on volume by multiplying by aratio of the pressures (See Appendix A.1
for details). Capitd costs include the compressor and pressure vessdl; operating costs include the
electricity and cooling water costs. Depreciation is calculated usng the 22-year sraight-line Alternative

Depreciation System (ADS).
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6.3 Liquid Hydrogen Storage Methodology

The flow rate or production rate for the liquid hydrogen case is adjusted to account for hydrogen bail-
off losses that occur during storage. A smple exponentid rate equation isused in thiscaculation. The
amount of hydrogen storage is based on the adjusted flow rate and Storage time. Operating costs are
aso based on the adjusted production rate. When converting to costs per pound of hydrogen, the
losses are taken into account. The dectricity and cooling water requirements are based on the adjusted
flow rate. The liquefier capital cost is dso based on the adjusted flow rate and scaled using the factor
noted earlier. The dewar capita cost is based on the total amount of hydrogen stored. The capital cost
cdculations include the cost of the liquefier and dewar and, as in the compressed gas case, are
depreciated over 22 years. Appendix A.2 has asample caculation for liquid hydrogen storage.

6.4 Metal Hydride Methodology

Like the other cases, the metd hydride Storage requirements are cdculated by multiplying the
production rate times the storage time. Energy and cooling requirements are ca culated based on the
hydrogen flow rate. Cooling water isrequired to store the hydrogen in its hydride form, and hest is
used to later release the hydrogen from the hydride. Hydride capital costs were based on afixed
storage cost for a given quantity of hydrogen with no scaling factor, so the resulting costs are
independent of flow rate. Energy codts are calculated assuming afixed steam cost, and a pre-existing
heat source was assumed. Tota cogts include heating, cooling, and the depreciation cost of the metdl
hydride. These caculations are shown in Appendix A.3.

6.5 Underground Storage Methodology

The hydrogen flow rate is used to caculate the power and cooling requirements for compressing the
hydrogen from 1 atmosphere to 20 MPa (2,900 psa), as in the compressed gas case. Again, aratio of
the natural logs of the pressuresis used to caculate the power requirements for pressures other than 20
MPa (2,900 psia). The compressor cost is based on the power and outlet pressure. The underground
cavern cost is calculated based on afixed cost per unit storage volume. When a pressure other than 20
MPa (2,900 psa) isused, aratio of the pressuresis used to take the volume change of the gasinto
account. No increased cavern costs are assumed for higher pressures; the cost difference is associated
only with the change in volume. Capitd costs include the cost of the compressor and cavern.

Operating costs include eectricity and cooling water. A sample underground storage cost calculation is
shown in Appendix A 4.

6.6 Storage Conclusions

Underground storage was found to be the chegpest method at dl production rates and storage times
because of the low capita cost of the cavern. Most of the cost of underground storage is associated
with the eectricity requirements to compress the gas, which is independent of storage
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volume. This means the cost of underground storage is very insengtive to changes in production rate or
soragetime.

The metd hydride storage was assumed to provided no economy of scale, S0 its hydrogen storage costs
were independent of flow rate. There were no savings at larger Sizes, o it does not compete with the
other storage options a long storage times or high hydrogen flows. Because the dloy capitd costisa
magor portion of the total hydride storage cost, hydride storage cogts vary little with heating costs.

Metd hydride storage, however, does compete with liquid hydrogen and compressed gas storage at
low flow rates and short Storage times.

Liquid hydrogen storage is not economical at low production rates because of the high capital cost of
the liquefier. Even at higher production rates, compressed gas is more economica for short storage
periods. However, as the storage time increases, liquid hydrogen has an advantage over compressed
gas because of the low capitd cost of aliquid hydrogen dewar compared to a compressed gas pressure
vess.

Because of the low cost of the dewar, liquid hydrogen storage costs are reldively insenstive to storage
time. At high production rates, economy of scale factors reduce the liquid storage costs until they are
eventudly limited by the eectricity costs associated with liquefaction. Liquid hydrogen Storage cost is
affected the greatest by changes in eectricity price because it hasthe largest power requirement. The
andysis found that boil-off rate did not become amagor cost factor until the storage time was longer
than aweek or two, so for short-term storage, chegper insulation may reduce overal costs.

Compressed gas storage competes with liquid hydrogen and metd hydride storage for small quantities
of hydrogen and low production rates. At low production rates, the capital cost of the pressure vessel
islarge, but economy of scale reducesthis cost at higher production rates, until the storage cost is
eventualy limited by the compressor ectricity cost. As storage time increases, the capitd cost of the
pressure vessdl drives up the storage cost.

One option for compressed gas storage is to increase the operating pressure of the system. This
increases the cost of the pressure vessal and compressor, but the reduction in tank size can result inan
overal savings. For short storage periods with compressed gas, an optimum occurs where the
reduction in tank capital cogtsis balanced againgt the increased compressor and compressor electricity
codts. At longer storage times, the capital cost reduction becomes the important factor, so the optimum
occurs at the maximum operating pressure, which minimizes the tank size and cost.

A smilar analyss was carried out for underground storage, and indicated that for short storage periods,
the optimum occurs at the lowest possible storage pressure because thisis where the compressor
electricity requirements are the lowest. At longer storage times, the capita cost of the cavern becomes
sgnificant, and an optimum is formed where the eectricity costs balance out the cavern costs. Note that
the price of cushion gas was not taken into account. A high cushion
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gas cost would favor higher operating pressures, dlowing more storage or working volume for the same
amount of cushion gas.

For dl storage options examined, cooling water costs were negligible compared to the energy and
capital expenses.

Appendix D contains detailed data for each storage option at various production rates and storage
times. Grgphs identifying important trendsin the data, ong with some sengtivity analyses are included
in Appendix F.

7.0 TRANSPORTATION OF HYDROGEN

Hydrogen can be transported as a compressed gas, a cryogenic liquid, or as asolid metad hydride. The
chegpest method of trangportation will depend on the quantity delivered and the distance. The methods
of delivering the hydrogen considered were truck, rail, ship, and pipdine.

7.1 Compressed Gas Transport

Compressed gas can be transported using high-pressure cylinders, tube trailers or pipelines. If
hydrogen is to be transported as a gas, it should be compressad it to a very high pressure to maximize
tank capacities. High-pressure gas cylinders for example are rated as high as 40 MPa (5,800 psg) and
hold about 1.8 kg (4 Ib) of hydrogen, but are very expensve to handle and transport (Encyclopedia of
Chemica Technology 1991).

Tube trallers, congsting of severd sted cylinders mounted to a protective framework, can be configured
to hold 63-460 kg (140-1,000 Ib) of hydrogen (Air Products 1997), depending on the number of
tubes. Operating pressures are 20-60 MPa (2,900-8,700 psg) (Leiby 1994; Hart 1997; Zittd and
Wurster 1996; Air Products 1997).

Hydrogen is delivered by pipeline in severd industrid areas of the United States, Canada, and Europe.
Typica operating pressures are 1-3 M Pa (145-435 psig) with flows of 310-8,900 kg/h (685-20,000
Ib/h) (Hart 1997; Zittd and Wurster 1996; Report to Congress 1995). Germany has a 210 km (130
mi) pipeline that has been operating since 1939, carrying 8,900 kg/h (20,000 Ib/h) of hydrogen through
a0.25m (10in.) pipdine operating a 2 MPa (290 psg) (Hart 1997). The longest hydrogen pipdinein
the world is owned by Air Liquide and runs 400 km (250 miles) from Northern France to Belgium
(Hart 1997). The United States has more than 720 km (447 mi) of hydrogen pipelines concentrated
along the Gulf Coast and Great Lakes (Hart 1997; Report to Congress 1995).

No information was found on the trangport of compressed hydrogen by rall.
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7.2 Liquid Hydrogen Transport

Liquid hydrogen is trangported using specid double-walled insulated tanks to prevent boil-off of the
liquid hydrogen. Some tankers dso use liquid nitrogen heet shields to cool the outer wdll of the liquid
hydrogen vessd to further minimize heet trandfer (Huston 1984).

Tank trucks can carry 360-4,300 kg (800-9,500 Ib) of liquid hydrogen (Leiby 1994; International
Journa of Ambient Energy 1992; Huston 1984; Timmerhaus and Flynn 1989). Railcars have even
greater capacities, carrying 2,300-9,100 kg (5,000-20,000 Ib) of hydrogen (Encyclopedia of Chemica
Technology 1991; Internationa Journa of Ambient Energy 1992; Huston 1984; Timmerhaus and Hynn
1989). Boil-off rates for trucks and railcars are 0.3%-0.6%/day (Encyclopedia of Chemica
Technology 1991; Timmerhaus and Hynn 1989).

Barges or sea-going vessal's have been considered for long-distance transport of hydrogen. Canada
developed severa ship designs for transatlantic transport of hydrogen. One uses five smdl barges
carried in alarger ship that can be separated once the trip is complete. Each barge would carry 21,200
kg (46,800 Ib) of hydrogen, with no venting during a 50-day trip. Other desgnsincluded asingle
tanker holding 7 million kg (16 million 1b) of hydrogen and another with four spherica tanks, each
halding 3.5 million kg (8 million Ib). Boil-off rates for these vessals are estimated at 0.2%-0.4%/day
(Hart 1997). None of these vessels has been congtructed, but liquid natura gas tankers transport as
much as 125,000 it of natural gas (roughly equivaent to 9 million kg [20 million Ib] of hydrogen)
(Timmerhaus and Flynn 1989).

One other ideafor the ddivery of liquid hydrogen is through an insulated pipdine that would dso include
a super-conducting wire. The liquid hydrogen would act as arefrigerant for the superconductor and
would dlow long distance transportation of eectricity without the high current losses of conventiona
power lines (Oy 1992; Timmerhaus and Hynn 1989). The main problem with liquid hydrogen transport
would be the specidized insulating requirements and losses from pumping and re-cooling the liquid
hydrogen dong the way (Timmerhaus and Flynn 1989).

7.3 Metal Hydride Transport
Metal hydrides can be used for transport by absorbing hydrogen with ameta hydride, then loading the

entire container onto atruck or railcar for trangport to the customer’s site where it can be exchanged for
an empty hydride container, or used as a conventiona tanker (Huston 1984; Au et a. 1996).
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8.0 CAPITAL COSTS OF TRANSPORTATION EQUIPMENT
8.1 Compressed Gas Transport Costs

Tube trailer capital costs depend on the operating pressure of the truck, the storage capacity of each
trailer, and the distance to the customer Site. Higher operating pressures increase the capacity of atube
trailer, but increase the purchased price of each truck. Thiscan resultin lower overdl capital costs by
reducing the number of trucksrequired. The distance to the customer site dso affects the number of
trucks. For locd ddivery, the same truck can make severd trips back and forth between the
production Ste and the customer Site, but for long distances, each truck might be able to make only one
or two ddliveries per day.

One capita cost of $340,000 was found for atube trailer containing 16 tubes with atotal capacity of

460 kg (1,000 Ib) of hydrogen. The cost of atruck cab to go with it was $110,000 (Taylor e al.
1986). A recent budgetary estimate for a tube truck was $140,000 (FIBA 1998).

Operating costs include fuel costs and driver wages or freight charges.

8.2 Compressed Gas Pipeline Costs

Hydrogen pipdines are congtructed of 0.25-0.30 m (10-12 in.) commercid steel and operate at 1-3
MPa (145-435 psig). Naturd gas mains for comparison are constructed of pipe aslarge as

2.5 m (5 ft) in diameter and have working pressures of 7.5 MPa (1,100 psig) (Hart, 1997).

Because alarge fraction of the pipeline cogt isfor ingalation, naturd gas construction prices were used
to estimate the pipdine cogs. Table 12 lists the ingtallation costs of some recent projects.



Table 12 - Pipeline Installation Costs

Length | Length Cost* ($) Cost* Cost* Source
(km) (m) (Fkm) ($/mi)
78.4 48.7 $18,000,000 $237,000 $370,000 | TransCanada Pipdline, Ltd.
1996a

108.5 67.4 $84,000,000 $774,000 | $1,250,000 | TransCanada Pipdline, Ltd.
1996b

46.9 291 $48,000,000 | $1,000,000 | $1,650,000 | TransCanada Pipeline, Ltd.
1996¢

731.0| 4540 $910,000,000 | $1,250,000 | $2,000,000 | TransCanada Pipeline, Ltd.
1993

561.0| 349.0| $384,000,000 $685,000 | $1,100,000 | TransCanada Pipdline, Ltd.
1997

40.2 25.0 $5,300,000 $132,000 $212,000 | NY SEG 1996a
*All costs are adjusted to 1995 dollars.

The mgor operating cost for hydrogen pipelinesis compressor power and maintenance. Some
hydrogen losses may occur in the piping network, but for natura gas piping systems, these losses are
lessthan 1% (Hart, 1997). An estimate of the cost of piping hydrogen from North Africato Centrd
Europe (3,300 km [2,050 mi]) was $0.90-$1.20/kg ($0.41-$0.53/Ib), including compression codts.
Another estimate for the United States put the cost at $0.39/kg ($0.18/Ib) (Report to Congress 1995).
Two other studies also noted that for large quantities of hydrogen, pipelines are the chegpest means of
trangporting hydrogen, except for trangport across the ocean, when liquid hydrogen transport isthe
cheapest means (Oy 1992; Johannsen 1993).

8.3 Liquid Hydrogen Transport Costs

The capital costs of liquid hydrogen transport will consgst mainly of the insulated tank trailer or rallcar,
plusthe cost of the cab for truck transport. Although hydrogen is not currently transported oversees, a
hydrogen barge is expected to cost 3.5-4 times as much as aliquefied naturd gas barge (Carpetis
1994).

The liquid hydrogen truck transport costs include the same fud, driver wages and maintenance charges
asfor gas trangport, but aso include boil-off losses during transport. Expected boil-off losses during
transfer between tanks is 10%-20%, but can be as high as 50% (Huston 1984; Johannsen 1993; Taylor
et al. 1986). Asmentioned earlier, boil-off during transport is expected to be 0.3%-0.6%/day. Railcar
trangport of hydrogen includes bail-off losses during transport and transfer, plusrail freight charges.
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One source estimated long-distance trangportation of liquid hydrogen from Africato Europe at $1.80-
$2.10/kg ($0.82-$0.94/1b) (Johannsen 1993). Another source mentions that shipping liquid hydrogen
across the Atlantic would triple its price (Oy 1992).

8.4 Metal Hydride Transport Costs

For transportation of hydrogen using metd hydrides, the mgor cost is the capita expense of buying the
meta hydride and containers. Once filled, the hydride containers can be shipped like any other piece of
freight, with charges depending on the distance and weight.

9.0 CHOICE OF TRANSPORTATION

The main factors affecting the choice of hydrogen trangport are the application, quantity, and distance
from the production Site to the customer. As mentioned under storage, if liquid hydrogen is needed for
the gpplication, it should be delivered asliquid hydrogen.

9.1 Quantities

For large quantities of hydrogen, pipeline ddivery is chegper than dl other methods except in the case of
trangport over an ocean, in which case liquid hydrogen transport would be chegpest. The next cheapest
method of delivery would be liquid hydrogen. Pipeline delivery has the benefit of avery low operating
cog, conssting mainly of compressor power costs, but has a high capitd invesment. Liquid hydrogen,
on the other hand, would have a high operating cost, but possibly alower capital cost, depending on the
quantity of hydrogen and the delivery distance. The break-even point between liquid hydrogen and a
pipdine will vary depending on the distance and quantity.

For smdler quantities of hydrogen, pipeline ddivery is not competitive, but compressed gas ddlivery
may be competitive. Compared to liquid hydrogen, compressed gas has lower power requirements and
dightly lower capita cogtsfor the tube trailers, but many more tube trailers are required to ddiver the
same quantity of hydrogen. Which ddivery method is more economica will depend on the ddivery
distance, because it may be possible to use the same tube trailer for severd trips per day if it isashort
distance.

For ill smaler quantities, the high capita cost of a pipeline diminatesit as an option. The deciding
factor between liquid hydrogen and compressed gas becomes a matter of distance. For long distances,
the higher energy cogts of liquefaction will baance out againgt the higher capitd and transportation
expense of many compressed gas tube trailer trips back and forth. If the distanceisreaively short, and
the quantity of hydrogen transported is small, compressed gas may win out.
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Metd hydride transport costs tend to fal between those for liquid hydrogen transport and compressed
gastransport. While metd hydride transport has alarger capital expense per truck, the hydrogen
capacity per truck is greater compared to using compressed gas transport.

9.2 Distance

As mentioned earlier, distance is an important factor. For a short distance a pipeline can be very
economica because the capital expense of a short pipeline may be close to the capitd cost of tube
trucks or tankers, and there are no transportation or liquefaction costs. Asthe distance increases, the
capitd cost of a pipdine increases rapidly, and the economics will depend on the quantity of hydrogen--
pipdineswill be favored for larger quantities of hydrogen. For smal quantities of hydrogen, & some
point the capitd cost of the pipeline will be higher than the operationa costs associated with delivering

and liquefying the hydrogen.

Digtance is a deciding factor between liquid and gaseous hydrogen. At long distances, the number of
trucks required to ddiver a given quantity of compressed hydrogen will be greater than the increased
energy costs associated with liquefaction and fewer trucks.

9.3 Special Case--Power Supply

One specid case related to hydrogen is when energy must be tranamitted along distance. Currently,
energy is transmitted by high-voltage power lines, and current losses result in a 7%-8% lossin
transmitted energy. Hydrogen gas transport through a pipeline on the other hand, results in somewhat
lower losses, meaning it may be chegper to produce hydrogen and pipe it to alocation requiring hest or
electricd energy because the energy losses are less with a hydrogen pipdline (Hart 1997). One source
indicated the cutoff where hydrogen energy transport is chegper than overhead lines is 1,000-2,250 km
(631-1,398 miles) (Report to Congress 1995).

9.4 Futures in Hydrogen Transport

Severd trends in hydrogen transportation were identified. Firdt, there is continued research in long-
range transport of hydrogen using barges or ships. Canadais especidly interested because it has large
hydrod ectric resources that could be used to produce hydrogen. It has designed severd vessdls for
carrying hydrogen across the Atlantic. One design uses five barges contained on a single ship, designed
to go for 50 days without venting hydrogen. Once oversess, the barges can be separated to go to
different destinations without incurring transfer losses (Hart 1997). Two other designsinclude aship
with four sphericd dewars, each holding 3.5 million kg (8 million 1b) of hydrogen and asngle-hull
design capable of carrying 7 million kg (16 million 1b) of hydrogen with a boil-off rate of 0.2%-0.4%/d
(Hart 1997). Another option mentioned was the use of airplanesto delivery hydrogen over grest
distances to reduce transport times and consequently reduce boil-off loses. Work is aso being doneto
reduce transfer losses in hydrogen transportation, with agoa of reducing losses to 8% (Johannsen
1993).

37



Pipeline delivery of liquid hydrogen was not analyzed, but there are pipes capable of carrying liquid
hydrogen (Oy 1992; Timmerhaus and Flynn 1989). One specid case of usng aliquid hydrogen pipeis
when it is combined with a superconducting wire. The liquid hydrogen could keep the wire cool enough
to be a superconductor for very efficient trangport of eectricity, possibly justifying the higher capita
cods of the liquid hydrogen pipeline (Internationa Journa of Ambient Energy 1992).

Large-scale digtribution networks for hydrogen must address storage issues to provide a buffer between
production facilities and customers and to cover fluctuations in demand (Report to Congress 1995).
Natura gas pipelines could be converted to hydrogen gas (Hart 1997), but there is some concern that
hydrogen embrittlement of the fittings and piping would cause them to crack and lesk (Report to
Congress 1995).

Much work is being done to increase the storage density and reduce the costs of meta hydrides
because of the reduced risk of catastrophic hydrogen releases. One option for metal hydridesisto use
meta hydride “boxes” where a charged hydride container is exchanged for an empty one at the
customer ste. Thiswould diminate the need for separate sorage units a the hydrogen plant and
customer steif the price of the hydride were low enough to dlow the use of severa units (Huston
1984).

As mentioned in the storage section, liquid hydrides are being investigated and could be easily
transported by pipdine, tanker truck, railcar, or supertanker (Hart 1997).

9.5 Summary
Bdow isasummary of the decison making criteria:
Pipdine - For large quantities or long-distance power transmission.

Liquid Hydrogen - For transport over long distances.

Compressed Gas - For smal quantities over short distances.

Metd Hydride - For short distances.
10.0 ANALYSIS OF THE COST TO TRANSPORT HYDROGEN

The two main factors affecting the cost of transporting hydrogen are production rate and ddivery
distance. It isincorrect to calculate the delivered cost of hydrogen based on a per truck basis, because
this does not take into account the fact that one truck can make severd trips, or may St idle much of the
time. For example, if aliquid hydrogen tanker makes only one trip per day, its capita and operating
costs are added to one truckload of hydrogen. If the same truck makes five trips, the capitd expense
for the truck is spread out over five times as much hydrogen.
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Truck capacity is an important factor, especialy for longer distances, because it determines the number
of trips that must be made and how many trucks are required. At higher production rates or longer
distances, severd trucks may bein trandt a any given time.

Capitad cogtsinclude the cost of the transport container, the cost of the truck cab and the cost of the
trailler undercarriage, or the cost of pipeline ingtalation and congtruction. For flexibility, a separate cost
was included for the truck undercarriage and tank container. This reflects the trend by industry toward
intermodal transport units that can be used with trucks, railcars, or even ships. Operating costs include
labor for drivers, fud, compressor eectricity, and freight charges for rail and ship transport. Labor and
truck availability are calculated based on average speeds and the delivery distance with added time for
loading and unloading.

Appendix B contains sample caculations for each hydrogen transport method.
10.1 Cost Assumptions for Hydrogen Transport
Table 13 ligts the assumptions that were used for the transportation capital costs.

Table 13 - Hydrogen Transport Capital Cost Assumptions

Cost Hydrogen Capacity/Size
Tube Truck Intermodd Unit $100,000 180 kg (400 Ib)
Truck Liquid Intermodd Unit $350,000 4,080 kg (9,000 Ib)
Meta Hydride Intermodal Unit $2,200/kg H, ($1,000/1b) 454 kg H, (1,000 Ib)
Truck Undercarriage $60,000
Truck Cab $90,000
Rail Tube Assembly $200,000 454 kg (1,000 Ib)
Rall Liquid Unit $400,000 9,090 kg (20,000 Ib)
Rail Hydride Unit $2,200/kg H, ($1,000/kg) 910 kg (2,000 Ib)
Rail Undercarriage $100,000
Ship Liquid Unit $350,000 4,080 kg (9,000 Ib)
Pipeline Cost $620,000/km ($1 million/mi)
Compressor Cost $1,000/kW ($746/hp) 4,000 kW (5,400 hp)

Table 14 gives the assumptions used for calculaing the operating cods.
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Table 14 - Transport Operating Cost Assumptions

Truck Mileage 6 mpg (2.6 km/L)
Average Truck Speed 50 mph (80 km/h)
Truck Load/Unload Time 2 hitrip

Truck Availability 24 h/d

Driver Availability 12 h/d

Driver Wage (Fully Loaded) $28.75/h

Diesel Price $1.00/gal

Truck Boil-Off Rate 0.3%/d

Rail Average Speed

25 mph (40 km/h)

Rail Load/Unload Time 2 hitrip

Rail Car Availability 24 h/d

Rail Freight Charge $400/wagon
Rail Boil-Off Rate 0.3%/d

Average Ship Speed 10 mph (16 km/h)
Ship Load/Unload Time 48 hitrip
Ship Tank Availability 24 hiday

Ship Freight Charge $3,000/intermodal unit
Ship Boil-Off Rate 0.3%/d

Pipeline Roughness 4.6x10°m

Pipeline Diameter 0.25m (10in.)
Pipeline Gas Temperature 100C (5000F)

Pipeline Delivery Pressure

20 MPa (2,900 psia)

Hydrogen Viscosity

8.62 x 10° kg/m s

Hydrogen Gas Constant

4,124 N m/kg K

Compressor Power (0.1 to 20 MPa[14.6 to 2,900 psia))

2.2 KWh/kg(1.0 kWhilb)

Electricity Cost

$0.05/kWh

Operating Days

350 diyr

Trailer Depreciation

6 years, straight-line, ADS method

Truck Cab Depreciation

4 years, straight-line, ADS method

Railcar Depreciation

15 years, straight-line, ADS method

Pipeline Depreciation

22 years, straight-line, ADS method
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10.2 Truck Transport Methodology
The truck trangportation costs were calculated as follows:

First the production rate is multiplied by the operating days to caculate the annud production rate. This
annua production rate is divided by the truck capacity to find the number of trips. (It is possible to have
less than one trip per day for smal production rates) The total number of milestraveled is caculated
using the two-way drive distance times the number of trips per year. Thetrave time per trip is
caculated by dividing the two-way distance by the average truck speed and rounding up to the next
whole hour. The per trip travel timeis multiplied by the total number of trips per year to get the total
driving time per year. Thetotd time for loading and unloading is calculated by multiplying the
load/unload time by the number of trips per year. Adding the drive time and loading/unloading time
givesthetotd ddivery time. (See Appendix B for asample caculation.)

Thetotd delivery timeis divided by the truck avalability per year to determine the number of trucks
needed (One truck may be used for severd trips using this method). Dividing the totd ddlivery time by
the yearly driver availability determines the number of drivers needed (One driver may make multiple
trips, or multiple drivers may be needed for long trips). Fuel use is based on the distance driven divided
by the mileage. Fud cost isthen caculated based on usage.

The capita cogtsinclude the price of the truck cab, undercarriage, and intermoda storage unit.
Depreciation is sraght-lined separately for the cab and trailer since they have different Internd Revenue
Service classlives. Thelabor costs are based on tota driving hours. (Whether the driver wages were
paid for time on the road or time driving was unclear. In the case of tripslonger than 12 hours, two
drivers are needed, but in these cdculations, the wages were paid for time driving only.) Total cost
congsts of capital depreciation, labor, and fudl costs.

Trip frequency is cdculated by dividing the trips per year by the number of operating days. Trip length
was based on the tota delivery time divided by the number of trips (or drive time per trip plusthe
ddivery time). A utilization rate is caculated by dividing the trip frequency by the number of trucks.

A fixed price was assumed for dl trallers. Metd hydride costs were cadculated using a meta hydride
storage price, but the capacity of the meta hydride truck was kept constant. For liquid hydrogen, boil-
off losses were taken into account by assuming some hydrogen was lost during transt. No transfer
losses during loading and unloading were included.

10.3 Rail Delivery Methodology

For rail trangport, smilar procedures were used to cdculate the delivery time and number of railcars
required, but there are no fuel or labor costs. Instead, aflat rate freight chargeis assumed. The transt
times were rounded up to the next whole day, and the loading/unlcading
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time was changed to 24 hours, assuming onerail switch per day. The hydrogen producer was assumed
to own therall cars, so no demurrage or renta fees were included.

For therall case, higher storage capacities were used. For the metd hydride, a higher railroad weight
allowance alowed the storage capacity to be raised to 910 kg (2,000 |b). At 3% storage density, this
would result in atota hydride dloy weight of 30 tonnes (33 tons). The liquid hydrogen capacity was
based on vaues for ajumbo liquid hydrogen railcar.

Capita costsfor therail case consst of therail car orage unit and undercarriage. The only operating
cost isthe railroad freight charge. Hydrogen boil-off is accounted for in the liquid hydrogen case.

10.4 Water Transport Methodology

The cost caculations for shipping hydrogen by ship or barge are very smilar to the calculations for
shipping by rail, except the average speed islower and the load/unload time is extended to 48 hours,
assuming a shipping container must be there the day before the ship leaves and can't be picked up until
the day after the ship arrives. Again, aflat rate is assumed for caculating shipping charges and the travel
time is rounded up to the next whole day.

The storage capacities used for transport by ship are the same as for truck transport, because
intermodal trangport units are assumed to be used. In this case, no undercarriage charge was used.
The codts of getting the intermoda units from the hydrogen plant to the shipyard were not included.

10.5 Pipeline Delivery Methodology

For pipdlines, the costs consdered included the ingtaled pipdine costs, the compressor cost to
overcome the friction losses in the pipe, and the dectricity requirements for the compressor.

The pressure loss through the pipe was cal culated assuming the roughness of sted pipeand a
compressible gas flow equation. The gas being pumped was assumed to be coming out of Sorage at
pressure, and the only compression needed was to provide motive force to overcome friction losses in
the pipe. The compressor Size and energy requirements were based on the same ratio of logs used to
caculate the incrementd increase in storage pressures. [N most cases the pipdine losses, and therefore
compressor Size, were small.

Capitd codts for the pipelineinclude dl costs associated with purchasing the pipe, ingaling it and

obtaining any required right-of-ways. Thetotal cost for pipeline ddivery includes the compressor,
pipeline, and eectricity codts.
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10.6 Transport Conclusions

Liquid hydrogen trangport by truck isthe cheapest dternative, except for large quantities of hydrogen,
when pipeline ddlivery becomes competitive. At longer distances, the capital cost of the extra pipeline
requires more hydrogen flow before it will compete with liquid hydrogen delivery. Sharing the expense
of apipeline among severd suppliers and users would reduce these costs. Because the mgjor expense
isingdling the pipeine, and not the pipeine cost itsdf, alarger pipdine can be ingdled to handle
multiple users for about the same cost. Thisis currently done dong the Gulf Coast and around the
Great Lakes.

Very little energy is required to pump the hydrogen through the pipeline. Bringing the hydrogen up to
pressure would require a great deal more energy than is shown. These power requirements were
incorporated into the previous storage costs.

Indl cases, except pipeline delivery, a minimum transport cost is associated with each delivery method
for agiven disance. This point is reached when the production rate is high enough that the truck or rall
car isbeing fully utilized 100% of thetime. Asan example, asmdl hydrogen plant doublesits
production rate and, instead of making one trip per day with aliquid hydrogen truck, it makes two trips
per day. Thetotal capital cost remains the same--the cost of one truck--but this cost is now spread out
over twice as much hydrogen. If atruck isdready fully utilized, however, any increase in production
will require purchasing another truck and produces no reduction in transport costs. The lowest capacity
methods leve off first for any given distance as production rate increases.

Rail car costs vary little with production rate and distance; railcars quickly become fully utilized because
of the long trangit times associated with rail transport--they spend most of their timein trangt or Stting in
aral yard. Thisresultsin high capita cogts for many of rail cars, but the flat shipping rate makesrall
transport charges insendtive to distance. Liquid trangport by rail isamost as chegp astruck liquid
trangport and is cheaper than the other trucking options because of the large capacity per railcar.

As expected, the truck transport costs increase with distance because of the higher labor and fuel costs.

Capital costs also increase with distance. For short distances, one truck can make multiple trips each
day, but as the distance increases, more trucks are needed because more time is spent in transit--there
is less chance to use the same truck for multiple trips. Compressed gas transport is affected the most-it
requires the most trips because of the low hydrogen capacity per truck. For all methods, labor costs
quickly start to dominate for distances longer than 160 km (100 mi). Compressed gas ddlivery costs
a0 seethelargest effect from fue price because of the many trips.

For smadll production rates, liquid hydrogen transport costs are high because the truck is not fully

utilized, it may only make afew trips per week. At these low flows, the truck capitd cost contribution is
the largest cogt, but the costs are dso less sensitive to distance because there are
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far fewer trips compared to larger production rates. At dl flow rates, as distance increases, liquid
hydrogen delivery charges become dominated by the labor costs. However, with liquid hydrogen, the
effect is small compared to compressed gas because the driver is carrying more hydrogen per trip. One
hydrogen tanker can carry more than 20 times the amount of hydrogen as atube trailer.

At amedium production rate of 450 kg/h (1,000 Ib/h) and a 160 km (100 mi) ddivery distance, liquid
hydrogen trucking was the chegpest means of trangport, but metal hydride also competes because of its
high storage density. To illudtrate the effect of truck capacity for each delivery method, a the above
production rate and ddlivery distance, 15 tube trailers would be needed, making 60 trips per day (four
trips per truck), six hydride trucks making 24 trips per day (four trips per truck) or one liquid hydrogen
truck making three trips per day.

The increased weight of the meta hydride was not taken into account when anayzing the trangportation
costs. Also, thereisagreat difference in capital expenditures required among the different transport
methods. For the above example, the price of one liquid hydrogen tanker with cab is $500,000, the
price of 15 tube trailers with cabs is about $3.75 million, and the price of sx metd hydride trangportsis
$6.9 million to trangport the same amount of hydrogen the same distance.

Detailed data on transportation costs for various production rates and delivery distances can be found in
Appendix E. Appendix G contains figures showing important trends in the data.

11.0 COMBINED STORAGE AND TRANSPORTATION COSTS

When considering the delivered cost of hydrogen, it isimportant to understand that there are three
factors must be considered: production rate, ddlivery distance, and Storagetime. In some cases, these
factors are dependent on each other. For example, storage time may depend on delivery distance. If a
smal hydrogen plant is producing one truckload of hydrogen every 4 days, it might need 3 days of
dorageif the truck ismaking a ddivery far avay and is on the road the whole time. On the other hand,
if the ddivery diganceis 16 km (10 mi), the most that would be needed is 1 day, because the truck
would be gone from the site only a short time. This becomes more of an issue with rall cars, which may
be gone for aslong as 3 days for ashort delivery distance (1 day in trangit to the customer, 1 day to
unload and switch and 1 day to bring it back).

Trangport and delivery options can dso be mixed. For example, metal hydride delivery would be
compatible with compressed gas, underground, or even liquid hydrogen storage.  Pipeline transport
without any storage may aso be an option. Appendix H contains four charts showing the combined
effect of transportation and storage costs for two production rates with two delivery distances for each.



The cost tables or graphs in the appendices can be used by selecting a production rate, delivery
distance, and delivery method to give transport cost and delivery frequency. Based on the delivery
frequency, a storage time can be chosen and used with a production rate to determine the cost of
sorage. Adding these two cogts givesthe total cost associated with hydrogen storage and delivery,
including depreciation, but with no return on investment.

When the storage and delivery costs are added, the benefit of liquid hydrogen becomes apparent. For
production rates of 450 kg/h (1,000 Ib/h), one day of storage and a 160-km (100-mi) delivery distance,
liquid hydrogen is only dightly chegper than meta hydride transport, but at alonger distance of 1,600
km (1,000 mi) liquid hydrogen is four times cheaper than meta hydride and seven times cheagper than
compressed gas.

12.0 HYDROGEN MARKET

In North America, the chief bulk hydrogen suppliers are Air Products, Airco/BOC, and Air Liquide
(Leiby 1994). Almogt dl the hydrogen sold is consumed close to the production Site (Encyclopedia of
Chemica Technology 1991). More than 99% of dl hydrogen produced comes from fossil fuels (Hart
1997), with 95% of it being produced by steam reforming (Report to Congress 1995). In 1980, there
were six liquid hydrogen plantsin the United States. The largest wasin New Orleans with a hydrogen
production capacity of 60 tpd (2,300 kg/h [5,000 Ib/h]) (Huston 1984). Merchant hydrogen represents
only 3% of dl hydrogen production (Encyclopedia of Chemica Technology 1991).

12.1 Current Use

Severa sources cited current hydrogen consumption, but these numbers varied widely:
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Table 15 - Current Hydrogen Consumption

Quoted Vdue Quantity (kg/yr) Quantity (Ibfyr) Source
Total Consumption | 9.6 hillion kg/yr 21 billion lbyr Encyclopedia of Chemical
Technology 1991
Tota Production 0.6 hillion kg/yr 1.3 billion Ib/yr Hairston 1996
Tota World 35 hillion kg/yr 78 hillion Ib/yr Hart 1997
Production
Captive Production | 0.3 hillion kg/yr 0.7 billion Ib/yr Hairston 1996
Fipeine Delivery 0.2 billion kg/yr 0.5 billion Ibiyr Hairston,1996
Captive Production | 5.8 hillion kg/yr 12.7billion Ib/lyr | Encyclopediaof Chemicd
Technology 1991
Merchant Use 0.2 billion kg/yr 0.4 billion Ib/yr Encyclopedia of Chemicd
Technology 1991
Totd U.S. Demand | 0.3 hillion kg/yr 04 billion Ib/yr Hairston 1996
U.S. Hydrogen 8.5 hillion kg/yr 18.7 billion Iblyr | Report to Congress 1995
Production
Merchant Use 0.05 hillion kg/yr 0.1 billion Ibfyr Hairston 1996
12.2 Projected Demand
Table 16 gives projections on hydrogen demand.
Table 16 - Projected Hydrogen Demand
Quoted Vaue Quantity (kg/yr) Quantity (Ibfyr) | Source
Tota Production (2000) 0.9 billion kg/yr 2.0hillion [bfyr Report to Congress 1995
Captive Production (2000) 0.5 billion kg/yr 1.1 billion Ibiyr Hairston 1996
Pipeline Production (2000) | 0.4 billion kg/yr 0.8 billion Ib/yr Hairston 1996
U.S. Demand (2000) 04 billion kg/yr 0.9 billion Ib/yr Hairston 1996
Merchant Demand (2000) 0.08 hillion kg/yr 0.2 billion Ib/yr Hairston 1996
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Demand for industrial hydrogen is expected to grow 5%/yr (Report to Congress 1995). Growth of
7.7%lyr is projected for processing and production of chemicals, 4.2%/yr for food processing in
hydrogenation of fats and ails, and 3.3%/yr in metal manufacture (Hairston 1996). There will dso be
higher demand for hydrogen in acohals, acetic acid, and urethane production and at refineries for
producing cleaner-burning fuels (Hairston 1996). Strong hydrogen demand is anticipated in South
America, dong the Pacific Rim, and in Western Europe (Hairston 1996).

12.3 Uses

Table 17 contains data on hydrogen use.

Table 17 - Merchant Hydrogen Demand

Use Quantity (kg/yr) Quantity (Iblyr) Source

Ammonia, Methanal, 5.8 hillion kg/yr 12.7 billion Ib/yr | Encyclopedia of Chemica

and Refineries Technology 1991

Merchant Use 0.2 billion kg/yr 04 billion b/yr Encyclopedia of Chemica
Technology 1991

Chemica Processing | 0.2 billion kg/yr 0.5 billion 1biyr Hairston 1996

Electronics 0.02 hillion kg/yr 0.05 hillion lb/yr Hairston 1996

Food Processing 0.01 billion kg/yr 0.05 billion lb/yr Hairston 1996

Meta Manufacture 0.008 hillionkg/yr | 0.02 hillion Ib/yr Hairston 1996

Other 0.03 billion kg/yr 0.07 hillion lb/yr Hairston 1996

Merchant Use 0.05 hillion kg/yr 0.11 billion lb/yr Hairston 1996

Table 18 gives some projected merchant hydrogen demands for the year 2000.

Table 18 - Projected Merchant Hydrogen Demand

Use Quantity (kg/yr) Quantity (Ib/yr) Source

Chemicds 0.3 hillion kg/yr 0.7 billion Ib/yr Hairston 1996
Electronics 0.04 billion kg/yr 0.08 hillion lb/yr Hairston 1996
Food 0.01 billion kg/yr 0.03 hillion Ibiyr | Hairston 1996
Metd Manufacture 0.01 billion kg/yr 0.02 hillion Ibiyr | Hairston 1996
Other 0.04 billion kg/yr 0.1 billion Ib/yr Hairston 1996

Table 19 gives a breakdown for merchant hydrogen use from two sources, and the expected
breakdown for the year 2000:
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Table 19 - Merchant Hydrogen Use

Use (Merchant Use) (U.S.Use) (U.S. Usein 2000)
Encyclopedia of Chemicd Hairston 1996 Hairston 1996
Technology 1991

Chemicas 83% 74% 76%

Electronics | 5% 8% 9%

Metds 5% 3% 2%

Government | 4% na na

Glass 1% na na

Food 1% 4% 3%

Other na 12% 10%

n/a - Specific information not provided.
Table 20 gives a breskdown of al indugtria hydrogen use.

Table 20 - Industrial Hydrogen Use (Hart 1997)

Ammonia 50%
Refineries 37%
Methanol 8%
Space 1%
Other 4%

12.4 Delivery Method

Bulk hydrogen ddlivery is economica for less than 20,000-25,000 kg/mo (45,000-56,000 Ik/mo)
(Leiby 1994). Tubetralersare used for smal-scade distribution, but liquid hydrogen isimportant for
large consumers (Carpetis 1994). It can be ddivered as aliquid, pumped to a high pressure, then
vaporized and fed into a process as a high-pressure gas (Carpetis 1994). Liquid hydrogen delivery can
be up to an order of magnitude cheagper than compressed gas transport for long distances due to higher
mass densty (Carpetis 1994). Bulk liquid hydrogen shipments in United States number more than
10,000 per year to more than 300 locations (Report to Congress 1995), and can be delivered by
barge, tank trailer, and railcarsin quantities of 3,500-70,000 kg (7,700-154,000 Ib) (Report to
Congress 1995).
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12.5 Current Prices

Table 21 provides some hydrogen price estimates from different sources, adjusted to 1995 dollars using

the Chemica Engineering CPI index.

Table 21 - Hydrogen Prices

Ddivery Method Cost (%/kg) Cost ($/1b) Source

Pipdine $0.11-$0.70/kg | $0.05-30.3V/Ib | Encyclopediaof Chemicd
Technology 1991

Pipdine (Gulf Coast) | $10-$18/kg $5-$8/1b Leiby 1994

Reformed Hydrogen | $0.65/kg $0.30/1b Report to Congress 1995

Recovered Hydrogen | $0.80-$1.20/kg | $0.36-$0.53/Ib | Report to Congress 1995

Electrolysis $2.40-$3.60/kg | $1.10-$1.70/Ib | Report to Congress 1995

Bulk Liquid $3.22-$8.48/kg | $1.46-$3.85/Ib | Encyclopedia of Chemicd
Technology 1991

Bulk Liguid $6.60/kg $3.00/1b Huston 1984

Bulk Liquid, Standard | $21/kg $10/1b Encyclopedia of Chemicd

Grade Technology 1991

Bulk Liquid, $107/kg $48/1b Encyclopedia of Chemicd

Electronics Grade Technology 1991

49




REFERENCES AND PERTINENT LITERATURE

Air Products. (1997). Web Page.

Au, M.; Chen, C,; YeZ., Fong, T.; Wu, J.; Wang, O. (1996). “The Recovery, Purification,
Storage and Transport of Hydrogen Separated from Industrid Purge Gas by Means of
Mobile Hydride Containers.” International Journal of Energy. (12:1); pp. 33-37.

Carpetis, C. (1994). “Technology and Cogts of Hydrogen Storage.” TERI Information Digest
on Energy. Vol. 4:1, pp. 1-13.

Chemical Engineering. (December 1994). “Cyclohexane Makes the Grade as a Carrier of
Hydrogen.” (101:12); p. 19.

Cuoco, A.; Sgdambro, G.; Paolucci, M.; D’Alessio, L. (1995). “Is Photovoltaic Hydrogen in
Italy Competitive with Traditiond Fossl Fuels?” Energy. (20:12); pp. 1303-1309.

Encyclopedia of Chemical Technology. (1991). “Hydrogen.” 4th edition. Vol. 13. New York:
Wiley, pp. 838-894.

FIBA Technologies, Inc. (1998). Price Quote.

Hynn, T.M. (1992). “Liquificationof Gases.” McGraw-Hill Encyclopedia of Science &
Technology. Tthedition. Vol. 10. New York: McGraw-Hill; pp. 106-109.

Garret, D.E. (1989). Chemical Engineering Economics. New York: Von Nostrand Reinhold.
Hairston, D. (February 1996). “Hall Hydrogen.” Chemical Engineering (103:2); pp. 59-62.

Hart, D. (1997). Hydrogen Power: The Commercial Future of ‘the Ultimate Fuel.’” London,
UK: Financid Times Energy Publishing.

Huston, E.L. (1984). “Liquid and Solid Storage of Hydrogen.” Proceedings of the 5th World
Hydrogen Energy Conference. Vol. 3; July 15-20, 1984, Toronto, Canada.

Hydrogen Components, Inc. (1997). Web Page. Littleton, CO.

International Journal of Ambient Energy. (January 1992). “Towards a Hydrogen Economy:
The Storage and Transmission of Hydrogen: Technica Note.” (13:1).

Johannsen, T.B., ed. (1993) Renewable Energy: Sources for Fuels and Electricity.
50



Lelby, SM. (1994). Options for Refinery Hydrogen. Menlo Park, CA: SRl Internationd.

New York State Electric & Gas. (26 August 19964). “NY SEG Brings Natural Gasto New
Y ork's North Country.”

New York State Electric & Gas. (10 October 1996b). “NY SEG Completes Seneca Lake Storage
Project.”

New York State Electric & Gas. (18 December 1996¢). “Seneca Lake Storage Project
Completed.”

New York State Electric & Gas. (22 October 1997a). “FERC Approves Market Based Rate for
NY SEG's Seneca L ake Storage Project.”

New York State Electric & Gas. (11 December 1997b). “NY SEG Community Partners
Celebrate Seneca L ake Project Phase11.”

Noganow, L.S. (1992). "Hydrogen." McGraw-Hill Encyclopedia of Science & Technology.
7thedition. Vol. 8. New York: McGraw-Hill; pp. 581-588.

Oy, N. (1992) New Hydrogen Technologies Project Report: Evaluation of Techniques.
Report to Congress. (1995). Hydrogen: Technology and Policy. 95-540 SR.

Schwarz, JA.; Amonkwah, K.A.G. (1993). Hydrogen Storage Systems. \Washington, DC:
U.S. Geologicd Survey.

Taylor, JB.; Alderson, JE. A.; Kdyanam, K.M.; Lyle, A.B.; Phillips L.A. (1986).
“Technica and Economic Assessment of Methods for the Storage of Large Quantities
of Hydrogen.” International Journal of Hydrogen Energy. (11:1); pp. 5-22.

Timmerhaus, C.; FHynn, T.M. (1989) Cryogenic Engineering. New York: Plenum Press.
T-Rass, A.; Sadhu, A. (1994). “System Study of Meta Hydride Storage Requirements.”
Proceedings of 1994 DOE/NREL Hydrogen Program Review; April 18-21, 1994,

Livermore, CA.

TransCanada Pipdines, Ltd. (13 May 1993). Press Release. “TransCanada Files $1.1 Billion
Fipeline Expanson Application.”

51



TransCanada Pipelines, Ltd. (17 July 19964). Press Release. “Pipeline Condruction Gives
Saskatchewan Economy a Boost.”

TransCanada Pipelines, Ltd. (17 July 1996b). Press Release. “Pipdine Congdruction Gives
Manitoba Economy a Boost.”

TransCanada Pipelines, Ltd. (17 July 1996¢). Press Release. “Pipdine Congdruction Gives
Northwestern Ontario Economy a Boost.”

TransCanada Pipdlines, Ltd. (3 November 1997). Press Release. “"ANG Pipdine to Build New
GasLink Across Southern B.C.”

Worf, J.C. (1992). “Meta Hydrides” McGraw-Hill Encyclopedia of Science & Technology.
7th edition. Vol. 11. New York: McGraw-Hill; pp. 37-41.

Zittd, W.; Wurgter, R. (1996). Hydrogen in the Energy Sector.

52



APPENDIX A - SAMPLE CALCULATIONS OF HYDROGEN STORAGE COSTS

A.0 Hydrogen Storage Cost Assumptions
A.1 Compressed Gas Storage

A.2 Liquid Hydrogen Storage

A.3 Meta Hydride Storage

A.4 Underground Storage

Appendix A contains sample cost calculations for each storage option. In each case, the
hydrogen production rate is 450 kg/h (1,000 Ib/h) with 1 day of storage. The calculations were
done using MachCAD so all required unit conversions were done internal to the program. The
resulting values are the same as those found in Appendix D for the above flowrate and storage
time.



CompCost :=£OO
kw
TankCost :=@
Ib
LigqCost := 2200
Ib
hr
DewarCost :=£0
Ib
HydCost ::%S0

UnderCost :=%

kW -hr
Ib

CompPower :=1.0:

kW -hr

LigPower :=4.5. ™

0,
BOR:=01_2
day

HydHeat := 10000-%

ElecCost .= k0.05

W -hr

4

SteamCost :=
(110°87U)

CoolWatCost := 0.07

(1000-gal)

350-day
yr

OpDays :=

CompSize :=4000-kW

CompPress ;= 20-10°-Pa
TankSize :=500:1b

TankPress :=20-10°-Pa

Ib
hr

LigSize :=1000: (—)

DewarSize :=100:Ib

CompExp :=0.8

CPEXp :=0.18

TankExp :=0.75

TPEXp =044

LigExp :=0.65

DewarExp :=0.70

HydExp :=1.0

UnderExp :=1.0

CompCool := 6.0-%

LigCool =

7599
Ib

HydCool := 25-%

Life:=22.yr

Compressor
Assumptions

Compressed Gas Tank
Assumptions

Liquefier Assumptions

Dewar Assumptions
Metal Hydride
Assumptions

Underground Storage
Assumptions

Compressor Utility
Requirements

Liquefier Utility
Requirements

Assumed Boil-Off Rate

Metal Hydride Utility
Requirements

Assumed Electricity Cost

Assumed Steam Cost

Assumed Cooling Water Cost

Cost Assumptions



A.0 HYDROGEN STORAGE COST ASSUMPTIONS - S| Units

TankCost = L
kg
LigCost = - !

2

DewarCost = -

kg

HydCost = = !
kg

CompPower = JW-hr
kg
LigPower = KW-r
kg
HydHeat = , 1000 joule
kg
1
SteamCost= ~———
109-joule
1
CoolWatCost = =——
1000-liter

TankSize =

LigSze = E

hr

DewarSize =

UnderCost = - L

kg
CompCool = Jiter
kg
LigCool = &
kg
HydCool = °“£r
kg



A.1 COMPRESSED GAS STORAGE SAMPLE CALCULATION

Flow = 1OOO-E

hr
Time :=1.day

Storage := Flow-Time

Prod :=Flow-OpDays

P:=20-10°-Pa

P
nf———
(o 1 106-Pa)
Energy :=Flow-CompPower| ——~—— *

Energy = kW
20-10°-Pa
In| —/—/— —
0.1-10°
( : )
In| ———
6
Cooling :=Flow-CompCool- M Cooling = @
n 20-106-Pj hr
6 .
0.1:10°-P Cooling = iter

CompExp
CompCap := (CompCost:CompSize) - (ﬂ) . (L
e CompPress

CompCap =

TankCap :=(TankCost-TankSize) -

TankCap =

TotCap := CompCap + TankCap

Flow = E

hr

Storage = °Ib

Storage =

Prod = -2

yr

Prod = E
yr

CompSiz

TankPress) T@KEP
Storage:———

TotCap =

)TPExp

TankSize . (TankPr&es

Production Rate

Days of Storage

Storage Capacity

Annual Production

Operating Pressure

Comp. Power

Cooling Water

Comp. Cost

Tank Cost

Total Capital Cost



A.1 COMPRESSED GAS STORAGE SAMPLE CALCULATION (continued)

DepCost ::M DepCost = 2
Life yr

EnerCost := Energy-ElecCost EnerCost = hi
r

EnerCost-OpDays = i
yr

CoolingCost := Cooling-CoolWatCost  CoolingCost = ﬁ
]

CoolingCost-OpDays = - !

TotCost := EnerCost:OpDays+ CoolingCost:OpDays+ DepCost

TotCost = - !
yr
DepCost 1
Depi=————— Dep = -— Dep = »—
Prod Ib kg
Ener :=Mt Ener = i Ener= - !
Flow Ib kg
Cool ::M Cool = i Cool = - !
Flow Ib kg
1 1
Tot :=Ener+ Cool+ Dep Tot= -— Tot = -
Ib kg
= Compr Comp = o Comp = °i
(Prod-Life) I kg
Tank;:m Tank = 01 Tank = - 1
(Prod-Life) Ib kg
Comp :=—CompCap Comp = —
Energy kw
Tank::M Tank = i Tank = ° !
Storage Ib kg

Depreciation

Annual Electricity
Cost

Annual Cooling
Water Cost

Total Annual Cost

Capital Cost

Energy Cost

Cooling Cost

Total Cost

Comp. Cost

Tank Cost

Comp. Capital

Tank Capital



A.2 LIQUID HYDROGEN STORAGE SAMPLE CALCULATION

Flow = 1OOO-E Flow = @ Production Rate
hr hr
Time :=1.day Days of Storage
FIowBOR := Flow-[1+ (1— e’BOR'Time)] FIOWBOR = /2 Production plus
hr Boil-Off
FlowBOR = X9
hr

Storage := FlowBOR: Time Storage = °Ib Storage Capacity

Storage =
Prod :=Flow-OpDays Prod = E Annual Production

yr
Prod = E
yr
Energy :=FlowBOR:LigPower Energy = kW Liquefier Power
Cooling := HowBOR:LigCool Cooling = gh_al Cooling Water
r
Cooling = - &
hr
LigExp
LigCap :=(LigCost-LigSze)- M Liquefier Cost
LigSize
LigCap =
DewarExp
DewarCap := (DewarCost:DewarSize) - StLaqe Dewar Cost
DewarSize

DewarCap =
TotCap :=LigCap+ DewarCap TotCap = Total Capital Cost



A.2 LIQUID HYDROGEN STORAGE SAMPLE CALCULATION (continued)

DepCost :=M DepCost = i Depreciation
Life yr
EnerCost := Energy-ElecCost EnerCost = i Annual Electricity
hr Cost
EnerCost-OpDays = i
yr
CoolingCost := Cooling-CoolWatCost CoolingCost = - ! Annual Cooling
hr Water Cost
CoolingCost-OpDays = - !
yr
TotCost := EnerCost:OpDays+ CoolingCost:OpDays+ DepCost Total Annual Cost
TotCost = - !
yr
Dep := DepCost Dep = oi Dep = °i Capital Cost
Prod Ib kg
Ener ::M Ener = i Ener= - ! Energy Cost
Flow Ib kg
Cool ::M Cool = i Cool = - Cooling Cost
Flow Ib kg
1 1
Tot :=Ener+ Cool + Dep Tot = — Tot= - Total Cost
Ib kg
Liq .—ﬁ Liq = 1 Lig= - ! Liquefier Cost
(Prod-Life) Ib kg
ank::w Tank = A Tank = - 1
(Prod-Life) Ib kg Tank Cost
Liq ::M Lig= - ! Lig= - ! Liquefier Cost
FlowBOR ( Ib) kg
Tank ::M Tank = 2 Tank = ° ! Tank Cost
Storage Ib kg



A.3 METAL HYDRIDE STORAGE SAMPLE CALCULATION

Flow = 1OOO-E Flow = @ Production Rate
hr hr
Time :=1.day Days of Storage
Storage := Flow-Time Storage = °Ib Storage Capacity
Storage =
Prod :=Flow-OpDays Prod = E Annual Production
yr
Prod = X9
yr
6 BTU .
Energy :=Flow-HydHeat Energy = °(10 h_) Heat Requirement
r
Energy = °M
hr
Cooling :=Flow-HydCool Cooling = 93
g y 9 Cooling Requirement
Cooling = - &
hr
HydCap := Storage-HydCost HydCap = Hydride Cost
TotCap :=HydCap TotCap = Total Capital Cost
DepCost = TotCap DepCost = i Depreciation
Life yr
EnerCost := Energy -SteamCost EnerCost = hi Annual Steam Cost
r
1
EnerCost-OpDays = ~—
yr
CoolingCost := CoolWatCost-Cooling CoolingCost = - ! Annual Cooling Water

hr Cost

CoolingCost-OpDays = - !



A.3 METAL HYDRIDE STORAGE SAMPLE CALCULATION (continued)

TotCost := EnerCost:OpDays+ CoolingCost:OpDays+ DepCost

TotCost = - ! Total Annual Cost
yr
Dep := D€PCost Dep = . Dep = . Capital Cost
Prod I kg
Ener ::M Ener = i Ener= - ! Energy Cost
Flow Ib kg
Cool ::M Cool = i Cool = ! Cooling Cost
Flow kg
.-M Hyd = 1 Hyd = 2 Hydride Cost
(Prod-Life) Ib kg
1 1
Tot :=Ener+ Cool + Dep Tot = °E Tot = °k Total Cost
g



A.4 UNDERGROUND STORAGE SAMPLE CALCULATION

Flow = 1OOO-E Flow = 453.592°§ Production Rate
hr hr
Time :=1.day Days of Storage
Storage :=Flow - Time Storage = °Ib Storage Capacity
Storage =
Prod :=Flow-OpDays Prod = E Annual Production
yr
Prod = E
yr
P:=2010°Pa Operating Pressure

P
Inf—M—
(0.1'106-%)

Energy :=Flow-CompPower:| ———— ~© Energy = kW Comp. Power
20-10>-Pa
In[—— —
0.1.10%
( : )
nf————
6
Cooling := Flow-CompCool- _\0110"Py Cooling = @ Cooling Water
|n(2°'106'Pj hr
6 .
0110°P Cooling = "hﬁr
r

CompExp CPEXp
CompCap := (CompCost-CompSize) (ﬂ) (L) Comp. Cost
e

CompSiz CompPress,
CompCap =
CaveCap = {( UnderCost) -(Storagemss) ] Cavern Cost
CaveCap =
TotCap := CompCap + CaveCap TotCap = Total Capital



A.4 UNDERGROUND STORAGE SAMPLE CALCULATION (continued)

DepCost ::M DepCost = 2 Depreciation
Life yr
EnerCost := Energy-ElecCost EnerCost = i Annual Electricity
hr Cost
EnerCost-OpDays = i
yr
CoolingCost := Cooling-CoolWatCost  CoolingCost = ° ! Annual Cooling
hr Water Cost
CoolingCost-OpDays = - !
yr
TotCost := EnerCost:OpDays+ CoolingCost:OpDays+ DepCost Total Cost
TotCost = - !
yr
._ DepCost 21 _ .
Dep := Prod Dep = b Dep = kg Capital Cost
Ener ;=M Ener = 2 Ener= - ! Electricity Cost
Flow Ib kg
Cool ::M Cool = i Cool = - ! Cooling Cost
Flow Ib kg
1 1
Tot :=Ener+ Cool+ Dep Tot= -— Tot = - Total Cost
Ib kg
:=M Comp = 2 Comp = ) Comp. Cost
(Prod-Life) I kg
a\/e::m Cave = 21 Cave= - =
(Prod-Life) Ib kg Cavern Cost
Comp :=M p=-°— Comp. Capital
Energy kw
Cave —M Cave = i Cave= - ! .
Storage b kg Cavern Capital



APPENDIX B - SAMPLE CALCULATIONS OF HYDROGEN TRANSPORT COSTS

B.0 Hydrogen Transportation Cost Assumptions
B.1 Compressed Gas Delivery by Truck

B.2 Compressed Gas Ddlivery by Rail

B.3 Liquid Hydrogen Delivery by Truck

B.4 Liquid Hydrogen Delivery by Rall

B.5 Liquid Hydrogen Delivery by Ship

B.6 Meta Hydride Delivery by Truck

B.7 Meta Hydride Delivery by Rail

B.8 Pipeline Delivery

Appendix B contains sample cost calculations for the main transportation options. In each case,
the hydrogen production rate is 450 kg/h (1,000 Ib/h) and the delivery distance is 160 km (100
mi). These calculations were done using MathCAD so al required unit conversions were done
internal to the program. The resulting values are the same as those found in Appendix E for the
above flowrate and delivery distance.



B.0 HYDROGEN TRANSPORTATION COST ASSUMPTIONS - English Units

TruckGH2Cost := 100000

TruckLH2Cost := 350000

TruckMH2Cost ::%

TruckUnderCost := 60000

TruckMileage := 6-2
ga

TruckLoadTime :=2:hr

DriverWage ::@
hr
. . 1
DieselPrice:=—
gal

RailGH2Cost := 200000

RailLH2Cost := 400000

RanMHzCost::%’o

Rail Speed :=25.11
hr
RailAvail 1= 24. "
day

0,
RailBOR :=03 2
day

ShipLH2Cost := 350000

ShipSpeed := 1o-hﬂ
r

ShipAvail := 241"

day

0,
ShipBOR :=0.3 %
day

TruckGH2Size :=400:b
TruckLH2Size :=9000-1b

TruckMH2Size :=1000-1b

TruckCabCost := 90000

TruckSpeed := SO-E

hr
TruckAvail := 240
day
DriverAvail := 121
day

0,
TruckBOR =03 2
day

RalGH2Sze :=1000-1b
RalLH2Sze :=20000:1b
RalMH2Size :=2000-1b
RailUnderCost := 100000
RailLoadTime :=24-hr
RailFreight :=400

ShipLH2Size :=9000-1b

ShipLoadTime :=48:hr

ShipFreight :=3000

Capacities & Capital Costs

Trucking Assumptions

Rail Assumptions

Ship Assumptions



B.0 HYDROGEN TRANSPORTATION COST ASSUMPTIONS - English Units
(continued)

PipeCost := 1:::.::: Roughness 1=4,6-10 °m PipeDia :=0.25'm Pipeline Assumptions
mi
DelPress := 2:10°-Pa Temp := 283K FricFact := 0.005
RH2 = 4124. (N ™) Visci=86210°_+9
kg-K (m-sec)
1000 )
CompCost ::k_ CompSize :=4000-kW CompExp :=0.80 Compressor
W

Assumptions
CompPress := 20-10°-Pa CPExp :=0.18

CompPower ;= 10.LKWhr)
Ib
ElecCost ::ﬂ Electricity Cost
(KW -hr)
OpDays =350 el Operating Cost
v Assumptions

TrailerDep :=6-yr

TractorDep :=4-yr

RailcarDep := 15-yr

PipelineDep :=22:yr



B.0 HYDROGEN TRANSPORTATION COST ASSUMPTIONS - Sl Units

3

TruckGH2Size = 181437+kg TruckLH2Size = 4.08210° *kg
TruckMH2Cost = 2.205:10° kl TruckMH2Size = 453502+kg
9
TruckSpeed = 80.467°|;m
.
RailGH2Size = 453592+kg RailLH2Size = 9.072-10° +kg
RailMH2Cogt = 2.205-10° .,kl RalMH2Size = 907.185+kg
g
. km
Rail Speed = 40.234¢
hr
. ! 3 . _ km
ShipLH2Size = 4.082-10™ *kg ShipSpeed = 16.093- -
-
PipeCost = 6.214+10° »_*
km
CompPower = 2.205°kvll/ hr
9



B.1 COMPRESSED GAS TRUCKING SAMPLE CALCULATION

Flow = 1OOO-E

hr

Prod :=Flow-OpDays

Distance :=100-mi

TwoWay :=Distance-2

. ._{ Prod-1yr
Tripsi=| ————
TruckGH2Size

Miles :=Trips-TwoWay

TripTime::ceiI(

DriveTime :=Trips-TripTime

LoadTime :=Trips-TruckLoadTime

TotaTime :=DriveTime + LoadTime

TruckTime :=TruckAvail -OpDays-1-yr

Trucks :=cell ( Total Time

DriverTime := DriverAvail -OpDays-1-yr

Drivers ::ceil(

TwoWay
TruckSpeed

TruckTime

TotaTime
DriverTime

Flow = 453592 E
hr

Prod = 8.4-10° -2

yr

Prod = 381:10° -K9

yr
Distance = 160.934°km
TwoWay =200°mi
TwoWay = 321.869°km
Trips = 2.1+ 10°

Miles =4.2:10° i

Miles = 6.759-10° km

) TripTime = 4<hr

DriveTime = 84107 hr

Trucks =15

Drivers =30

LoadTime = 4.2:10% hr

TruckTime =8.4+10" °hr

Production Rate

Annual Production

Delivery Distance (One-Way)

Distance (Two-Way)

Number of Trips per Year

Total Miles Driven

Time per Trip (rounded up)

Total Drive Time

Load/Unload Time

Total Time = 1.26° 105 °hr  Total Delivery Time

Truck Availability

Trucks Required
(rounded up)

DriverTime = 4.2 103 *hr  Driver Availability

Drivers Required
(rounded up)



B.1 COMPRESSED GAS TRUCKING SAMPLE CALCULATION (continued)

FuelUse:= Miles

TruckMileage

FuelUse=7-10" °gal

Annual Fuel Use

CapCost := Trucks( TruckGH2Cost+ TruckUnderCost+ TruckCabCost)

CapCost = 3.75+10°

Total Capital Cost

Trucks-( TruckGH2Cost+ TruckUnderCost) + Trucks-( TruckCabCost)

TractorDep

Depreciation

Annual Fuel Cost

Annual Labor Cost

DepCost := -
TrailerDep
DepCost = 7.37510° ==
yr
Fuel Cost := Fuel Use. 2 e8I Price FuelCost = 7-10° ==
yr yr
L aborCost := Total Time- 21 VerWege LaborCost = 3623-10° %
yr

TotalCost := Fuel Cost+ DepCost + LaborCost

TotalCost =5.06-10° +1
yr
Dep ;= D8PCOSt Dep = 0088~ Dep = 0194+
Prod Ib kg
Fuel = FuelCodt Fuel =0083~  Fuel =084~
Prod Ib kg
Labor = E®0C0 | o =0431-F  Labor=0951-
Prod Ib kg
Tot ;= TotCost Tot = 0,602+~ Tot = 13281
Prod Ib kg
Trips
TripsFreq = I TripsFreq =60
OpDays
day
TripLength :=ceil w TripLength = 6°hr
Trips
UtilRate ;= 111PSFreq UtilRate = 4
Trucks

yr

Total Annual Cost

Capital Cost

Fuel Cost

Labor Cost

Total Cost

Trip Frequency

Trip Length

Truck Utilization Rate



B.2 COMPRESSED GAS RAIL SAMPLE CALCULATION

Flow = 1OOO-E

hr

Prod :=Flow-OpDays

Distance :=100-mi

TwoWay :=Distance-2

Trips i= Prod-1-yr
RalGH2Sze,

Miles :=Trips-TwoWay

Distance
Rail Speed

TripTime := cell
day

DriveTime :=Trips-TripTime

LoadTime :=Trips-RalLoadTime

TotaTime :=DriveTime + LoadTime

RalTime = RailAvail -OpDays-1-yr

Ra‘lcars::ceil(

Flow = 453592 E
hr

Prod = 8.4-10° -1°
yr

Prod = 381:10° -K9

yr
Distance = 160.934°km

TwoWay =200°mi

TwoWay = 321.869°km

Trips =84 103

Miles = 1.68-10° mi

Miles = 2.704-10° km

-2-day TripTime = 2-day

TotaTime
TruckTime

DriveTime = 4.032- 105

5

LoadTime =2016°10" -

Tota Time = 6,048 10°

RailTime =84+10° <hr

Railcars =72

CapCost := Railcars-( RallGH2Cost+ RailUnderCost)

CapCost = 216:10"

Production Rate

Annual Production

Delivery Distance (One-Way)

Distance (Two-Way)

Number of Trips per Year

Total Miles

Time per Trip

°hr Total Transit Time

hr Total Load/Unload Time

°hr Total Delivery Time

Railcar Availability

Number of Railcars
(rounded up)

Total Capital Cost



B.2 COMPRESSED GAS RAIL SAMPLE CALCULATION (continued)

DepCost ;:M
RailcarDep
FreightCost i= Trips-RailFreight-2

yr
TotalCost := FreightCost+ DepCost

TotalCost = 8.16+10° -+

yr
Dep = DepCost

Prod
FreightCost

Freight :=
Prod

- TotalCost
Prod

Tot: Tot =0971 i
Ib
Trips
yr
OpDays
day

TripFreq =

TripLength := cell W)
Trips

UtilRate ;=1 1P
Railcars

1
Dep =0.171-=
Ib

Freight = O.8°i
Ib

6

DepCost =1.44°10" - !

yr

FreightCost = 6.72 106

L1

Dep =0.378
kg

Freight =1.764- !
kg
1

kg

Tot =2.142-

TripFreq =24

TripLength = 72°hr

UtilRate = 0.333

1

yr

Depreciation

Annual Freight Cost

Total Annual Cost

Capital Cost

Freight Cost

Total Cost

Trip Frequency

Trip Length

Railcar Utilization Rate



B.3 LIQUID HYDROGEN TRUCKING SAMPLE CALCULATION

Flow = 1OOO-E

hr

Prod :=Flow-OpDays

Distance :=100-mi

TwoWay :=Distance-2

. ._{ Prod-1yr
Tripsi= [ ——MM—
TruckLH2Size

Miles :=Trips-TwoWay

TripTime := ceil( Twoway

Delivered :=Prod-(e)

Ib
yr

Delivered = 8397900~

DriveTime :=Trips-TripTime

LoadTime :=Trips-TruckLoadTime

TotaTime :=DriveTime + LoadTime

TruckTime := TruckAvail -OpDays-1-yr

.{ TotaTime
Trucks := cell| ———
TruckTime

TruckSpeed
-TruckBOR -(—T” PTi me)

Flow = 453592 E
hr

Prod = 8.4-10° -1°
yr

Prod = 381:10° -K9

yr
Distance = 160.934°km
TwoWay =200°mi
TwoWay = 321.869°km
Trips = 933.333
Miles = 1867-10° =i
Miles = 3.004:10° *km

) TripTime = 4<hr

2

6

Delivered =3809-10" -

3

DriveTime =3.73310 °hr

Trucks =1

LoadTime =1.86710" <hr

TotdTime =5.6°10" <hr

TruckTime =8.4+10" °hr

Production Rate

Annual Production

Delivery Distance (One-Way)

Distance (Two-Way)

Number of Trips per Year

Total Miles Driven

Time per Trip (rounded up)

Quantity after Boil-Off

Total Drive Time

Total Load/Unload Time

Total Delivery Time

Truck Availability

Trucks Required
(rounded up)



B.3 LIQUID HYDROGEN TRUCKING SAMPLE CALCULATION (continued)

DriverTime := DriverAvail-OpDays-1-yr DriverTime = 4.2 103 °hr Driver Availability
Drivers :=cell (M) Drivers =2 Drivers Required
DriverTime (rounded up)
FuelUse:=— M FuelUse=3111-10" *gal  Annual Fuel Use
TruckMileage

CapCost :=Trucks( TruckLH2Cost+ TruckUnderCost+ TruckCabCost) Total Capital Cost

CapCost = 5-10°

Trucks-( TruckLH2Cost+ TruckUnderCost) + Trucks-( TruckCabCost)

DepCost := -
TrailerDep TractorDep

DepCost =9.08310% =%

yr

Depreciation

Fuel Cost := Fuel Use. 2 e8I Price FuelCost = 3111+10% -L

yr yr

Annual Fuel Cost

LaborCost := TotalTime-DnLW LaborCost = 1.61¢ 105 i

yr yr

Annual Labor Cost

TotalCost := Fuel Cost+ DepCost + LaborCost Total Annual Cost

TotalCost = 2829-10° +
yr

Dep ;= DEPCOSt Dep = 0011~ Dep = 0024+ Capital Cost
Delivered Ib kg

Fuel =.FuelCost Fuel =370510 3 X Fuel =816710 3 -~ Fuel Cost
Delivered Ib kg

Labor ::M Labor = 0.019& Labor =0.042-. 1 Labor Cost

Delivered Ib kg

Tot ;= rotaCost Tot = 0,034~ Tot = 0074+ Total Cost

Delivered Ib kg



B.3 LIQUID HYDROGEN TRUCKING SAMPLE CALCULATION (continued)

Trips

yr
OpDays

TripFreq := TripFreq = 2.667 Trip Frequency

day

TotaITlme) TripLength = 6°hr Trip Length

TripLength :=ceil
Trips

UtilRate 1= PFTed UtilRate = 2,667 Truck Utilization Rate
Trucks




B.4 LIQUID HYDROGEN RAIL SAMPLE CALCULATION

Flow = 1OOO-E Flow = 453.592°§ Production Rate
hr hr
Prod :=Flow-OpDays Prod =84 106 1 Annual Production
yr
Prod = 381-10° -9
yr
Distance :=100-mi Distance = 160.934°km Delivery Distance (One-Way)
TwoWay :=Distance-2 TwoWay =200°mi Distance (Two-Way)

TwoWay = 321.869°km

Trips:= M Trips =420 Number of Trips per Year
RalLH2Sze
Miles :=Trips-TwoWay Miles =84 104 °m Total Miles
Miles = 1.352:10° «km
Distance
TripTime = ceil F\’acliieed -2-day TripTime = 2-day Trip Length
ay

-RailBOR -(—T”pT'me)

Delivered :=Prod-(e) Quantity after Boil-Off

Defivered = 8374838+ Defivered =370010° <9

yr yr
DriveTime :=Trips-TripTime DriveTime = 2,016 104 °hr  Total Transit Time
LoadTime :=Trips-RailLoadTime LoadTime = 1.008 104 °hr Total Load/Unload Time

Total Time :=DriveTime + LoadTime Total Time = 3.024 104 °hr Total Delivery Time

RalTime = RailAvail -OpDays-1-yr RalTime =84 103 °hr Railcar Availability
Railcars := ceil (m) Railcars =4 Railcars Required
TruckTime (rounded up)



B.4 LIQUID HYDROGEN RAIL SAMPLE CALCULATION (continued)

CapCost := Railcars-(RailLH2Cost+ RailUnderCost)

CapCost = 2-10°
DepCost :=_ 3P0t DepCost = 1.33310° -~
RailcarDep yr
FreightCost ;=1 1PS RailFreight-2 FreightCost = 3.36+10° -
yr yr
TotalCost := FreightCost+ DepCost
TotalCost = 4,693 10° +*
yr
Dep ;= D8PCOSt Dep = 0016+~ Dep = 0035+
Prod Ib kg
Freight = T89MCOst ot =004-1  Freight = 0,088t
Prod Ib kg
Tot ;=1 otalCost Tot = 0056+ Tot = 0123+
Prod Ib kg
Trips
TripFreq := yr TripFreq =1.2
OpDays '
day
TripLength :=ceil w TripLength = 72°hr
Trips

UtilRate ;=1 1P
Railcars

UtilRate = 0.3

Total Capital Cost

Depreciation

Annual Freight Cost

Total Annual Cost

Depreciation

Freight Cost

Total Cost

Trip Frequency

Trip Length

Railcar Utilization Rate



B.5 LIQUID HYDROGEN SHIP SAMPLE CALCULATION

Ib

Flow :=1000-~ Flow = 453502+<9
hr
_ 6 Ib
Prod :=Flow-OpDays Prod =84-10" -
yr
6 kg

Prod =381-10" =

yr

Distance :=100-mi

TwoWay :=Distance-2

Distance = 160.934°km

TwoWay =200°mi

TwoWay = 321.869°km

Trips i= Prod-1-yr
ShipLH2Size

Miles :=Trips-TwoWay

Trips = 933.333

5

Miles =1.867°10" °mi

5

Miles =3.004-10™ °km

Distance
ShipSpeed

TripTime := cell
day

-2-day
Delivered :=Prod-(e)

Ib
yr

Delivered = 8374838~

DriveTime :=Trips-TripTime
LoadTime :=Trips-ShipLoadTime
Total Time :=DriveTime + LoadTime

ShipTime := ShipAvail -OpDays-1-yr

. {TotaTime
Tanks :=ceil| —M—
ShipTime

—ShipBOR _(TrlpTlmej

TripTime = 2-day

Delivered = 3.799-10°

DriveTime = 4.48° 104
LoadTime = 4.48-10"

Tota Time = 8.96-10"

3

ShipTime =84+10" °hr

Tanks =11

Production Rate

Annual Production

Delivery Distance (One-Way)

Distance (Two-Way)

Number of Trips per Year

Total Miles

Time per Trip

Quantity after Boil-Off

kg
r
°hr Total Transit Time
°hr Total Load/Unload Time
°hr Total Delivery Time

Tank Availability

Tanks Required
(rounded up)



B.5 LIQUID HYDROGEN SHIP SAMPLE CALCULATION (continued)

CapCost := Tanks-( ShipLH2Cost)

CapCost = 385+ 10°

DepCost :=——2PCOSt DepCost = 6417-10° =~
TrailerDep yr

FreightCost ;=1 1PS ShipFreight-2 FreightCost =56-10° «

yr

TotalCost := FreightCost+ DepCost

TotalCost = 6.242-10° -1
yr
Dep = DepCost
Prod
Freight = FreightCost
Prod
Tot = Total Cost
Prod
Trips
TripFreq = I
OpDays
day

TripLength ::ceil(

UtilRate :=1"1PFreq
Tanks

TotaTime
Trips

yr
1 1
Dep =0.076°— Dep =0.168-
Ib kg
. 1 . 1
Freight = 0.667°— Freight =1.47-
Ib kg
Tot = O.743°i Tot =1.638- !
Ib kg
TripFreq = 2.667

TripLength = 96°hr

UtilRate = 0.242

Total Capital Cost

Depreciation

Annual Freight Cost

Total Annual Cost

Capital Cost

Freight Cost

Total Cost

Trip Frequency

Trip Length

Tank Utilization Rate



B.6 METAL HYDRIDE TRUCKING SAMPLE CALCULATION

Flow = 1OOO-E

hr

Prod :=Flow-OpDays

Distance :=100-mi

TwoWay :=Distance-2

Tripsi= [ ——M
TruckMH2Size

Miles :=Trips-TwoWay

TripTime::ceiI(

DriveTime :=Trips-TripTime

LoadTime :=Trips-TruckLoadTime

TotaTime :=DriveTime + LoadTime

TruckTime :=TruckAvail -OpDays-1-yr

Trucks :=cell ( Total Time

DriverTime := DriverAvail -OpDays-1-yr

Drivers ::ceil(

Prod-1-yr )

TwoWay
TruckSpeed

TruckTime

TotaTime
DriverTime

Flow = 453592 E
hr

Prod = 8.4-10° -1°
yr

Prod = 381:10° -K9

yr

Distance = 160.934°km
TwoWay =200°mi

TwoWay = 321.869°km

Trips =84 103

Miles = 1.68-10° mi
Miles = 2.704-10° km

TripTime = 4<hr

DriveTime =3.36+10% <hr

Trucks =6

Drivers =12

LoadTime = 1.68° 104
Tota Time = 5.04-10"

TruckTime =8.4+10

DriverTime =4.2-10

Production Rate

Annual Production

Delivery Distance (One-Way)

Distance (Two-Way)

Number of Trips per Year

Total Miles Driven

Time per Trip (rounded up)

Total Driving Time

°hr Total Load/Unload Time
°hr Total Delivery Time
°hr Truck Availability

Trucks Required
(rounded up)

°hr Driver Availability

Drivers Required
(rounded up)



B.6 METAL HYDRIDE TRUCKING SAMPLE CALCULATION (continued)

FueIUse::M'—Ies FueIUs:e:2.8-105 °gal Annual Fuel Use

TruckMileage

CapCost := Trucks-( TruckMH2Cost-TruckMH2Size + TruckUnderCost+ TruckCabCost)

CapCost =6.9 106 Total Capital Cost
DepCost = Trucks-( TruckMH2Cost-TruckMH2Size + TruckUnderCost) + Trucks-( TruckCabCost)
TrailerDep TractorDep
DepCost = 1.195 106 L Depreciation
yr
FuelCost := FueIUs:e-%Prlce FuelCost = 2.8 105 A Annual Fuel Cost
yr yr
LaborCost := TotalTime-DnLW LaborCost = 1.449 106 i Annual Labor Cost
yr yr
TotalCost := Fuel Cost+ DepCost + LaborCost Total Annual Cost
TotalCost = 2924-10° -1
yr
Dep ;= D8PCOSt Dep = 0142+~ Dep = 0314+ Capital Cost
Prod Ib kg
Fuel 1= -uelCost Fuel =003~  Fuel =0073-% Fuel Cost
Prod Ib kg
Labor ::M Labor = 0.173& Labor =0.38- ! Labor Cost
Prod Ib kg
Tot ;= TotCost Tot = 0348~ Tot = 0767 Total Cost
Prod Ib kg
Trips
TripFreq = I TripFreq =24 Trip Frequency
OpDays
day
TripLength :=ceil w TripLength = 6°hr Trip Length
Trips
. ._ TripFreq . _ S
UtilRate :=——— UtilIRate =4 Truck Utilization Rate

Trucks



B.7 METAL HYDRIDE RAIL SAMPLE CALCULATION

Flow = 1OOO-E

hr

Prod :=Flow-OpDays

Distance :=100-mi

TwoWay :=Distance-2

Trips:= Prod-1-yr
RalMH2S ze,

Miles :=Trips-TwoWay

Distance
Rail Speed

TripTime := cell
day

DriveTime :=Trips-TripTime

LoadTime :=Trips-RalLoadTime

TotaTime :=DriveTime + LoadTime

RalTime = RailAvail -OpDays-1-yr

Ra‘lcars::ceil(

CapCost := Railcars:( RailMH2Cost-RalMH2Size + RailUnderCost)

CapCost = 75610

Flow = 453592 E
hr

Prod = 8.4-10° -1°
yr

Prod = 381:10° -K9

yr

Distance = 160.934°km
TwoWay =200°mi

TwoWay = 321.869°km

Trips = 4.2:10°

Miles = 84-10° =i

Miles = 1.352-10° +km

-2-day TripTime = 2-day

TotaTime
TruckTime

DriveTime = 2.01610°

5

LoadTime =1.008-10" -

Tota Time = 3,024+ 10°

RailTime =84+10° <hr

Railcars =36

Production Rate

Annual Production

Delivery Distance (One-Way)

Distance (Two-Way)

Number of Trips per Year

Total Miles Driven

Time per Trip (rounded up)

°hr Total Drive Time

hr Total Load/Unload Time

°hr Total Delivery Time

Railcar Availability

Railcars Required
(rounded up)

Total Capital Costs



B.7 METAL HYDRIDE RAIL SAMPLE CALCULATION (continued)

DepCost ;:M DepCost =5.04¢ 106 A
RailcarDep yr
FreightCost ;=1 1PS RailFreight-2 FreightCost = 3.36-10°
yr
TotalCost := FreightCost+ DepCost
TotalCost =8.4-10° -2
yr
DepCost 1 1
Depi=————— Dep =0.6°— Dep =1.323-
Prod Ib kg
Freight = T89MCOSt pioht =041 Freight = 0.882+t
Prod Ib kg
Tot ;=1 0talCost Tot=1-1 Tot =2205+2
Prod Ib kg
Trips
TripFreq := yr TripFreq =12
OpDays
day
TripLength :=ceil w TripLength = 72°hr
Trips

UtilRate ;=1 1P
Railcars

UtilRate = 0.333

Depreciation

Annual Freight Cost

Total Annual Cost

Capital Cost

Freight Cost

Total Cost

Trip Frequency

Trip Length

Railcar Utilization Rate



B.8 PIPELINE SAMPLE CALCULATION

Flow :=1000 E Flow =0.126 Q
hr S
_ 6 Ib
Prod :=Flow-OpDays Prod =84-10" -
yr
Prod = 381:10° -9
yr

Distance :=100-mi Distance = 160.934°km

. .2
Area :=m Area = 0.049'm2
4
Flux:= oW Flux = 2567-_9
Area m2-s)
NRe :=.PPeDia-Flux NRe = 7.444+10"
Visc
RelRoughness ::m RelRoughness = 0.00018
PipeDia

Pinlet ;= [ 4 FricFact Distance-Flw?-(RH2-Temp) |
PipeDia

Pinlet = 2.025°10°-Pa
PI nlet Del Press
o 1.10°. o 1.10° P
2010 Pa) | (2010°Pa 10°-Pa
0 1-10°. 0 1.10° P

Energy :=Flow-CompPower-

Energy = 2.307°kW

+ DelPress’

Production Rate

Annual Production

Distance (One-Way)

Pipe Cross-Sectional Area

Flux Through Pipe

Reynolds Number

Relative Roughness

Inlet Pressure (Delivery
Pressure plus Frictional
Losses)

Compressor Power to
Overcome Frictional Losses

Energy-OpDays = 1.938-10% <"
yr
CompExp CPExp
_ . ) . Energy . Pinlet
CompCap := (CompCost-CompSize) (WPSZG) (—CompPress Compressor Cost

CompCap = 6.789-10°



B.8 PIPELINE SAMPLE CALCULATION (continued)

PipelineCap := PipeCost:Distance

CapCost := CompCap + PipelineCap

CapCost = 1:10°
DepCost ;:m
PipelineDep

EnerCost := Energy -OpDays-ElecCost

PipelineCap =1-10

8

DepCost =4.546°10" -—

TotalCost := EnerCost+ DepCost

Total Cost = 4547-10° +%
yr
Dep = DepCost
Prod
_ EnerCost
Eneri=————
Prod
L abor 1= LaborCost
Prod
Tot = TotalCost
Prod
_ CompCap
(Prod-PipelineDep)
Pipe = PipelineCap

" (Prod-PipelineDep)

1
Dep =0541-=
Ib

Ener = 1.154-10 7 =

Labor =0.173 i
Ib
Tot =0.541 i
Ib
5

Comp =3674-10

Pipe =0541 i
Ib

1

1

EnerCost = 969.019-—

6 1
yr
1
yr
Dep = 1.193¢ 1
kg
Ener=254310 4 %
kg
Labor =0.38¢ 1
kg
Tot = 1,193
kg
Comp =81+10 > %
kg
. 1
Pipe = 1.193-
kg

Pipeline Cost

Total Capital Cost

Depreciation

Annual Electricity
Cost

Total Annual Cost

Capital Cost

Electricity Cost

Labor Cost

Total Cost

Compressor Cost

Pipeline Cost



APPENDIX C — SAMPLE POWER REQUIREMENT CALCULATIONS

C.1 Ided Liquefaction of Hydrogen

C.2 Linde Process for Liquefaction of Nitrogen

C.3 Pre-Cooled Linde Process for Ligquefaction of Hydrogen
C.4 Hydrogen Compression Power Requirement

Appendix C contains sample work calculations for the compression and liquefaction of hydrogen
and nitrogen. The thermodynamic data used in the calculations came from government Bureau
of Standards temperature-entropy charts. The specific pressures and temperatures were chosen
to demonstrate how to do the work calculations and do not necessarily represent actual operating
conditions. The calculations were done using MachCAD so al required unit conversions were
done interna to the program.



C.1 IDEAL LIQUEFACTION OF HYDROGEN

s,:=1675 cal
gmK

S,:=435 ca
gmK

S,:=435 ca
gmK

h

h

1

= 1010-ﬂ
gm

= 70-ﬂ

w ::Tl-(Sl— 52) - (hl— hs)

w = 1467-K0r

P1 =1-atm

P3 =1-atm

Tl::300-K

T2::3OO-K

Ts::20-K

Calculate ideal work per pound



C.2 LINDE PROCESS FOR LIQUEFACTION OF NITROGEN

s, =105 ca
gmK
s,1=0725 ca
gmK

s,:=02 cal
gmK
S,:=035 ca
gmK

s,:=07 cal
gmK

S,:=01 cal
gmK

- (hl— h2)

(hl_ h8)

y =009

:=4mljoule
gm

::445-%
agm

:=100.Joule
gm

:=100.Joule
gm

:=23O.Joule
gm

:=30_Joule

gm

P, :=1atm

P, :=100-atm T, :=300-K

P_:=100-atm T,:=105K

3 3

P, i=latm T,=77K
P, i=1l-atm T :=77K
P, i=1l-atm Ty =77K

Calculate percentage of gas stream
liquefied on each pass

Calculate work per pound of gas

Calculate work per pound of liquid nitrogen

Work per kg of liquid nitrogen



C.3 NITROGEN PRE-COOLED LIQUEFACTION OF HYDROGEN

=1675_%4
gmK

L

~ca
gmK

cal
gmK

S3 =775

S, :=1275

S, =425 ca
gmK

cal
gmK

Sa:=1.05

cal
gmK

S :=0.725.

cal
gmK

& :=0.35

h, = 101053
gm
h2 = 1020-ﬂ
gm
h, = 28058
agm
h4 = 120ﬂ
agm
h5 = 120ﬂ
gm
h, = 1708
agm
h, =308
agm
h8 ::70-ﬂ
agm
ha:=4601°4€
gm
hb 1= 445124
gm
hd = 100424€
gm

Pl =1atm
P, :=100-atm
P, :=100-atm
P, :=100-atm
P5 =1-atm
P6 =1-atm
P7 =1-atm
P8 =1-atm
Pa:=1-atm
Pb :=100-atm
Pd :=1-atm

T,:=300K
T,:=300K
T,=T7K
T,:=35K
T, 1= 20K
T, 1= 20K
T, =T7K
Ty 1= 20K
Ta:=300-K
Th :=300-K
Td:=77K



C.3 NITROGEN PRE-COOLED LIQUEFACTION OF HYDROGEN (continued)

ri=1 Pounds of nitrogen refrigeration per
pound of hydrogen

h,.—h _

y -=( . 2) +r (ha— hd) Calculate percentage of gas liquefied
(hl_ hs) (hl_ hs) compared to total gas flow

y = 0.081

w ::[Tl-(Sl— 52) - (hl— hz)] +r(Ta(Sa- Sb) - (ha— hb))

w = 0_727°kW-hr Calculate work per pound of gas

W 8.999°kv:/b'hr Calculate work per pound of liquid hydrogen
y

W 19.839°kvll/'hr Work per kg of liquid hydrogen

y g



C.4 COMPRESSION OF HYDROGEN TO 20 MPa

s, =1675 ca h, = 101053
gmK gm

s, =115 cal h, = 101058
gmK gm

Wec ::Tl-(Sl— 52) - (hl— hz)

kKW -hr

Wc = 0.847-

kW -hr
kg

Wc = 1.867-

Calculate compressor work per pound of hydrogen

Work per kg of hydrogen



APPENDIX D - HYDROGEN STORAGE COSTS

D.0 Hydrogen Storage Assumptions
D.1 Compressed Gas Storage

D.2 Liquid Hydrogen Storage

D.3 Meta Hydride Storage

D.4 Underground Gas Storage

Appendix D contains some of the cost data from the analysis of storage costs for the different
hydrogen storage options. Costs are given in both S| and traditional English units for each
storage method. Costs are arranged in the tables by production rate and the number of days of
hydrogen storage.



D.0 HYDROGEN STORAGE ASSUMPTIONS

Compressor Capital Cost= $1,000 |per kW

Comp. Gas Capital Cost= $1,323|per kg $600 |per Ib
Liguefaction Capital Cost= $44,093|per ka/hr $20,000 |per Ib/hr
Liquid Dewar Capital Cost= $441 |per kg $200 |per Ib
Hydride Capital Cost= $2,205|per kg $1,000 |perlb
Underground Capital Cost= $9|per kg $4 |per lb
Compressor Size= 4,000/ kW

Comp. Gas Tank Size= 227|kg 500](lb
Liquefaction Size= 4541kg/hr 1,000]Ib/hr
Liquid Dewar Size= 45]kg 100]lb
Compressor Pressure= 20{MPa

Comp. Pressure Scale-Up= 0.18

Comp. Gas Tank Pressure= 20|MPa

Tank Pressure Scale-Up= 0.44

Comp. Cost Scale-Up= 0.80

Comp. Gas Tank Scale-Up= 0.75

Liguefaction Scale-Up= 0.65

Dewar Scale-Up= 0.70

Hydride Scale-Up= 1.00

Underground Scale-Up= 1.00

Compressor Power= 2.2|kWh/kg (20 MPa) 1.0|kWh/Ib (20 MPa)
Compressor Cooling= 50]liter/kg (20 MPa) 6.0|gal/lb (20 MPa)
Liguefaction Power= 9.91kWh/kg 4.5|kwh/lb
Liguefaction Cooling= 626|liter/kg 75|galllb
Boil-off Rate= 0.1% |per day

Hydride Cooling= 209 liter/kg 25|galllb
Hydride Heating= 23,260 kJ/kg 10,000|Btu/lb
Electric Cost= $0.05|per kWh

Steam Cost= $3.79|per GJ $4.00|per MM Btu
Cooling Cost= $0.02|per M liters $0.07|per M gal
Operating Days/Year= 350(daysl/yr

Depreciation= 22|years




D.1 COMPRESSED GAS STORAGE - Si
N

Units

Compressor Capital Cost= $1.000 [per kW
Comp. Gas Capital Cost= $1.323 |per kg
Compressor Size= 4,000/ kW
Comp. Gas Tank Size= 2271ka
Compressor Pressure= 20|MPa
Comp. Pressure Scale-Up= 0.18

Comp. Gas Tank Pressure= 20|MPa
Tank Pressure Scale-Up= 0.44

Comp. Cost Scale-Up= 0.80

Comp. Gas Tank Scale-Up= 0.75
Compressor Power= 2.20|kWh/kg (20 MPa)

Compressor Cooling= 50|gal/kg (20 MPa)
Electric Cost= $0.05|per kWh
Cooling Cost= $0.02[per M liters
Operating Days/Year= 350|days/yr
Depreciation= 22|years
Production Days of QOperating |Storage Annual Compressor Cooling Compressor Compressor Tank Total Capital
Rate Storage Pressure Capacity Production Power Water Size Cost Cost Cost
(kg/hr) (days) (MPa) (kq) (kglyr) (KWh/hr) (liter/hr) (kw) (%) ($) (%)
5 1 20 109 38,102 10 227 10 $33,145 $173,002 $206,147|
45 1 20 1,089 381,016 100 2,271 100 $209,128 $972,864 $1,181,992]
454 1 20 10,886 3,810,156 1,000 22,712 1,000 $1,319,508 $5,470,817 $6,790,325
4,536 1 20 108,862 38,101,560 10,000 227,124 10,000 $8,325,532, $30,764,664 $39,090,197
45,359 1 20 1,088,616| 381,015,600 100,000 2,271,240 100,000 $52,530,556 $173,002,422 $225,532,978
5 2 20 218 38,102 10 227 10 $33,145 $290,954 $324,099
45 2 20 2,177 381,016 100 2,271 100 $209,128 $1,636,156 $1,845,284
454 2 20 21,772 3,810,156 1,000 22,712 1,000 $1,319,508| $9,200,781 $10,520,289
4,536 2 20 217,723 38,101,560 10,000 227,124 10,000 $8,325,532 $51,739,792 $60,065,324
45,359 2 20 2,177,232 381,015,600 100,000 2,271,240 100,000 $52,530,556 $290,954,233 $343,484,789
5 4 20 435 38,102 10 227 10 $33,145 $489,325 $522,469
45 4 20 4,354 381,016 100 2,271 100 $209,128 $2,751,675] $2,960,803]
454 4 20 43,545 3,810,156 1,000 22,712 1,000 $1,319,508 $15,473,807 $16,793,315
4,536 4 20 435,446 38,101,560 10,000 227,124 10,000 $8,325,532, $87,015,611 $95,341,144
45,359 4 20 4,354,464| 381,015,600 100,000 2,271,240 100,000 $52,530,556 $489,324,743 $541,855,299
5 7 20 762 38,102 10 227 10 $33,145 $744,519 $777,663
45 7 20 7,620 381,016 100 2,271 100 $209,128 $4,186,737 $4,395,865
454 7 20 76,203 3,810,156 1,000 22,712 1,000 $1,319,508| $23,543,754 $24,863,262
4,536 7 20 762,031 38,101,560 10,000 227,124 10,000 $8,325,532 $132,396,259 $140,721,791
45,359 7 20 7,620,312 381,015,600 100,000 2,271,240 100,000 $52,530,556 $744,518,876 $797,049,432
5 14 20 1,524 38,102 10 227 10 $33,145 $1,252,127 $1,285,271]
45 14 20 15,241 381,016 100 2,271 100 $209,128 $7,041,225] $7,250,353]
454 14 20 152,406 3,810,156 1,000 22,712 1,000 $1,319,508 $39,595,717 $40,915,225
4,536 14 20 1,524,062 38,101,560 10,000 227,124 10,000 $8,325,532, $222,663,079 $230,988,611
45,359 14 20 15,240,624) 381,015,600 100,000 2,271,240 100,000 $52,530,556]  $1,252,126,507]  $1,304,657,063}
5 30 20 3,266 38,102 10 227 10 $33,145 $2,217,651 $2,250,795|
45 30 20 32,658 381,016 100 2,271 100 $209,128 $12,470,766 $12,679,894
454 30 20 326,585 3,810,156 1,000 22,712 1,000 $1,319,508| $70,128,270 $71,447,778
4,536 30 20 3,265,848 38,101,560 10,000 227,124 10,000 $8,325,532 $394,360,241 $402,685,773
45,359 30 20 32,658,480 381,015,600 100,000 2,271,240 100,000 $52,530,556]  $2,217,650,608 $2,270,181,164

D-3



D.1 COMPRESSED GAS STORAGE - Sl Units (Continued)

Production Days of Depreciation Annual Electricity | Annual Cooling Total Annual Capital Energy Cooling Total Comp. Tank Comp. Tank
Rate Storage Cost Water Cost Cost Cost Cost Cost Cost Cost Cost Capital Capital
(ka/hr) (days) ($1yn ($/yr) ($/yn) ($/yr) ($/ka) ($/ka) ($/ka) ($/ka) ($/ka) ($/ka) ($/kW) ($/ka)
fl $9,370 $4,200| $35 $13,606 $0.25 $0.11 $0.00 $0.36 $0.04 $0.21 $3,314 $1,589
45 1 $53.727 $42.000 $353 $96.080 $0.14 $0.11 $0.00 $0.25 $0.02 $0.12 $2.09 $894
454 $308.651] $420.000] $3,52. $732,179 $0.08 $0.11 $0.00 $0.19 $0.02 $0.07 $1.321 $503
4,536 1 $1,776,827 $4,200,000 $35,280 $6,012,107 $0.05 $0.11 $0.00 $0.16 $0.01 $0.04 $833 $283
45,359 1 $10,251,499 $42,000,000 $352,800 $52,604,299 $0.03 $0.11 $0.00 $0.14 $0.01 $0.02 $525 $159
5 2] $14,732 $4,200] $35 $18,967 $0.39 $0.11 $0.00 $0.50 $0.04 $0.35 $3,314 $1,336
45 2] $83,877 $42,000 $353 $126,229 $0.22 $0.11 $0.00 $0.33 $0.02 $0.20 $2,091] $751
454 2] $478,195| $420,000 $3,528 $901,723| $0.13 $0.11 $0.00 $0.24 $0.02 $0.11 $1,320 $423
4,536 2 $2.730,242 $4.200,000 $35.280 $6.965,522 $0.07 $0.11 $0.00 $0.18 $0.01 $0.06 $833 $238
45,359 2 $15,612,945| $42,000,000 $352,80 $57,965,745| $0.04 $0.11 $0.00 $0.15 $0.01 $0.03 $525 $134
5 4] $23.749 $4.200) $35 $27.984 $0.62 $0.11 $0.00 $0.73 $0.04 $0.58 $3.314 $1.124;
45 4] $134,582, $42,000 $353 $176,935| $0.35 $0.11 $0.00 $0.46 $0.02 $0.33 $2,09] $632
454 4 $763,332 $420,000 $3,528 $1,186,860 $0.20 $0.11 $0.00 $0.31 $0.02 $0.18 $1,320 $355
4,536 4 $4,333,688 $4,200,000 $35,280 $8,568,968 $0.11 $0.11 $0.00 $0.22 $0.01 $0.10 $833 $200
45,359 4 $24,629,786 $42,000,000] $352,800 $66,982,586 $0.06 $0.11 $0.00 $0.18 $0.01 $0.06 $525 $112
5 7] $35,348 $4,200) $35 $39,584 $0.93 $0.11 $0.00 $1.04 $0.04 $0.89 $3,314 $977
45 7 $199.812 $42,000 $353 $242.165 $0.52 $0.11 $0.00 $0.64 $0.02 $0.50 $2.091 $549
454 7] $1.130,148 $420,000 $3,52 $1,553,676 $0.30 $0.11 $0.00 $0.41 $0.02 $0.28 $1.32 $309
4,536 7 $6,396,445 $4,200,000 $35,280 $10,631,725| $0.17 $0.11 $0.00 $0.28 $0.01 $0.16 $833 $174
45,359 7] $36,229,520 $42,000,000] $352,800 $78,582,320 $0.10 $0.11 $0.00 $0.21 $0.01 $0.09 $525 $98|
5 14 $58,421 $4,200) $35 $62,657 $1.53 $0.11 $0.00 $1.64 $0.04 $1.49 $3,314 $822
45 14 $329,561 $42,000 $353 $371,914 $0.86 $0.11 $0.00 $0.98 $0.02 $0.84 $2,091 $462
454 14 $1,859,783 $420,000 $3,528 $2,283,311 $0.49 $0.11 $0.00 $0.60 $0.02 $0.47 $1,320 $260
4536 14 $10,499.482 $4.200,000 $35.280 $14.734.762 $0.28 $0.11 $0.00 $0.39 $0.01 $0.27 $833 $146
45,359 14 $59.302.594 $42,000,000) $352.80 $101.655.394 $0.16 $0.11 $0.00 $0.27 $0.01 $0.15 $525 $8
5 30 $102,309 $4,200 $35 $106,544 $2.69 $0.11 $0.00 $2.80 $0.04 $2.65 $3,314 $679
45 30 $576,359 $42,000 $353 $618,712 $1.51 $0.11 $0.00 $1.62 $0.02 $1.49 $2,09] $382
454 30 $3,247,626 $420,000] $3,528 $3,671,154 $0.85 $0.11 $0.00 $0.96 $0.02 $0.84 $1,320 $215
4,536 30 $18,303,899 $4,200,000 $35,280 $22,539,179 $0.48 $0.11 $0.00 $0.59 $0.01 $0.47 $833 $121
45,359 30 $103,190,053 $42,000,000 $352,800 $145,542,853 $0.27 $0.11 $0.00 $0.38 $0.01 $0.26 $525 $68




D.1 COMPRESSED GAS STORAGE - English Units
Compressor Capital Cost= $1,000 [per kW
Comp. Gas Capital Cost= $600 |per Ib
Compressor Size= 4,000 |kW
Comp. Gas Tank Size= 500 |Ib
Compressor Pressure= 20 |MPa
Comp. Pressure Scale-Up= 0.18
Comp. Gas Tank Pressure= 20 [MPa
Tank Pressure Scale-Up= 0.44
Comp. Cost Scale-Up= 0.80
Comp. Gas Tank Scale-Up= 0.75
Compressor Power= 1.00 [kWh/lb (20 MPa
Compressor Cooling= 6.0|gal/lb (20 MPa)
Electric Cost= $0.05 |per kWh
Cooling Cost= $0.07 |per M gal
Operating Days/Year= 350 |days/yr
Depreciation= 22 |years
Production Days of Operating  |Storage Annual Compressor Cooling Compressor Compressor Tank Total Capital
Rate Storage Pressure Capacity Production Power Water Size Cost Cost Cost
(Ib/hr) (days) (MPa) (Ib) (Ib/yr) (kWh/hr) (gal/hr) (kw) ($) $ $)
10 1 20 240 84,000 10 60 10 $33,145 $173,002 $206,147
100 1 20 2,400 840,000 100 600 100 $209,128 $972,864 $1,181,992
1,000 1 20 24,000 8,400,000 1,000 6,000 1,000 $1,319,508 $5,470,817 $6,790,325
10,000 1 20 240,000 84,000,000 10,000 60,000 10,000 $8,325,532 $30,764,664 $39,090,197
100,000 1 20 2,400,000 840,000,000 100,000 600,000 100,000 $52,530,556 $173,002,422 $225,532,978
10 2 20 480 84,000 10 60 10 $33,145 $290,954 $324,099
100 2 20 4,800 840,000 100 600 100 $209,128 $1,636,156 $1,845,284
1,000 2 20 48,000 8,400,000 1,000 6,000 1,000 $1,319,508 $9,200,781 $10,520,289
10,000 2 20 480,000 84,000,000 10,000 60,000 10,000 $8,325,532 $51,739,792 $60,065,324
100,000 2 20 4,800,000, 840,000,000 100,000 600,000 100,000 $52,530,556 $290,954,233 $343,484,789
10 4 20 960 84,000 10 60 10 $33,145 $489,325 $522,469
100 4 20 9,600 840,000 100 600 100 $209,128 $2,751,675 $2,960,803
1,000 4 20 96,000 8,400,000 1,000 6,000 1,000 $1,319,508 $15,473,807 $16,793,315
10,000 4 20 960,000 84,000,000 10,000 60,000 10,000 $8,325,532 $87,015,611 $95,341,144
100,000 4 20 9,600,000 840,000,000 100,000 600,000 100,000 $52,530,556 $489,324,743 $541,855,299
10 7 20 1,680 84,000 10 60 10 $33,145 $744,519 $777,663
100 7 20 16,800 840,000 100 600 100 $209,128 $4,186,737 $4,395,865
1,000 7 20 168,000 8,400,000 1,000 6,000 1,000 $1,319,508 $23,543,754 $24,863,262
10,000 7 20 1,680,000 84,000,000 10,000 60,000 10,000 $8,325,532 $132,396,259 $140,721,791
100,000 7 20 16,800,000 840,000,000 100,000 600,000 100,000 $52,530,556 $744,518,876 $797,049,432
10 14 20 3,360 84,000 10 60 10 $33,145 $1,252,127 $1,285,271
100 14 20 33,600 840,000 100 600 100 $209,128 $7,041,225 $7,250,353
1,000 14 20 336,000 8,400,000 1,000 6,000 1,000 $1,319,508 $39,595,717 $40,915,225
10,000 14 20 3,360,000 84,000,000 10,000 60,000 10,000 $8,325,532 $222,663,079 $230,988,611
100,000 14 20 33,600,000 840,000,000 100,000 600,000 100,000 $52,530,556 $1,252,126,507 $1,304,657,063
10 30 20 7,200 84,000 10 60 10 $33,145 $2,217,651 $2,250,795
100 30 20 72,000 840,000 100 600 100 $209,128 $12,470,766 $12,679,894
1,000 30 20 720,000 8,400,000 1,000 6,000 1,000 $1,319,508 $70,128,270 $71,447,778
10,000 30 20 7,200,000 84,000,000 10,000 60,000 10,000 $8,325,532 $394,360,241 $402,685,773
100,000 30 20 72,000,000 840,000,000 100,000 600,000 100,000 $52,530,556 $2,217,650,608 $2,270,181,164




D.1 COMPRESSED GAS STORAGE - English Units (Continued)

Production Days of Depreciation Annual Electricity | Annual Cooling Total Annual Capital Energy Cooling Total Comp. Tank Comp. Tank
Rate Storage Cost Water Cost Cost Cost Cost Cost Cost Cost Cost Capital Capital
(Ib/hr) (days) ($1yn ($/yr) ($/yn) ($/yr) ($/1b) ($/b) ($/b) ($/b) ($/b) ($/1b) ($/kW) ($/1b)
10 1 $9,370.32 $4,200| $35 $13,606 $0.11 $0.05 $0.000 $0.16 $0.02 $0.09 $3,314 $721
100 1 $53.726.91 $42.000 $353 $96.080 $0.06 $0.05 $0.000 $0.11 $0.01 $0.05 $2.09 $405
1.000 $308.651.13, $420.000] $3,52. $732,179 $0.04 $0.05 $0.00 $0.09 $0.01 $0.03 $1.321 $228
10,000 il $1,776,827.12 $4,200,000 $35,280 $6,012,107 $0.02 $0.05 $0.000 $0.07 $0.00 $0.02 $833 $128
100,000 1 $10,251,499.00) $42,000,000 $352,800 $52,604,299 $0.01 $0.05 $0.000 $0.06 $0.00 $0.01 $525 $72
10 2] $14,731.76 $4,200] $35 $18,967 $0.18 $0.05 $0.000 $0.23 $0.02 $0.16 $3,314 $606
100 2] $83,876.54 $42,000 $353 $126,229 $0.10 $0.05 $0.000 $0.15 $0.01 $0.09 $2,091] $341
1,000 2] $478,194.94 $420,000 $3,528 $901,723| $0.06 $0.05 $0.000 $0.11 $0.01 $0.05 $1,320 $192
10,000 2 $2.730,242.01 $4.200,000 $35.280 $6.965,522 $0.03 $0.05 $0.000 $0.08 $0.00 $0.03 $833 $108
100.000 2] $15612.944.94 $42,000,000 $352,80 $57,965,745| $0.02 $0.05 $0.000 $0.07 $0.00 $0.02 $525 $61
10 4] $23.748.60 $4.200) $35 $27.984 $0.28 $0.05 $0.000 $0.33 $0.02 $0.26 $3.314 $510
100 4] $134,581.96 $42,000 $353 $176,935| $0.16 $0.05 $0.000 $0.21 $0.01 $0.15 $2,09] $287
1,000 4 $763,332.50) $420,000 $3,528 $1,186,860 $0.09 $0.05 $0.000 $0.14 $0.01 $0.08 $1,320 $161
10,000 4 $4,333,688.34 $4,200,000 $35,280 $8,568,968 $0.05 $0.05 $0.000 $0.10 $0.00 $0.05 $833 $91]
100,000 4] $24,629,786.30 $42,000,000] $352,800 $66,982,586 $0.03 $0.05 $0.000 $0.08 $0.00 $0.03 $525 $51]
10 7] $35,348.34 $4,200) $35 $39,584 $0.42 $0.05 $0.000 $0.47 $0.02 $0.40 $3,314 $443
100 7 $199.812.06, $42,000 $353 $242.165 $0.24 $0.05 $0.0009 $0.29 $0.01 $0.23 $2.091 $249
1,000 7 $1,130,148.27 $420.000] $3,52 $1,553,676 $0.13 $0.05 $0.000 $0.18 $0.01 $0.13 $1.32 $140
10,000 7 $6,396,445.03 $4,200,000 $35,280 $10,631,725| $0.08 $0.05 $0.000 $0.13 $0.00 $0.07 $833 $79
100,000 7] $36,229,519.62 $42,000,000] $352,800 $78,582,320 $0.04 $0.05 $0.000 $0.09 $0.00 $0.04 $525 $44]
10 14 $58,421.41 $4,200) $35 $62,657 $0.70 $0.05 $0.000 $0.75 $0.02 $0.68 $3,314 $373
100 14 $329,561.49 $42,000 $353 $371,914 $0.39 $0.05 $0.000 $0.44 $0.01 $0.38 $2,091 $210
1,000 14 $1,859,782.94 $420,000 $3,528 $2,283,311 $0.22 $0.05 $0.000 $0.27 $0.01 $0.21 $1,320 $118
10,000 14)  $10.499.482.30 $4.200,000 $35.280 $14.734.762 $0.12 $0.05 $0.000 $0.18 $0.00 $0.12 $833 $66)
100.000 14] $59.302,593.78 $42,000,000 $352.80 $101.655.394 $0.07 $0.05 $0.00 $0.12 $0.00 $0.07 $525 $37|
10 30 $102,308.87, $4,200 $35 $106,544 $1.22 $0.05 $0.000 $1.27 $0.02 $1.20 $3,314 $308
100 30 $576,358.81] $42,000 $353 $618,712 $0.69 $0.05 $0.000 $0.74 $0.01 $0.67 $2,09] $173
1,000 30 $3,247,626.26 $420,000] $3,528 $3,671,154 $0.39 $0.05 $0.000 $0.44 $0.01 $0.38 $1,320 $97|
10,000 30] $18,303,898.79 $4,200,000 $35,280 $22,539,179 $0.22 $0.05 $0.000 $0.27 $0.00 $0.21 $833 $55)
100,000 30] $103,190,052.89 $42,000,000 $352,800 $145,542,853 $0.12 $0.05 $0.0009 $0.17 $0.00 $0.12 $525 $31




D.2 LIQUID HYDROGEN STORAGE - Sl Units

Liguefaction Capital Cost= $44,093 [per ka/hr
Liguid Dewar Capital Cost= $441 [per kg/hr
Liguefaction Size= 2,205 [ka/hr
Liguid Dewar Size= 220 (kg/hr
Liguefaction Scale-Up= 0.65
Dewar Scale-Up= 0.70
Liquefaction Power= 9.9|kWh/kg
Liguefaction Cooling= 626 [gal/lb
Boil-off Rate= 0.1%|per day
Electric Cost= $0.05 [per kWh
Cooling Cost= $0.02 |per M liters
Operating Days/Year= 350|days/yr
Depreciation= 22|years
Production Days of Production Storage Annual Liguefier Cooling Liguefier Dewar Total Capital
Rate Storage plus Boil-Off Capacity Production Power Water Cost Cost Cost
(kg/hr) (days) (kg/hr) (kg) (kalyr) (kWh/hr) (liters/hr) ($) ($) ($)
5 1 5 109 38,102 45 2,842 $1,003,026 $36,939 $1,039,964
45 1 45 1,090 381,016 450 28,419 $4,480,351] $185,132 $4,665,483
454 1 454 10,897 3,810,156 4,504 284,189 $20,012,991 $927,858 $20,940,849
4,536 1 4,540 108,970 38,101,560 45,045 2,841,888 $89,394,748 $4,650,306 $94,045,055
45,359 1 45,404 1,089,704| 381,015,600 450,450 28,418,876 $399,311,672 $23,306,742 $422,618,414
5 2 5 218 38,102 45 2,845 $1,003,676 $60,049 $1,063,725
45 2 45 2,182 381,016 451 28,447 $4,483,255| $300,958 $4,784,213
454 2 454 21,816 3,810,156 4,509 284,472 $20,025,965 $1,508,362 $21,534,327
4,536 2 4,545 218,158 38,101,560 45,090 2,844,722 $89,452,700 $7,559,719 $97,012,419
45,359 2 45,450 2,181,582 381,015,600 450,899 28,447,224 $399,570,532 $37,888,347 $437,458,879
5 4 5 437 38,102 45 2,850 $1,004,974] $97,686 $1,102,659
45 4 46 4,372 381,016 452 28,504 $4,489,052 $489,588 $4,978,641
454 4 455 43,718 3,810,156 4,518 285,038 $20,051,860 $2,453,754] $22,505,614
4,536 4 4,554 437,185 38,101,560 45,180 2,850,384 $89,568,368 $12,297,902 $101,866,271
45,359 4 45,540 4,371,847[ 381,015,600 451,796 28,503,835 $400,087,205) $61,635,516 $461,722,721
5 7 5 767 38,102 45 2,859 $1,006,914 $144,830 $1,151,744
45 7 46 7,673 381,016 453 28,589 $4,497,719 $725,871 $5,223,590
454 7 457 76,735 3,810,156 4,531 285,885 $20,090,572 $3.637.,975| $23,728,547
4,536 7 4,568 767,347 38,101,560 45314 2,858,854 $89,741,288 $18,233,068 $107,974,356
45,359 7 45,675 7,673,468 381,015,600 453,139 28,588.540 $400,859.,610 $91,381.807 $492,241.417
5 14 5 1,545 38,102 46 2,879 $1,011,411 $236,409 $1,247,820
45 14 46 15,453 381,016 456 28,785 $4,517,805 $1,184,854 $5,702,659
454 14 460 154,525 3,810,156 4,563 287,852 $20,180,295 $5,938,337| $26,118,632
4,536 14 4,599 1,545,251 38,101,560 45,626 2,878,520 $90,142,066 $29,762,185 $119,904,251
45,359 14 45,990 15,452,506| 381,015,600 456,256 28,785,198 $402,649,820 $149,164,272 $551,814,092
5 30 5 3,362 38,102 46 2,923 $1,021,532 $407,396 $1,428,929
45 30 47 33,624 381,016 463 29,230 $4,563,017| $2,041,819 $6,604,836
454 30 467 336,237 3,810,156 4,633 292,296 $20,382,247 $10,233,337 $30,615,584
4,536 30 4,670 3,362,368 38,101,560 46,330 2,922,957 $91,044,153 $51,288,178 $142,332,331
45,359 30 46,700 33,623,684 381,015,600 463,300 29,229,566 $406,679,291] $257,049,801] $663,729,093




D.2 LIQUID HYDROGEN STORAGE - Sl Units (Continued)
Production Days of Depreciation Annual Electric Annual Cooling Total Annual Capital Energy Cooling Total Liguefier Dewar Liguefier Dewar
Rate Storage Cost Water Cost Cost Cost Cost Cost Cost Cost Cost Capital Capital
(ka/hr) (days) ($/yr) ($/yr) ($/yn) ($/yr) ($/ka) ($/ka) ($/ka) ($/ka) ($/ka) ($/ka) ($/ka) ($/ka)
5 1 $47,271 $18,919 $441 $66,631 $1.24 $0.50 $0.01 $1.75 $1.20 $0.04] $221,130 $339
45 1 $212.067| $189.189 $4.414 $405.671) $0.56 $0.50 $0.01 $1.06 $0.53 $0.02 $98.775 $170
454 $951.857| $1.891.889 $44.144 $2,887,890 $0.25 $0.50 $0.01 $0.76 $0.24 $0.01 $44.121 $85)
4,536 1 $4,274,775 $18,918,891 $441,441) $23,635,107 $0.11 $0.50 $0.01 $0.62 $0.11 $0.01 $19,708 $43)
45,359 1 $19,209,928| $189,188,906 $4,414,408 $212,813,241 $0.05 $0.50 $0.01 $0.56 $0.05 $0.00 $8,803 $21
5 2] $48,351 $18,938 $442 $67,731 $1.27 $0.50 $0.01 $1.78 $1.20 $0.07] $221,274 $275
45 2] $217,464] $189,378] $4,419 $411,261] $0.57 $0.50 $0.01 $1.08 $0.53 $0.04 $98,839 $138
454 2] $978,833] $1,893,776 $44,188 $2,916,797 $0.26 $0.50 $0.01 $0.77 $0.24 $0.02 $44,150 $69
4,536 2 $4.409.655 $18,937.762 $441 881 $23,789.299| $0.12 $0.50 $0.01 $0.62 $0.11 $0.01 $19.721 $35
45,359 2 $19,884,494] $189,377,622 $4.418.811 $213.680,928 $0.05 $0.50 $0.01 $0.56 $0.05 $0.00 $8.809 $17
5 4 $50.121 $18.975 $443 $69.539 $1.32 $0.50 $0.01 $1.83 $1.20 $0.12] $221 .56 $223
45 4] $226,302, $189,754] $4,428 $420,484] $0.59 $0.50 $0.01 $1.10 $0.54 $0.06 $98,967 $112
454 4 $1,022,982 $1,897,545 $44,276 $2,964,803 $0.27 $0.50 $0.01 $0.78 $0.24 $0.03 $44,207 $56
4,536 4 $4,630,285 $18,975,449| $442,760 $24,048,495 $0.12 $0.50 $0.01 $0.63 $0.11 $0.01 $19,747 $28
45,359 4 $20,987,396 $189,754,490 $4.427,605 $215,169.491 $0.06 $0.50 $0.01 $0.56 $0.05 $0.01 $8.820 $14]
5 7] $52,352 $19,032 $444 $71,828 $1.37 $0.50 $0.01 $1.89 $1.20 $0.17] $221,989 $189
45 7 $237,436 $190,318| $4.441 $432,195 $0.62 $0.50 $0.01 $1.13 $0.54 $0.09 $99.158 $95
454 7] $1,078.570 $1.903.184 $44.408 $3,026.162 $0.28 $0.50 $0.01 $0.79 $0.24 $0.04 $44.292 $47|
4,536 7 $4,907,925 $19,031,838] $444,079 $24,383,840) $0.13 $0.50 $0.01 $0.64 $0.11 $0.02 $19,785 $24
45,359 7] $22,374,610 $190,318,380 $4,440,762 $217,133,752 $0.06 $0.50 $0.01 $0.57 $0.05 $0.01 $8,837] $12]
5 14 $56,719 $19,163 $447 $76,329 $1.49 $0.50 $0.01 $2.00 $1.21 $0.28|  $222,979 $153
45 14 $259,212 $191,628 $4,471 $455,311 $0.68 $0.50 $0.01 $1.19 $0.54 $0.14 $99,601 $77
454 14 $1,187,211 $1,916,276 $44,713 $3,148,199 $0.31 $0.50 $0.01 $0.83 $0.24 $0.07 $44,490 $38]
4536 14 $5.450,193 $19.162.756| $447.13 $25.060.081 $0.14 $0.50 $0.01 $0.66 $0.11 $0.04 $19.873 $191
45,359 14 $25,082.459 $191,627.564 $4.471.310 $221.181.333 $0.07 $0.50 $0.01 $0.58 $0.05 $0.02 $8.877] $10
5 30 $64,951 $19,459 $454 $84,864 $1.70 $0.51 $0.01 $2.23 $1.22 $0.49 $225,210 $121
45 30 $300,220 $194,586 $4,540 $499,346 $0.79 $0.51 $0.01 $1.31 $0.54 $0.24]  $100,599 $61]
454 30 $1,391,617 $1,945,858 $45,403 $3,382,879 $0.37 $0.51 $0.01 $0.89 $0.24 $0.12 $44,935 $30)
4,536 30 $6,469,651 $19,458,579 $454,034 $26,382,264 $0.17 $0.51 $0.01 $0.69 $0.11 $0.06 $20,072 $15)
45,359 30 $30,169,504, $194,585,794 $4,540,335 $229,295,634 $0.08 $0.51 $0.01 $0.60 $0.05 $0.03 $8,964 $8




D.2 LIQUID HYDROGEN STORAGE - English Units
Liguefaction Capital Cost= $20,000 [per Ib/hr
Liguid Dewar Capital Cost= $200 [per b
Liguefaction Size= 1,000]Ib/hr
Liquid Dewar Size= 100} Ib
Liguefaction Scale-Up= 0.65
Dewar Scale-Up= 0.70
Liguefaction Power= 4.5|kwh/lb
Liguefaction Cooling= 75| gal/lb
Boil-off Rate= 0.1%| per day
Electric Cost= $0.05[per kWh
Cooling Cost= $0.07[per M gal
Operating Days/Year= 350|days/yr
Depreciation= 22|years
Production Days of Production Storage Annual Liquefier Cooling Liguefier Dewar Total Capital
Rate Storage plus Boil-Off Capacity Production Power \Water Cost Cost Cost
(Ib/hr) (days) (Ib/hr) (Ib) (Ib/yr) (KWh/hr) (gallhr) ($) ($) ($)
10 1 10 240 84,000 45 751 $1,003,026 $36,939 $1,039,964
100 1 100 2,402 840,000 450 7,507 $4,480,351] $185,132 $4,665,483
1,000 1 1,001 24,024 8,400,000, 4,504 75,075 $20,012,991 $927,858 $20,940,849
10,000 1 10,010 240,240 84,000,000 45,045 750,750 $89,394,748 $4,650,306 $94,045,055
100,000 1 100,100 2,402,399 840,000,000 450,450 7,507,496 $399,311,672 $23,306,742 $422,618,414
10 2 10 481 84,000 45 751 $1,003,676 $60,049 $1,063,725
100 2 100 4,810 840,000 451 7,515 $4,483,255 $300,958 $4,784,213
1,000 2 1,002, 48,096 8,400,000 4,509 75,150 $20,025,965 $1,508,362 $21,534,327
10,000 2 10,020 480,959 84,000,000 45,090 751,499 $89,452,700 $7,559,719 $97,012,419
100,000 2 100,200 4,809,590] 840,000,000 450,899 7,514,985 $399,570,532 $37,888,347 $437,458,879
10 4 10 964 84,000 45 753 $1,004,974 $97,686 $1,102,659
100 4 100 9,638 840,000 452 7,530 $4,489,052 $489,588 $4,978,641
1,000 4 1,004 96,383 8,400,000, 4,518 75,299 $20,051,860 $2,453,754 $22,505,614
10,000 4 10,040 963,832 84,000,000 45,180 752,994 $89,568,368 $12,297,902 $101,866,271
100,000 4 100,399 9,638,323 840,000,000 451,796 7,529,940 $400,087,205) $61,635,516 $461,722,721
10 7 10 1,692 84,000 45 755 $1,006,914] $144,830 $1,151,744
100 7 101 16,917 840,000 453 7,552 $4,497,719 $725,871 $5,223,590
1,000 7 1,007, 169,172 8,400,000 4,531 75,523 $20,090,572 $3,637,975| $23,728,547
10,000 7 10,070 1,691,719 84,000,000 45,314 755,232 $89,741,288 $18,233,068 $107,974,356
100,000 7 100,698 16,917,189 840,000,000 453,139 7,552,317 $400,859,610 $91,381,807 $492,241,417
10 14 10 3,407 84,000 46 760 $1,011,411 $236,409 $1,247,820
100 14 101 34,067 840,000 456 7,604 $4,517,805 $1,184,854| $5,702,659
1,000 14 1,014 340,671 8,400,000, 4,563 76,043 $20,180,295 $5,938,337| $26,118,632
10,000 14 10,139 3,406,712 84,000,000 45,626 760,427 $90,142,066 $29,762,185 $119,904,251
100,000 14 101,390 34,067,123 840,000,000 456,256 7,604,268 $402,649,820 $149,164,272 $551,814,092
10 30 10 7,413 84,000 46 772 $1,021,532 $407,396 $1,428,929
100 30 103 74,128 840,000 463 7,722 $4,563,017| $2,041,819 $6,604,836
1,000 30 1,030 741,279 8,400,000 4,633 77,217 $20,382,247 $10,233,337 $30,615,584
10,000 30 10,296 7,412,792 84,000,000 46,330 772,166 $91,044,153 $51,288,178 $142,332,331
100,000 30 102,955 74,127,922 840,000,000 463,300 7,721,658 $406,679,291] $257,049,801 $663,729,093




D.2 LIQUID HYDROGEN STORAGE - English Units (Continued)
Production Days of Depreciation /Annual Electric Annual Cooling Total Annual Capital Energy Cooling Total Liquefier Dewar Liquefier Dewar
Rate Storage Cost Water Cost Cost Cost Cost Cost Cost Cost Cost Capital Capital
(Ib/hr) (days) ($/yr) ($/yr) ($/yn) ($/yr) ($/1b) ($/b) ($/b) ($/1b) ($/b) Cost/lb ($/1b) ($/1b)
10 1 $47,271 $18,919 $441 $66,631 $0.56 $0.23 $0.01 $0.79 $0.54 $0.02] $100,303 $154
100 1 $212.067| $189.189 $4.414 $405.671) $0.25 $0.23 $0.01 $0.48 $0.24 $0.01 $44.804 $77]
1,000 $951.857| $1.891.889 $44.144 $2,887,890 $0.11 $0.23 $0.01 $0.34 $0.11 $0.01 $20.013 $39
10,000 1 $4,274,775 $18,918,891] $441,441] $23,635,107 $0.05 $0.23 $0.01 $0.28 $0.05 $0.00 $8,939 $19
100,000 1 $19,209,928| $189,188,906 $4,414,408 $212,813,241 $0.02 $0.23 $0.01 $0.25 $0.02 $0.00 $3,993 $10
10 2] $48,351 $18,938 $442 $67,731 $0.58 $0.23 $0.01 $0.81 $0.54 $0.03| $100,369 $125
100 2] $217,464] $189,378] $4,419 $411,261] $0.26 $0.23 $0.01 $0.49 $0.24 $0.02 $44,833 $63|
1,000 2] $978,833] $1,893,776 $44,188 $2,916,797 $0.12 $0.23 $0.01 $0.35 $0.11 $0.01 $20,026 $31)
10,000 2 $4.409.655 $18,937.762 $441 881 $23,789.299| $0.05 $0.23 $0.01 $0.28 $0.05 $0.00 $8.945 $16
100,000 2] $19,884,494] $189,377,622 $4.418.811 $213.680,928 $0.02 $0.23 $0.01 $0.25 $0.02 $0.00 $3.996 $8
10 4 $50.121 $18.975 $443 $69.539 $0.60 $0.23 $0.01 $0.83 $0.54 $0.05] $100.497] $101
100 4] $226,302] $189,754] $4,428 $420,484] $0.27 $0.23 $0.01 $0.50 $0.24 $0.03 $44,891 $51]
1,000 4 $1,022,982 $1,897,545 $44,276 $2,964,803 $0.12 $0.23 $0.01 $0.35 $0.11 $0.01 $20,052 $25
10,000 4 $4,630,285 $18,975,449| $442,760 $24,048,495 $0.06 $0.23 $0.01 $0.29 $0.05 $0.01 $8,957] $13
100,000 4 $20,987,396 $189,754,490 $4.427,605 $215,169.491 $0.02 $0.23 $0.01 $0.26 $0.02 $0.00 $4,001] $6
10 7] $52,352 $19,032 $444 $71,828 $0.62 $0.23 $0.01 $0.86 $0.54 $0.08| $100,691 $86
100 7 $237,436 $190,318| $4.441 $432,195 $0.28 $0.23 $0.01 $0.51 $0.24 $0.04 $44 977 $43
1,000 7] $1,078.570 $1.903.184 $44.408 $3.026.162 $0.13 $0.23 $0.01 $0.36 $0.11 $0.02 $20.091 $22|
10,000 7 $4,907,925 $19,031,838| $444,079 $24,383,840) $0.06 $0.23 $0.01 $0.29 $0.05 $0.01 $8,974 $11
100,000 7] $22,374,610 $190,318,380 $4,440,762 $217,133,752 $0.03 $0.23 $0.01 $0.26 $0.02 $0.00 $4,009 $5
10 14 $56,719 $19,163 $447 $76,329 $0.68 $0.23 $0.01 $0.91 $0.55 $0.13|  $101,141 $69
100 14 $259,212 $191,628 $4,471 $455,311 $0.31 $0.23 $0.01 $0.54 $0.24 $0.06 $45,178 $35
1,000 14 $1,187,211 $1,916,276 $44,713 $3,148,199 $0.14 $0.23 $0.01 $0.37 $0.11 $0.03 $20,180 $17
10,000 14 $5.450,193 $19.162.756| $447.13 $25.060.081 $0.06 $0.23 $0.01 $0.30 $0.05 $0.02 $9.014 $9
100.000 14 $25,082.459 $191,627.564 $4.471.310 $221.181.333 $0.03 $0.23 $0.01 $0.26 $0.02 $0.01 $4.026 $4
10 30 $64,951 $19,459 $454 $84,864 $0.77 $0.23 $0.01 $1.01 $0.55 $0.22 $102,153 $55
100 30 $300,220 $194,586 $4,540 $499,346 $0.36 $0.23 $0.01 $0.59 $0.25 $0.11 $45,630 $28
1,000 30 $1,391,617 $1,945,858 $45,403 $3,382,879 $0.17 $0.23 $0.01 $0.40 $0.11 $0.06 $20,382 $14]
10,000 30 $6,469,651 $19,458,579 $454,034 $26,382,264 $0.08 $0.23 $0.01 $0.31 $0.05 $0.03 $9,104 $7
100,000 30 $30,169,504, $194,585,794 $4,540,335 $229,295,634 $0.04 $0.23 $0.01 $0.27 $0.02 $0.01 $4,067] $3




D.3 METAL HYDRIDE STORAGE - Sl Units

Hydride Capital Cost= $2,205 |[per kg
Hydride Scale-Up= 1.00
Hydride Cooling= 209|liters/kg
Hydride Heating= 23,260 |kJ/kg
Steam Cost= $3.79 |per kJ
Cooling Cost= $0.02 [per M liters
Operating Days/Year= 350|days/yr
Depreciation= 22|years
Production Days of Storage Annual Heat Cooling Hydride Total Capital
Rate Storage Capacity Production Requirement Requirement |Cost Cost
(kg/hr) (days) (kg) (kglyr) (kJ/hr) (liters/hr) ($) (%)
5 1 109 38,102 105,506 946 $240,000 $240,000
45 1 1,089 381,016 1,055,060 9,464 $2,400,000 $2,400,000
454 1 10,886 3,810,156 10,550,600 94,635 $24,000,000 $24,000,000
4,536 1 108,862 38,101,560 105,506,000 946,350 $240,000,000 $240,000,000
45,359 1 1,088,616 381,015,600] 1,055,060,000 9,463,500 $2,400,000,000[  $2,400,000,000
5 2 218 38,102 105,506 946 $480,000 $480,000
45 2 2,177 381,016 1,055,060 9,464 $4,800,000 $4,800,000
454 2 21,772 3,810,156 10,550,600 94,635 $48,000,000 $48,000,000
4,536 2 217,723 38,101,560 105,506,000 946,350 $480,000,000 $480,000,000
45,359 2 2,177,232 381,015,600/ 1,055,060,000 9,463,500 $4,800,000,000] $4,800,000,000
5 4 435 38,102 105,506 946 $960,000 $960,000
45 4 4,354 381,016 1,055,060 9,464 $9,600,000 $9,600,000
454 4 43,545 3,810,156 10,550,600 94,635 $96,000,000 $96,000,000
4,536 4 435,446 38,101,560 105,506,000 946,350 $960,000,000 $960,000,000
45,359 4 4,354,464 381,015,600/ 1,055,060,000 9,463,500 $9,600,000,000[  $9,600,000,000
5 7 762 38,102 105,506 946 $1,680,000 $1,680,000
45 7 7,620 381,016 1,055,060 9,464 $16,800,000 $16,800,000
454 7 76,203 3,810,156 10,550,600 94,635 $168,000,000 $168,000,000
4,536 7 762,031 38,101,560 105,506,000 946,350, $1,680,000,000] $1,680,000,000
45,359 7 7,620,312 381,015,600/ 1,055,060,000 9,463,500| $16,800,000,000| $16,800,000,000
5 14 1,524 38,102 105,506 946 $3,360,000 $3,360,000
45 14 15,241 381,016 1,055,060 9,464 $33,600,000 $33,600,000
454 14 152,406 3,810,156 10,550,600 94,635 $336,000,000 $336,000,000
4,536 14 1,524,062 38,101,560 105,506,000 946,350, $3,360,000,000] $3,360,000,000
45,359 14 15,240,624 381,015,600/ 1,055,060,000 9,463,500| $33,600,000,000| $33,600,000,000
5 30 3,266 38,102 105,506 946 $7,200,000 $7,200,000
45 30 32,658 381,016 1,055,060 9,464 $72,000,000 $72,000,000
454 30 326,585 3,810,156 10,550,600 94,635 $720,000,000 $720,000,000
4,536 30 3,265,848 38,101,560 105,506,000 946,350, $7,200,000,000 $7,200,000,000
45,359 30 32,658,480 381,015,600] 1,055,060,000 9,463,500| $72,000,000,000| $72,000,000,000
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D.3 METAL HYDRIDE STORAGE - Sl Units (Continued)

Production Days of Depreciation Annual Electric Annual Cooling Total Annual Capital Energy Cooling Total
Rate Storage Cost Water Cost Cost Cost Cost Cost Cost
(kg/hr) (days) ($1yn) ($1yr) ($1yr) ($1yr) ($/kg) ($/kg) ($/kg) ($/kq)
5 1 $10,909 $3,360 $147 $14,416 $0.29 $0.09 $0.00 $0.38
45 1 $109,091 $33,600 $1,470 $144,161 $0.29 $0.09 $0.00 $0.38
454 1 $1,090,909 $336,000 $14,700 $1,441,609 $0.29 $0.09 $0.00 $0.38
4,536 1 $10,909,091 $3,360,000 $147,000 $14,416,091 $0.29 $0.09 $0.00 $0.38
45,359 1 $109,090,909 $33,600,000 $1,470,000 $144,160,909 $0.29 $0.09 $0.00 $0.38
5 2 $21,818 $3,360 $147 $25,325 $0.57 $0.09 $0.00 $0.66
45 2 $218,182 $33,600 $1,470 $253,252 $0.57 $0.09 $0.00 $0.66
454 2 $2,181,818 $336,000 $14,700 $2,532,518 $0.57 $0.09 $0.00 $0.66
4,536 2 $21,818,182 $3,360,000 $147,000 $25,325,182 $0.57 $0.09 $0.00 $0.66
45,359 2 $218,181,818 $33,600,000 $1,470,000 $253,251,818 $0.57 $0.09 $0.00 $0.66
5 4 $43,636 $3,360 $147 $47,143 $1.15 $0.09 $0.00 $1.24
45 4 $436,364 $33,600 $1,470 $471,434 $1.15 $0.09 $0.00 $1.24
454 4 $4,363,636 $336,000 $14,700 $4,714,336 $1.15 $0.09 $0.00 $1.24
4,536 4 $43,636,364 $3,360,000 $147,000 $47,143,364 $1.15 $0.09 $0.00 $1.24
45,359 4 $436,363,636 $33,600,000 $1,470,000 $471,433,636 $1.15 $0.09 $0.00 $1.24
5 7 $76,364 $3,360 $147 $79,871 $2.00 $0.09 $0.00 $2.10
45 7 $763,636 $33,600 $1,470 $798,706 $2.00 $0.09 $0.00 $2.10
454 7 $7,636,364 $336,000 $14,700 $7,987,064 $2.00 $0.09 $0.00 $2.10
4,536 7 $76,363,636 $3,360,000 $147,000 $79,870,636 $2.00 $0.09 $0.00 $2.10
45,359 7 $763,636,364 $33,600,000 $1,470,000 $798,706,364 $2.00 $0.09 $0.00 $2.10
5 14 $152,727 $3,360 $147 $156,234 $4.01 $0.09 $0.00 $4.10
45 14 $1,527,273 $33,600 $1,470 $1,562,343 $4.01 $0.09 $0.00 $4.10
454 14 $15,272,727 $336,000 $14,700 $15,623,427 $4.01 $0.09 $0.00 $4.10
4,536 14 $152,727,273 $3,360,000 $147,000 $156,234,273 $4.01 $0.09 $0.00 $4.10
45,359 14 $1,527,272,727 $33,600,000 $1,470,000 $1,562,342,727 $4.01 $0.09 $0.00 $4.10
5 30 $327,273 $3,360 $147 $330,780 $8.59 $0.09 $0.00 $8.68
45 30 $3,272,727 $33,600 $1,470 $3,307,797 $8.59 $0.09 $0.00 $8.68
454 30 $32,727,273 $336,000 $14,700 $33,077,973 $8.59 $0.09 $0.00 $8.68
4,536 30 $327,272,727 $3,360,000 $147,000 $330,779,727 $8.59 $0.09 $0.00 $8.68
45,359 30 $3,272,727,273 $33,600,000 $1,470,000 $3,307,797,273 $8.59 $0.09 $0.00 $8.68




D.3 METAL HYDRIDE STORAGE - English Units

Hydride Capital Cost= $1,000 [per Ib
Hydride Scale-Up= 1.00
Hydride Cooling= 25]|gal/lb
Hydride Heating= 10,000 [Btu/lb
Steam Cost= $4.00 |per MM Btu
Cooling Cost= $0.07 [per M gal
Operating Days/Year= 350|days/yr
Depreciation= 22|years
Production Days of Storage Annual Heat Cooling Hydride Total Capital
Rate Storage Capacity Production Requirement Requirement |Cost Cost
(Ib/hr) (days) (Ib) (Iblyr) (Btu/hr) (gal/hr) ($) ($)
10 1 240 84,000 100,000 250 $240,000 $240,000
100 1 2,400 840,000 1,000,000 2,500 $2,400,000 $2,400,000
1,000 1 24,000 8,400,000 10,000,000 25,000 $24,000,000 $24,000,000
10,000 1 240,000 84,000,000 100,000,000 250,000 $240,000,000 $240,000,000
100,000 1 2,400,000 840,000,000] 1,000,000,000 2,500,000 $2,400,000,000[  $2,400,000,000
10 2 480 84,000 100,000 250 $480,000 $480,000
100 2 4,800 840,000 1,000,000 2,500 $4,800,000 $4,800,000
1,000 2 48,000 8,400,000 10,000,000 25,000 $48,000,000 $48,000,000
10,000 2 480,000 84,000,000 100,000,000 250,000 $480,000,000 $480,000,000
100,000 2 4,800,000 840,000,000/ 1,000,000,000 2,500,000 $4,800,000,000] $4,800,000,000
10 4 960 84,000 100,000 250 $960,000 $960,000
100 4 9,600 840,000 1,000,000 2,500 $9,600,000 $9,600,000
1,000 4 96,000 8,400,000 10,000,000 25,000 $96,000,000 $96,000,000
10,000 4 960,000 84,000,000 100,000,000 250,000 $960,000,000 $960,000,000
100,000 4 9,600,000 840,000,000/ 1,000,000,000 2,500,000 $9,600,000,000[  $9,600,000,000
10 7 1,680 84,000 100,000 250 $1,680,000 $1,680,000
100 7 16,800 840,000 1,000,000 2,500 $16,800,000 $16,800,000
1,000 7 168,000 8,400,000 10,000,000 25,000 $168,000,000 $168,000,000
10,000 7 1,680,000 84,000,000 100,000,000 250,000, $1,680,000,000] $1,680,000,000
100,000 7 16,800,000 840,000,000/ 1,000,000,000 2,500,000| $16,800,000,000| $16,800,000,000
10 14 3,360 84,000 100,000 250 $3,360,000 $3,360,000
100 14 33,600 840,000 1,000,000 2,500 $33,600,000 $33,600,000
1,000 14 336,000 8,400,000 10,000,000 25,000 $336,000,000 $336,000,000
10,000 14 3,360,000 84,000,000 100,000,000 250,000, $3,360,000,000] $3,360,000,000
100,000 14 33,600,000 840,000,000/ 1,000,000,000 2,500,000| $33,600,000,000| $33,600,000,000
10 30 7,200 84,000 100,000 250 $7,200,000 $7,200,000
100 30 72,000 840,000 1,000,000 2,500 $72,000,000 $72,000,000
1,000 30 720,000 8,400,000 10,000,000 25,000 $720,000,000 $720,000,000
10,000 30 7,200,000 84,000,000 100,000,000 250,000, $7,200,000,000 $7,200,000,000
100,000 30 72,000,000 840,000,000/ 1,000,000,000 2,500,000| $72,000,000,000] $72,000,000,000
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D.3 METAL HYDRIDE STORAGE - English Un

ts (Continued)

Production Days of Depreciation Annual Electric Annual Cooling Total Annual Capital Energy Cooling Total
Rate Storage Cost Water Cost Cost Cost Cost Cost Cost
(Ib/hr) (days) (Blyr) (Blyr) (Blyr) ($lyr) (%/Ib) ($/Ib) (%/Ib) (%/Ib)
10 1 $10,909 $3,360 $147 $14,416 $0.13 $0.04 $0.00 $0.17
100 1 $109,091 $33,600 $1,470 $144,161 $0.13 $0.04 $0.00 $0.17
1,000 1 $1,090,909 $336,000 $14,700 $1,441,609 $0.13 $0.04 $0.00 $0.17
10,000 1 $10,909,091 $3,360,000 $147,000 $14,416,091 $0.13 $0.04 $0.00 $0.17
100,000 1 $109,090,909 $33,600,000 $1,470,000 $144,160,909 $0.13 $0.04 $0.00 $0.17
10 2 $21,818 $3,360 $147 $25,325 $0.26 $0.04 $0.00 $0.30
100 2 $218,182 $33,600 $1,470 $253,252 $0.26 $0.04 $0.00 $0.30
1,000 2 $2,181,818 $336,000 $14,700 $2,532,518 $0.26 $0.04 $0.00 $0.30
10,000 2 $21,818,182 $3,360,000 $147,000 $25,325,182 $0.26 $0.04 $0.00 $0.30
100,000 2 $218,181,818 $33,600,000 $1,470,000 $253,251,818 $0.26 $0.04 $0.00 $0.30
10 4 $43,636 $3,360 $147 $47,143 $0.52 $0.04 $0.00 $0.56
100 4 $436,364 $33,600 $1,470 $471,434 $0.52 $0.04 $0.00 $0.56
1,000 4 $4,363,636 $336,000 $14,700 $4,714,336 $0.52 $0.04 $0.00 $0.56
10,000 4 $43,636,364 $3,360,000 $147,000 $47,143,364 $0.52 $0.04 $0.00 $0.56
100,000 4 $436,363,636 $33,600,000 $1,470,000 $471,433,636 $0.52 $0.04 $0.00 $0.56
10 7 $76,364 $3,360 $147 $79,871 $0.91 $0.04 $0.00 $0.95
100 7 $763,636 $33,600 $1,470 $798,706 $0.91 $0.04 $0.00 $0.95
1,000 7 $7,636,364 $336,000 $14,700 $7,987,064 $0.91 $0.04 $0.00 $0.95
10,000 7 $76,363,636 $3,360,000 $147,000 $79,870,636 $0.91 $0.04 $0.00 $0.95
100,000 7 $763,636,364 $33,600,000 $1,470,000 $798,706,364 $0.91 $0.04 $0.00 $0.95
10 14 $152,727 $3,360 $147 $156,234 $1.82 $0.04 $0.00 $1.86
100 14 $1,527,273 $33,600 $1,470 $1,562,343 $1.82 $0.04 $0.00 $1.86
1,000 14 $15,272,727 $336,000 $14,700 $15,623,427 $1.82 $0.04 $0.00 $1.86
10,000 14 $152,727,273 $3,360,000 $147,000 $156,234,273 $1.82 $0.04 $0.00 $1.86
100,000 14 $1,527,272,727 $33,600,000 $1,470,000 $1,562,342,727 $1.82 $0.04 $0.00 $1.86
10 30 $327,273 $3,360 $147 $330,780 $3.90 $0.04 $0.00 $3.94
100 30 $3,272,727 $33,600 $1,470 $3,307,797 $3.90 $0.04 $0.00 $3.94
1,000 30 $32,727,273 $336,000 $14,700 $33,077,973 $3.90 $0.04 $0.00 $3.94
10,000 30 $327,272,727 $3,360,000 $147,000 $330,779,727 $3.90 $0.04 $0.00 $3.94
100,000 30 $3,272,727,273 $33,600,000 $1,470,000 $3,307,797,273 $3.90 $0.04 $0.00 $3.94




D4. UNDERGROUND STORAGE - S| Units
Compressor Capital Cost= $1,000 |per kW
Underground Capital Cost= $9 [per kg
Compressor Size= 4,000 [kKW
Compressor Pressure= 20|MPa
Comp. Pressure Scale-Up= 0.18
Comp. Cost Scale-Up= 0.80
Underground Scale-Up= 1.00
Compressor Power= 2.20]kWh/kg (20 MPa)
Compressor Cooling= 50]liters/kg (20 MPa)
Electric Cost= $0.05 |per kWh
Cooling Cost= $0.02 |per M liters
Operating Days/Year= 350 [days/yr
Depreciation= 22|years
Production Days of Operating __|Storage Annual Comp. Cooling Compressor Compressor Cavern Total Capital
Rate Storage Pressure Capacity Production Power Requirement _ [Size Cost Cost Cost
(kg/hr) (days) (MPa) (kq) (kg/yr) (KWh/hr) (liters/hr) (kW) ($) ($) ($)
5 1 20 109 38,102 10 227 10 $33,145 $960 $34,105
45 1 20 1,089 381,016 100 2,271 100 $209,128 $9,600 $218,728
454 1 20 10,886 3,810,156 1,000 22,712 1,000 $1,319,508| $96,000 $1,415,508
4,536 1 20 108,862 38,101,560 10,000 227,124 10,000 $8,325,532 $960,000 $9,285,532
45,359 1 20 1,088,616 381,015,600 100,000 2,271,240 100,000, $52,530,556 $9,600,000 $62,130,556
5 2 20 218 38,102 10 227 10 $33,145 $1,920 $35,065
45 2 20 2,177 381,016 100 2,271 100 $209,128 $19,200 $228,328
454 2 20 21,772 3,810,156 1,000 22,712 1,000 $1,319,508| $192,000 $1,511,508
4,536 2 20 217,723 38,101,560 10,000 227,124 10,000 $8,325,532 $1,920,000 $10,245,532
45,359 2 20 2,177,232 381,015,600 100,000 2,271,240 100,000 $52,530,556 $19,200,000 $71,730,556
5 4 20 435 38,102 10 227 10 $33,145 $3,840 $36,985
45 4 20 4,354 381,016 100 2,271 100 $209,128 $38,400 $247,528
454 4 20 43,545 3,810,156 1,000 22,712 1,000 $1,319,508 $384,000 $1,703,508]
4,536 4 20 435,446 38,101,560 10,000 227,124 10,000, $8,325,532 $3,840,000 $12,165,532
45,359 4 20 4,354,464 381,015,600 100,000 2,271,240 100,000 $52,530,556 $38,400,000 $90,930,556
5 7 20 762 38,102 10 227 10 $33,145 $6,720 $39.,865
45 7 20 7,620 381,016 100 2,271 100 $209,128 $67,200 $276,328
454 7 20 76,203 3.810.156 1,000 22,712 1,000 $1,319,508 $672,000 $1,991,508,
4,536 7 20 762,031 38,101,560 10,000 227,124 10,000 $8,325,532 $6,720,000| $15,045,532
45,359 7 20 7,620,312 381,015,600 100,000, 2,271,240 100,000 $52,530,556 $67,200,000 $119,730,556
5 14 20 1,524 38,102 10 227 10 $33,145 $13,440 $46,585
45 14 20 15,241 381,016 100 2,271 100 $209,128 $134,400 $343,528
454 14 20 152,406 3,810,156 1,000 22,712 1,000 $1,319,508 $1,344,000 $2,663,508)
4,536 14 20 1,524,062 38,101,560 10,000 227,124 10,000 $8,325,532 $13,440,000 $21,765,532
45,359 14 20 15,240,624| 381,015,600 100,000 2,271,240 100,000 $52,530,556 $134,400,000) $186,930,556
5 30 20 3,266 38,102 10 227 10 $33,145 $28,800 $61,945
45 30 20 32,658 381,016 100 2,271 100 $209,128 $288,000 $497,128
454 30 20 326,585 3,810,156 1,000 22,712 1,000 $1,319,508| $2,880,000| $4,199,508
4,536 30 20 3,265,848 38,101,560 10,000 227,124 10,000 $8,325,532 $28,800,000 $37,125,532
45,359 30 20 32,658,480 381,015,600 100,000, 2,271,240 100,000 $52,530,556 $288,000,000 $340,530,556




D4. UNDERGR

OUND STORAGE - Sl Units (Continued)

Production Days of Depreciation Annual Electric Annual Cooling Total Annual Capital Electricity |Cooling | Total Comp. Cavern _|Comp. Cavern
Rate Storage Cost \Water Costs Cost Cost Cost Cost Cost Cost Cost/lb Capital Capital
(ka/hr) (days) ($1yn ($/yr) ($iyr) ($/yr) ($/ka) ($/ka) ($/ka) ($/ka) ($/ka) ($/ka) ($/kW) ($/ka)
1 $1,550 $4,200| $35 $5,785 $0.04 $0.11 $0.00 $0.15 $0.04 $0.00 $3,314] $8.82
45 1 $9.942 $42.000 $353 $52.295 $0.03 $0.11 $0.00 $0.14 $0.02 $0.00 $2.091 $8.82
454 1 $64.341 $420.000] $3.528 $487.869 $0.02 $0.11 $0.00 $0.13 $0.02 $0.00 $1.320 $8.82
4,536 1 $422,070) $4,200,000 $35,280 $4,657,350 $0.01 $0.11 $0.00 $0.12 $0.01 $0.00 $833 $8.82
45,359 1 $2,824,116 $42,000,000 $352,800 $45,176,916 $0.01 $0.11 $0.00 $0.12 $0.01 $0.00 $525 $8.82
5 2 $1,594 $4,200] $35 $5,829 $0.04 $0.11 $0.00 $0.15 $0.04 $0.00 $3,314] $8.82
45 2 $10,379 $42,000 $353 $52,731 $0.03 $0.11 $0.00 $0.14 $0.02 $0.00 $2,091 $8.82
454 2 $68,705 $420,000 $3,528 $492,233 $0.02 $0.11 $0.00 $0.13 $0.02 $0.00 $1,320 $8.82
4,536 2 $465,706 $4.200,000 $35.280 $4.700,986 $0.01 $0.11 $0.00 $0.12 $0.01 $0.00 $833 $8.82
45,359 2 $3.260.480 $42,000,000 $352.80 $45,613,28| $0.01 $0.11 $0.00 $0.12 $0.01 $0.00 $525 $8.82
5 4 $1.681 $4.200) $35 $5.916 $0.04 $0.11 $0.00 $0.16 $0.04 $0.00 $3.314 $8.82
45 4 $11,251 $42,000 $353 $53,604 $0.03 $0.11 $0.00 $0.14 $0.02 $0.00 $2,091 $8.82
454 4 $77,432 $420,000 $3,528 $500,960 $0.02 $0.11 $0.00 $0.13 $0.02 $0.00 $1,320 $8.82
4,536 4 $552,979 $4,200,000 $35,280 $4,788,259 $0.01 $0.11 $0.00 $0.13 $0.01 $0.00 $833 $8.82
45,359 4 $4,133,207 $42,000,000] $352,800 $46,486,007] $0.01 $0.11 $0.00 $0.12 $0.01 $0.00 $525 $8.82
5 7 $1,812 $4,200) $35 $6,047] $0.05 $0.11 $0.00 $0.16 $0.04 $0.01 $3,314 $8.82
45 7 $12.560 $42,000 $353 $54,913 $0.03 $0.11 $0.00 $0.14 $0.02 $0.01 $2.091 $8.82
454 7 $90,523 $420,000 $3,528 $514,05] $0.02 $0.11 $0.00 $0.13 $0.02 $0.01 $1.320 $8.82
4,536 7 $683,888| $4,200,000 $35,280 $4,919,168 $0.02 $0.11 $0.00 $0.13 $0.01 $0.01 $833 $8.82
45,359 7 $5,442,298 $42,000,000] $352,800 $47,795,099 $0.01 $0.11 $0.00 $0.13 $0.01 $0.01 $525 $8.82
5 14 $2,117 $4,200) $35 $6,353 $0.06 $0.11 $0.00 $0.17 $0.04 $0.02 $3,314 $8.82
45 14 $15,615 $42,000 $353 $57,968 $0.04 $0.11 $0.00 $0.15 $0.02 $0.02 $2,091 $8.82
454 14 $121,069 $420,000 $3,528 $544,597] $0.03 $0.11 $0.00 $0.14 $0.02 $0.02 $1,320 $8.82
4536 14 $989.342) $4.200,000 $35.280 $5.224.622 $0.03 $0.11 $0.00 $0.14 $0.01 $0.02 $833 $8.82
45,359 14 $8.496,843 $42,000,000 $352.80 $50,849,643] $0.02 $0.11 $0.00 $0.13 $0.01 $0.02 $525 $8.82
5 30 $2,816 $4,200 $35 $7,05 $0.07 $0.11 $0.00 $0.19 $0.04 $0.03 $3,314 $8.82
45 30 $22,597 $42,000 $353 $64,950 $0.06 $0.11 $0.00 $0.17 $0.02 $0.03 $2,091 $8.82
454 30 $190,887| $420,000] $3,528 $614,415 $0.05 $0.11 $0.00 $0.16 $0.02 $0.03 $1,320 $8.82
4,536 30 $1,687,524 $4,200,000 $35,280 $5,922,804 $0.04 $0.11 $0.00 $0.16 $0.01 $0.03 $833 $8.82
45,359 30 $15,478,662, $42,000,000 $352,800 $57,831,462 $0.04 $0.11 $0.00 $0.15 $0.01 $0.03 $525 $8.82
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D4. UNDERGROUND STORAGE - English Units
Compressor Capital Cost= $1,000 |per kW
Underground Capital Cost= $4 |perlb
Compressor Size= 4,000 [kKW
Compressor Pressure= 20|MPa
Comp. Pressure Scale-Up= 0.18
Comp. Cost Scale-Up= 0.80
Underground Scale-Up= 1.00
Compressor Power= 1.00|kWh/lb (20 MPa
Compressor Cooling= 6.0|gal/lb (20 MPa)
Electric Cost= $0.05 |per kWh
Cooling Cost= $0.07 |per M gal
Operating Days/Year= 350 [days/yr
Depreciation= 22|years
Production Days of Operating __|Storage Annual Comp. Cooling Compressor Compressor Cavern Total Capital
Rate Storage Pressure Capacity Production Power Requirement _ [Size Cost Cost Cost
(Ib/hr) (days) (MPa) (Ib) (Ib/yr) (KWh/hr) (gal/hr) (kW) ($) ($) ($)
10 1 20 240 84,000 10 60 10 $33,145 $960 $34,105
100 1 20 2,400 840,000 100 600 100 $209,128 $9,600 $218,728
1,000 1 20 24,000 8,400,000 1,000 6,000 1,000 $1,319,508| $96,000 $1,415,508
10,000 1 20 240,000 84,000,000 10,000 60,000, 10,000 $8,325,532 $960,000 $9,285,532
100,000 1 20 2,400,000 840,000,000 100,000, 600,000 100,000, $52,530,556 $9,600,000 $62,130,556
10 2 20 480 84,000 10 60 10 $33,145 $1,920 $35,065
100 2 20 4,800 840,000 100 600 100 $209,128 $19,200 $228,328
1,000 2 20 48,000 8,400,000 1,000 6,000 1,000 $1,319,508| $192,000 $1,511,508
10,000 2 20 480,000 84,000,000 10,000 60,000 10,000 $8,325,532 $1,920,000 $10,245,532
100,000 2 20 4,800,000 840,000,000 100,000 600,000 100,000 $52,530,556 $19,200,000 $71,730,556
10 4 20 960 84,000 10 60 10 $33,145 $3,840 $36,985
100 4 20 9,600 840,000 100 600 100 $209,128 $38,400 $247,528
1,000 4 20 96,000 8,400,000 1,000 6,000 1,000 $1,319,508 $384,000 $1,703,508]
10,000 4 20 960,000 84,000,000 10,000 60,000, 10,000 $8,325,532 $3,840,000 $12,165,532
100,000, 4 20 9,600,000 840,000,000 100,000 600,000 100,000 $52,530,556 $38,400,000 $90,930,556
10 7 20 1,680 84,000 10 60 10 $33,145 $6,720 $39.,865
100 7 20 16,800 840,000 100 600 100 $209,128 $67,200 $276,328
1,000 7 20 168.000 8.400.000 1,000 6.000 1,000 $1,319,508 $672,000 $1,991,508,
10,000 7 20 1,680,000 84,000,000 10,000 60,000, 10,000 $8,325,532 $6,720,000| $15,045,532
100.000| 7 20 16,800,000/  840.000.000 100,000, 600,000 100,000 $52,530,556 $67,200,000 $119,730,556
10 14 20 3,360 84,000 10 60 10 $33,145 $13,440 $46,585
100 14 20 33,600 840,000 100 600 100 $209,128 $134,400 $343,528
1,000 14 20 336,000 8,400,000, 1,000 6,000 1,000 $1,319,508 $1,344,000 $2,663,508)
10,000 14 20 3,360,000 84,000,000 10,000 60,000 10,000 $8,325,532 $13,440,000 $21,765,532
100,000 14 20 33,600,000, 840,000,000 100,000 600,000 100,000 $52,530,556 $134,400,000) $186,930,556
10 30 20 7,200 84,000 10 60 10 $33,145 $28,800 $61,945
100 30 20 72,000 840,000 100 600 100 $209,128 $288,000 $497,128
1,000 30 20 720,000 8,400,000 1,000 6,000 1,000 $1,319,508| $2,880,000| $4,199,508
10,000 30 20 7,200,000 84,000,000 10,000 60,000, 10,000 $8,325,532 $28,800,000 $37,125,532
100,000 30 20 72,000,000f 840,000,000 100,000, 600,000 100,000 $52,530,556 $288,000,000 $340,530,556




D4. UNDERGR

OUND STORAGE - English Units (Continued)

Production Days of Depreciation Annual Electric Annual Cooling Total Annual Capital Electricity |Cooling | Total Comp. Cavern _|Comp. Cavern
Rate Storage Cost \Water Costs Cost Cost Cost Cost Cost Cost Cost/lb Capital Capital
(Ib/hr) (days) ($1yn ($/yr) ($iyr) ($/yr) ($/Ib) ($/1b) ($/lb) ($/lb) ($/lb) Cost/lb __ [($/kw) ($/1b)
10 1 $1,550 $4,200| $35 $5,785 $0.02 $0.05 $0.00 $0.07 $0.02 $0.00 $3,314] $4.00
100 1 $9.942 $42.000 $353 $52.295 $0.01 $0.05 $0.00 $0.06 $0.01 $0.00 $2.091 $4.00
1.000 1 $64.341 $420.000] $3.528 $487.869 $0.01 $0.05 $0.00 $0.06 $0.01 $0.00 $1.320 $4.00
10,000 1 $422,070) $4,200,000 $35,280 $4,657,350 $0.01 $0.05 $0.00 $0.06 $0.00 $0.00 $833 $4.00
100,000 1 $2,824,116 $42,000,000 $352,800 $45,176,916 $0.00 $0.05 $0.00 $0.05 $0.00 $0.00 $525 $4.00
10 2 $1,594 $4,200] $35 $5,829 $0.02 $0.05 $0.00 $0.07 $0.02 $0.00 $3,314] $4.00
100 2 $10,379 $42,000 $353 $52,731 $0.01 $0.05 $0.00 $0.06 $0.01 $0.00 $2,091 $4.00
1,000 2 $68,705 $420,000 $3,528 $492,233 $0.01 $0.05 $0.00 $0.06 $0.01 $0.00 $1,320 $4.00
10,000 2 $465,706 $4.200,000 $35.280 $4.700,986 $0.01 $0.05 $0.00 $0.06 $0.00 $0.00 $833 $4.00
100.000 2 $3.260.480 $42.000.000] $352.80 $45,613,28| $0.00 $0.05 $0.00 $0.05 $0.00 $0.00 $525 $4.00
10 4 $1.681 $4.200) $35 $5.916 $0.02 $0.05 $0.00 $0.07 $0.02 $0.00 $3.314 $4.00
100 4 $11,251 $42,000 $353 $53,604 $0.01 $0.05 $0.00 $0.06 $0.01 $0.00 $2,091 $4.00
1,000 4 $77,432 $420,000 $3,528 $500,960 $0.01 $0.05 $0.00 $0.06 $0.01 $0.00 $1,320 $4.00
10,000 4 $552,979 $4,200,000 $35,280 $4,788,259 $0.01 $0.05 $0.00 $0.06 $0.00 $0.00 $833 $4.00
100,000 4 $4,133,207 $42,000,000] $352,800 $46,486,007] $0.00 $0.05 $0.00 $0.06 $0.00 $0.00 $525 $4.00
10 7 $1,812 $4,200) $35 $6,047] $0.02 $0.05 $0.00 $0.07 $0.02 $0.00 $3,314 $4.00
100 7 $12.560 $42,000 $353 $54,913 $0.01 $0.05 $0.00 $0.07 $0.01 $0.00 $2.091 $4.00
1,000 7 $90,523 $420,000 $3,528 $514,05] $0.01 $0.05 $0.00 $0.06 $0.01 $0.00 $1.320 $4.00
10,000 7 $683,888| $4,200,000 $35,280 $4,919,168 $0.01 $0.05 $0.00 $0.06 $0.00 $0.00 $833 $4.00
100,000 7 $5,442,298 $42,000,000] $352,800 $47,795,099 $0.01 $0.05 $0.00 $0.06 $0.00 $0.00 $525 $4.00
10 14 $2,117 $4,200) $35 $6,353 $0.03 $0.05 $0.00 $0.08 $0.02 $0.01 $3,314 $4.00
100 14 $15,615 $42,000 $353 $57,968 $0.02 $0.05 $0.00 $0.07 $0.01 $0.01 $2,091 $4.00
1,000 14 $121,069 $420,000 $3,528 $544,597] $0.01 $0.05 $0.00 $0.06 $0.01 $0.01 $1,320 $4.00
10,000 14 $989.342) $4.200,000 $35.280 $5.224.622 $0.01 $0.05 $0.00 $0.06 $0.00 $0.01 $833 $4.00
100,000 14 $8.496,843 $42,000,000 $352.80 $50,849.643] $0.01 $0.05 $0.00 $0.06 $0.00 $0.01 $525 $4.00
10 30 $2,816 $4,200 $35 $7,05 $0.03 $0.05 $0.00 $0.08 $0.02 $0.02 $3,314 $4.00
100 30 $22,597 $42,000 $353 $64,950 $0.03 $0.05 $0.00 $0.08 $0.01 $0.02 $2,091 $4.00
1,000 30 $190,887| $420,000] $3,528 $614,415 $0.02 $0.05 $0.00 $0.07 $0.01 $0.02 $1,320 $4.00
10,000 30 $1,687,524 $4,200,000 $35,280 $5,922,804 $0.02 $0.05 $0.00 $0.07 $0.00 $0.02 $833 $4.00
100,000 30 $15,478,662, $42,000,000 $352,800 $57,831,462 $0.02 $0.05 $0.00 $0.07 $0.00 $0.02 $525 $4.00
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APPENDIX E - HYDROGEN TRANSPORT COSTS

E.0O Hydrogen Transportation Assumptions
E.1 Compressed Gas Delivery by Truck
E.2 Compressed Gas Délivery by Rall

E.3 Liquid Hydrogen Delivery by Truck
E.4 Liquid Hydrogen Delivery by Rail

E.5 Liquid Hydrogen Delivery by Ship
E.6 Metal Hydride Delivery by Truck

E.7 Metal Hydride Déelivery by Rail

E.8 Pipeline Delivery

Appendix E contains some of the cost data from the analysis of transport costs for the different
hydrogen delivery options. Costs are given in both Sl and traditional English units for each
storage method. Costs are arranged in the tables by production rate and delivery distance.



E.0 HYDROGEN TRANSPORTATION ASSUMPTIONS

Truck Tube Unit= $100,000|per module

Truck Tube Capacity= 181 |kg/truck 400 [Ib/truck
Truck Liquid Tank= $350,000|per module

Truck Liquid Capacity= 4,082|kg/truck 9,000]Ib/truck
Truck Hydride Container= $2,205|per kg hydrogen $1,000]|per Ib hydrogen
Truck Hydride Capacity= 454 |kg/truck 1,000(Ib/truck
Truck Undercarriage= $60,000 [per trailer

Truck Cab= $90,000 [per cab

Truck Mileage= 6[mpg

Truck Average Speed= 80 |[km/hr 50{mph
Truck Load/Unload Time= 2|hritrip

Truck Availability= 24 |hr/day

Hours/Driver= 12 |hr/driver

Driver Wage w/ Benefits= $28.75|per hour

Diesel Price= $1.00|per gal

Truck Boil-Off Rate= 0.30%|/day

Rail Tube Unit= $200,000|per module

Rail Tube Capacity= 454 [kg/railcar 1,000|Ib/railcar
Rail Liquid Tank= $400,000|per tank

Rail Tank Capacity= 9,072|kg/railcar 20,000(Ib/railcar
Rail Hydride Container= $1,000]per Ib hydrogen

Rail Hydride Capacity= 907 |kg/railcar 2,000]Ib/railcar
Rail Undercarriage= $100,000|per railcar

Rail Average Speed= 40 [km/hr 25|mph
Rail Load/Unload Time= 24 |hr/trip

Rail Car Availability= 24 |hr/day

Rail Freight= $400|per rail car

Rail Boil-Off Rate= 0.30%|per day

Ship Liguid Tank= $350,000|per container

Ship Liquid Capacity= 4,082|Ib/tank 9,000{Ib/tank
Ship Average Speed= 16 [km/hr 10{mph
Ship Load/Unload Time= 48 [hr/trip

Ship Tank Availability= 24 |hr/day

Shipping Charge= $3,000{per container

Ship Boil-Off Rate= 0.30%|per day

Pipeline Cost= $621,504|per km $1,000,000|per mile
Steel Roughness= 4.6E-05{m

Pipe Diameter= 0.25[m

Temperaure= 283 [K

Delivery Pressure= 2[MPa

Viscosity= 8.62E-06 |kg/m*s

R (hydrogen)= 4124{N*m/kg K

Compressor Capital Cost= $1,000 |per kW

Compressor Size= 4,000/ kW

Compressor Pressure= 20|MPa

Comp. Pressure Scale-Up= 0.18

Comp. Cost Scale-Up= 0.80

Compressor Power= 2.2|kWh/kg (20 MPa) 1.00{kWh/lb (20 MPa)

Electric Cost= $0.05|per kWh
Operating Days/Year= 350|days/year
Trailer/Tank Depreciation= 6|years
Tractor Depreciation= 4lyears
Railcar Depreciation= 15|years
Pipeline Depreciation= 22 |years




E.1 COMPRESSED GAS DELIVERY BY TRUCK - S| Units
Truck Tube Unit= $100.000] per module
Truck Undercarriage= $60,000 per trailer
Truck Cab=_ | $90,000 per cab
Truck Tube Capacity= 181f kg/truck
Truck Mileage= | 6/mpa
Truck Average Speed= 80{km/hr
Hours/Driver= 12| hr/driver
Truck Load/Unload Time= 2| hr/trip
Truck Availability= 24| hr/day
Driver Wage w/ Benefits= $28.75| per hour
Diesel Price= $1.00|per gal
Operating Days/Year= 350]days/yr
Trailer/Tank Depreciation= 6|vears
Tractor Depreciation= 4|years
Production Delivery Distance |Distance Annual Truck Number Total Miles Time per Total Drive Total Load/ Total Delivery |Truck Trucks Driver Drivers Annual
Rate One-Way Two-Way Production Capacity _[of Trips Driven Trip Time Unload Time _|Time Availability JRequired Availability JRequired Fuel Use
(ka/hr) (km) (km/trip) (kalvr) (kastruck)  |(trips/vr) (km/vr) (hr/trip) (hriyr) (hriyr) (hr/vr) (hr/yr) (hriyr) (qal/vr)
5 16 32 , 181 0 A 1] 0l 0l 0| , 1] y 1
5 32 64 38,102 181 210 13,516 1 210 420 630 8.400 1] 4,200 1 1,400
5 80 161 38,102 181 210 33,789 2 420 420 840 8,400 1 4,200 1 3,500
5 16 32 38102 18 210 67578 4 840 420 1,260 8.400) 4.200] 1 7.000;
5 32 644 38102 18 210 135,156 8| 1,680 420 2,100 8,400 4.200] 1 14,000
5 805 1,609 38,102 181 210 337,890 20 4,200 420 4,620 8,400 1] 4,200 2 35,000
5 1,609 3,218 38,102 181 210 675,780 40 8,400 420 8.820 8,400 2) 4,200 3 70,000
45 16 32 381,016 181 2,100 67,578 1 2,100 4,200 6,300 8,400 1 4,200 2 7,000
45 32 64 381,01 18 2100 135,156 2,100 4,200 6.300 8,400 4.200] 2 14,000
45 80 16 381.01 18 2,100 337.890 4,200 4,200 8,400 8.400] 4.200] 2 35,000
45 161 322 381,014 181 2,100 675,780 4 8,400 4,200 12,600 8,400 2| 4,200 3 70,000
45 322 644 381,01 181 2,100 1,351,560 8| 16,800 4,200 21,000 8,400 3] 4,200 5 140,000
45 805) 1,609 381,016 181 2,100 3,378,900 20 42,000 4,200 46,200 8,400 6 4,200 11 350,000]
45 1.609 3218 381,01 18 2,100 6.757.800 40 84,000 4,200 88,200 8.400] 11 4.200] 21 700.000]
454 16 32 3,810,156 181 21,000 675,780, 1 21,000 42,000 63,000 8,400 8| 4,200] 15 70,000
454 32 64 3,810,156 181 21,000 1,351,560 1 21,000 42.000 63.000 8.400 8 4.200) 15 140.000)
454 80 161 3,810,156 181 21,000 3,378,900 2 42,000 42,000 84,000 8,400 10 4,200 20 350.,000)
454 161 322 3,810,156 181 21,000 6,757,800 4 84,000 42,000 126,000 8,400 15 4,200 30 700,000]
454 32 644 3,810,156 18 21.000 13,515,600 g 168.00 42,000 210.00 8,400 25 4,200 50 1,400,000
454 805 1,609 3,810,156 181 21,000 33,789,000 20 420,000 42,000 462,000 8,400 55 4,200] 110 3,500,000
454 1,609 3.218 3,810,156 181 21,000 67.578.000 40 840.000 42.000 882,000 8.400 109 4.200) 210 7,000,000
4,536 16 32 38,101,560 181 210,000 6,757,800 1 210,000 420,000 630,000 8,400 75 4,200 150 700,000
4,536 32 64 38,101,560 181 210,000 13,515,600 1 210,000 420,000 630,000 8,400 75 4,200 150 1,400,000
4536 80 16 38,101,560 18 210,000 33,789,000 420,000 420.00 840,000 8,400 1004 4.200] 200 3.500.000
4,536 161 322 38,101,560 181 210,000, 67,578,000 4 840,000 420,000 1,260,000 8,400 150 4,200] 300 7,000,000
4,536 322 644 38,101,560 181 210,000 135,156,000 8] 1,680,000 420,000 2,100,000 8,400 250 4,200 500 14,000,000
4,536 805§ 1,609 38,101,560 181 210.000] 337,890,000 20 4,200,000 420,000 4,620,000 8,400 550§ 4,200 1,100 35.000.000
4,536 1,609 3,218 38,101,560 181 210,000 675,780,000 40 8,400,000 420,000 8,820,000 8,400 1,050 4,200 2,100 70,000,000
45,359 16 32 381.015.600 18 2,100,000 67.578.000 2,100,000 4,200.000 6.300.000 8,400 750§ 4.200| 1.500 7,000,000
45,359 32 64| 381,015,600 181f 2,100,000| 135,156,000 1 2,100,000 4,200,000 6,300,000 8,400 750 4,200] 1,500 14,000,000
45,359 80 1611 381,015,600 181f 2.100.,000| 337,890,000 2 4,200,000 4,200,000 8,400,000 8.400] 1.000 4,200] 2,000 35,000,000
45,359 161 322 381,015,600 181 2,100,000 675,780,000 4 8,400,000 4,200,000 12,600,000 8,400 1,500 4,200 3,000 70,000,000
45,359 322 644 381015600 181 2.100.,000] 1.351.560,000 g| 16,800,000 4,200,000 21,000,000 8.400) 2.500 4,200 5000] _ 140,000,00
45,359 805} 1,609 381.015.600 18 2.100.,000] 3.378.900.000 20 42.000.000 4,200.000 46,200,000 8.400 5.500] 4,200 11.000 350.000.00
45,359 1,609 3,218| 381,015,600 181 2,100,000| 6,757,800,000 40 84,000,000 4,200,000 88,200,000 8,400 10,500 4,200] 21,000 700,000,000




E.1 COMPRESSED GAS DELIVERY BY TRUCK - Sl Units (Continued)

Production Delivery Distanc| Total Capital Depreciation Annual Fuel Annual Labor Total Annual Capital Fuel Labor Total Trip Trip Truck
Rate One-Way Cost Cost Cost Cost Cost Cost Cost Cost Frequency |Length Utilization
(kg/hr) (km) $) ($/yr) ($lyr) ($lyr) ($lyr) ($/kg) ($/kg) ($/kg) ($/kg) (trips/day) | (hours) (Trips/truck/d)
5 16] $250,000 $49,167, $700, $18,113 $268,813 $1.29 $0.02, $0.48 $7.06] 0.6 3 0.60
5 32 $250,000 $49,167| $1,400 $18,113 $68,679 $1.29 $0.04 $0.48 $1.80] 0.6 3 0.60
5 80 $250,000 $49,167| $3,500 $24,150 $76,817 $1.29 $0.09 $0.63 $2.02 0.6 4 0.60
5 161 $250,000 $49,167, $7,000 $36,225 $92,392 $1.29 $0.18 $0.95 $2.42 0.6 6 0.60
5 322 $250,000 $49,167| $14,000 $60,375 $123,542 $1.29 $0.37 $1.58 $3.24] 0.6 10 0.60
5 805 $250,000 $49,167| $35,000 $132,825 $216,992 $1.29 $0.92 $3.49 $5.70] 0.6 22 0.60
5 1,609 $500,000 $98,333 $70,000 $253,575 $421,908 $2.58 $1.84 $6.66 $11.07 0.6 42 0.30
45 16] $250,000 $49,167, $7,000 $181,125 $237,292 $0.13 $0.02, $0.48 $0.62] 6 3 6.00
45 32 $250,000 $49,167| $14,000 $181,125 $244,292 $0.13 $0.04] $0.48 $0.64] [ 3 6.00
45 80 $250,000 $49,167| $35,000 $241,500 $325,667 $0.13 $0.09 $0.63 $0.85 6 4 6.00
45 161 $500,000 $98,333 $70,000 $362,250 $530,583 $0.26 $0.18 $0.95 $1.39 6 6 3.00
45 322 $750,000 $147,500 $140,000 $603,750 $891,250 $0.39 $0.37] $1.58 $2.34] 6 10 2.00
45 805 $1,500,000 $295,000 $350,000 $1,328,250 $1,973,250 $0.77 $0.92 $3.49 $5.18 6 22 1.00
45 1,609 $2,750,000 $540,833] $700,000) $2,535,750 $3,776,583 $1.42 $1.84 $6.66 $9.91 6 42 0.55
454 16 $2,000,000 $393,333 $70,000] $1,811,250 $2,274,583 $0.10, $0.02, $0.48 $0.60] 60 3 7.50
454 32 $2,000,000 $393,333 $140,000 $1,811,250 $2,344,583 $0.10 $0.04] $0.48 $0.62 60| 3 7.50
454 80 $2,500,000 $491,667 $350,000 $2,415,000 $3,256,667 $0.13 $0.09 $0.63 $0.85 60| 4 6.00
454 161 $3,750,000 $737,500 $700,000 $3,622,500 $5,060,000 $0.19 $0.18 $0.95 $1.33 60] 6 4.00
454 322 $6,250,000 $1,229,167 $1,400,000 $6,037,500 $8,666,667 $0.32 $0.37, $1.58 $2.27 60 10 2.40
454 805 $13,750,000 $2,704,167 $3,500,000 $13,282,500 $19,486,667 $0.71 $0.92 $3.49 $5.11 60| 22 1.09
454 1,609 $26,250,000 $5,162,500 $7,000,000 $25,357,500 $37,520,000 $1.35 $1.84] $6.66 $9.85 60| 42 0.57
4,536 16 $18,750,000 $3,687,500 $700,000 $18,112,500 $22,500,000 $0.10 $0.02 $0.48 $0.59 600 3 8.00
4,536 32 $18,750,000, $3,687,500 $1,400,000 $18,112,500 $23,200,000, $0.10 $0.04] $0.48 $0.61] 600 3 8.00
4,536 80 $25,000,000 $4,916,667 $3,500,000 $24,150,000 $32,566,667 $0.13 $0.09 $0.63 $0.85 600 4 6.00
4,536 161 $37,500,000 $7,375,000 $7,000,000 $36,225,000 $50,600,000 $0.19 $0.18 $0.95 $1.33 600 6 4.00
4,536 322 $62,500,000 $12,291,667 $14,000,000 $60,375,000 $86,666,667, $0.32 $0.37, $1.58 $2.27 600 10 2.40
4,536 805 $137,500,000 $27,041,667 $35,000,000 $132,825,000 $194,866,667 $0.71 $0.92 $3.49 $5.11 600 22 1.09
4,536 1,609 $262,500,000 $51,625,000 $70,000,000 $253,575,000 $375,200,000 $1.35 $1.84 $6.66 $9.85 600 42 0.57
45,359 16 $187,500,000 $36,875,000 $7,000,000 $181,125,000 $225,000,000 $0.10 $0.02 $0.48 $0.59 6000 3 8.00
45,359 32 $187,500,000 $36,875,000 $14,000,000 $181,125,000 $232,000,000 $0.10 $0.04] $0.48 $0.61] 6000 3 8.00
45,359 80 $250,000,000 $49,166,667 $35,000,000 $241,500,000 $325,666,667 $0.13 $0.09 $0.63 $0.85 6000 4 6.00
45,359 161 $375,000,000 $73,750,000 $70,000,000 $362,250,000 $506,000,000 $0.19 $0.18 $0.95 $1.33 6000 6 4.00
45,359 322 $625,000,000 $122,916,667 $140,000,000 $603,750,000 $866,666,667 $0.32 $0.37, $1.58 $2.27| 6000 10 2.40
45,359 805|  $1,375,000,000 $270,416,667 $350,000,000f  $1,328,250,000]  $1,948,666,667 $0.71) $0.92 $3.49 $5.11 6000 22 1.09
45,359 1,609] $2,625,000,000 $516,250,000 $700,000,000] $2,535,750,000] $3,752,000,000 $1.35 $1.84 $6.66 $9.85 6000 42 0.57




E.1 COMPRESSED GAS DELIVERY BY TRUCK - English Units

Truck Tube Unit= $100,000]per module
Truck Undercarriage= $60,000] per trailer
Truck Cab= $90,000[ per cab
Truck Tube Capacity= 400] Ib/truck
Truck Mileage=| 6| mpg
Truck Average Speed= 50[mph
Hours/Driver=_| 12[hr/driver
Truck Load/Unload Time= 2| hritrip
Truck Availability= 24| hr/day
Driver Wage w/ Benefits= $28.75| per hour
Diesel Price= | $1.00| per gal
Operating Days/Year= 350]| days/yr
Trailer/Tank Depreciation= 6|years
Tractor Depreciation= 4] years
Production Delivery Distance [Distance Annual Truck Number Total Miles Time per [Total Drive [Total Load/ Total Delivery  [Truck Trucks Drivers Drivers [Annual
Rate One-Way Two-Way Production Capacity of Trips Driven Trip Time Unload Time  |Time Availability JRequired Availability |Required Fuel Use
(Ib/hr) (miles) (miles/trip) (Ibryr) (Ib/truck) (trips/yr) (miles/yr) (hrtrip) (hriyr) (hrlyr) (hrlyr) (hrlyr) (hrlyr) (gallyr)
10 10 20 84,000 400 210 4,200 1 210 420 630 8,400 1 4,200 1 700
10 20 40 84,000 400 210 8,400 1 210 420 630 8,400 1 4,200 1 1,400
10 50 100 84,000 400 210 21,000 2 420 420 840 8,400 1 4,200 1 3,500
10 100 200 84,000 400 210 42,000 4 840 420 1,260 8,400 1 4,200 1 7,000
10 200 400 84,000 400 210 84,000 8 1,680 420 2,100 8,400 1 4,200 1 14,000
10 500 1,000 84,000 400 210 210,000} 20 4,200 420 4,620 8,400 1 4,200 2 35,000
10 1,000 2,000 84,000 400 210 420,000 40 8,400 420 8,820 8,400 2 4,200 3 70,000
100 10 20 840,000} 400 2,100 42,000 1 2,100 4,200 6,300 8,400 1 4,200 2 7,000
100 20 40 840,000 400 2,100 84,000 1 2,100 4,200 6,300 8,400 1 4,200 2 14,000
100 50 100 840,000 400 2,100 210,000 2 4,200 4,200 8,400 8,400 1 4,200 2 35,00Q
100 100 200 840,000 400 2,100 420,000) 4 8,400 4,200 12,600 8,400 2 4,200 3 70,00
100 200 400 840,000 400 2,100 840,000 8 16,800 4,200 21,000 8,400 3 4,200 5 140,000
100 500 1,000 840,000 200 2,100 2,100,000 20 472,000 7,200 76,200 8,400 3 7,200 11 350,000
100 1,000 2,000 840,000 400 2,100 4,200,000 40 84,000 4,200 88,200 8,400 11 4,200 21 700,000
1,000 10 20 8,400,000 400 21,000 420,000 1 21,000 42,000 63,000 8,400 8 4,200 15 70,000
1,000 20 40 8,400,000 400 21,000 840,000 1 21,000 42,000 63,000 8,400 8 4,200 15 140,000
1,000 50 100 8,400,000 400 21,000 2,100,000 2 42,000 42,000 84,000 8,400 10 4,200 20 350,000
1,000 100 200 8,400,000 400 21,000 4,200,000 4 84,000 42,000 126,000 8,400 15 4,200 30 700,000
1,000 200 400 8,400,000 400 21,000 8,400,000 8 168,000 42,000 210,000 8,400 25 4,200 50 1,400,000
1,000 500 1,000 8,400,000 400 21,000 21,000,000 20 420,000 42,000 462,000 8,400 55 4,200 110 3,500,000
1,000 1,000 2,000 8,400,000 400 21,000 42,000,000 40 840,000 42,000 882,000 8,400 105 4,200 210 7,000,000
10,000 10 20 84,000,000 400 210,000} 4,200,000 1 210,000} 420,000 630,000 8,400 75 4,200 150 700,000
10,000 20 40 84,000,000 400 210,000 8,400,000 1 210,000 420,000 630,000 8,400 75 4,200 150 1,400,000
10,000 50 100 84,000,000 400 210,000 21,000,000 2 420,000 420,000 840,000 8,400 100 4,200 200 3,500,000
10,000 100 200 84,000,000 400 210,000 42,000,000 4 840,000 420,000 1,260,000 8,400 150 4,200 300 7,000,000
10,000 200 400 84,000,000 400 210,000 84,000,000 8 1,680,000 420,000 2,100,000 8,400 250 4,200 500 14,000,000
10,000 500 1,000 84,000,000 400 210,000 210,000,000 20 4,200,000 420,000 4,620,000 8,400 550 4,200 1,100 35,000,000
10,000 1,000 2,000 84,000,000 400 210,000] 420,000,000 40 8,400,000 420,000 8,820,000 8,400 1,050 4,200 2,100 70,000,000
100,000 10 20 840,000,000 400[ 2,100,000 42,000,000 1 2,100,000 4,200,000 6,300,000 8,400 750 4,200 1,500 7,000,000
100,000 20 40 840,000,000 400 2,100,000 84,000,000 1 2,100,000 4,200,000 6,300,000 8,400 750 4,200 1,500 14,000,000
100,00 50 100 840,000,000 400 2,100,000 210,000,000 2 4,200,000 4,200,000 8,400,000 8,400 1,000 4,200 2,000 35,000,000
100,00 100 200 840,000,000 400 2,100,000 420,000,000 4 8,400,000 4,200,000 12,600,000 8,400 1,500 4,200 3,000 70,000,000
100,000 200 400 840,000,000 400 2,100,000 840,000,000 8 16,800,000 4,200,000 21,000,000 8,400 2,500 4,200 5,000 140,000,000
100,000] 500 1,000 840,000,000 400| 2,100,000} 2,100,000,000 20 42,000,000 4,200,000 46,200,000 8,400 5,500 4,200 11,000 350,000,000
100,000 1,000 2,000 840,000,000 400| 2,100,000} 4,200,000,000 40 84,000,000 4,200,000 88,200,000 8,400 10,500 4,200 21,000 700,000,000




E.1 COMPRESSED GAS DELIVERY BY TRUCK - English Units (Continued)

Production Delivery Distand Total Capital Depreciation Annual Fuel Annual Labor Total Annual Capital Fuel Labor Total Trip Trip Truck
Rate One-Way Cost Cost Cost Cost Cost Cost Cost Cost Frequency |Length Utilization
(Ib/hr) (miles) (3) ($/yr) ($lyr) ($/yr) ($/yr) ($/1b) ($/1b) ($/1b) ($/1b) (trips/day) |(hours) (Trips/truck/d)
10 10 $250,000 $49,167 $700 $18,113 $268,813 $0.59 $0.01 $0.22 $3.20 0.6 3 0.60|
10 20 $250,000 $49,167 $1,400 $18,113 $68,679 $0.59 $0.02 $0.22 $0.82 0.6 3 0.60|
10 50 $250,000 $49,167 $3,500 $24,150 $76,817 $0.59 $0.04 $0.29 $0.91 0.6 4 0.60
10 100 $250,000 $49,167 $7,000 $36,225 $92,392 $0.59 $0.08 $0.43 $1.10 0.6 6 0.60]
10 200 $250,000 $49,167 $14,000 $60,375 $123,542 $0.59 $0.17 $0.72 $1.47 0.6 10 0.60|
10 500 $250,000 $49,167 $35,000| $132,825 $216,992 $0.59 $0.42 $1.58 $2.58 0.6 22 0.60
10 1,000 $500,000 $98,333 $70,000 $253,575 $421,908 $1.17 $0.83 $3.02 $5.02 0.6 42 0.30
100 10 $250,000 $49,167 $7,000 $181,125 $237,292 $0.06 $0.01 $0.22 $0.28 6 3 6.00)
100 20 $250,000 $49,167 $14,000| $181,125 $244,292 $0.06 $0.02 $0.22 $0.29 6 3 6.00]
100 50 $250,000 $49,167 $35,000 $241,500 $325,667 $0.06 $0.04 $0.29 $0.39 6 4 6.00)
100 100 $500,000 $98.333 $70.000 $362.250 $530.583 $0.12 $0.08 $0.43 $0.63 [ 6 3.00]
100 200 $750,000 $147,500 $140,000 $603,750 $891,250 $0.18 $0.17 $0.72 $1.06 6 10 2.00}
100 500 $1,500,000 $295,000 $350,000 $1,328,250 $1,973,250 $0.35 $0.42 $1.58 $2.35 6 22 1.00]
100 1,000 $2,750,000 $540,833 $700,000 $2,535,750 $3,776,583 $0.64 $0.83 $3.02 $4.50 6 42 0.55]
1,000 10 $2,000,000 $393,333 $70,000 $1,811,250 $2,274,583 $0.05 $0.01 $0.22 $0.27 60 3 7.50)
1,000 20 $2,000,000 $393,333 $140,000 $1,811,250 $2,344,583 $0.05 $0.02 $0.22 $0.28 60 3 7.50]
1,000 50 $2,500,000 $491,667 $350,000 $2,415,000 $3,256,667 $0.06 $0.04 $0.29 $0.39 60 4 6.00)
1,000 100 $3,750,000 $737,500 $700,000 $3,622,500 $5,060,000 $0.09 $0.08 $0.43 $0.60 60 6 4.00]
1,000 200 $6,250,000 $1,229,167 $1,400,000 $6,037,500 $8,666,667 $0.15 $0.17 $0.72 $1.03 60 10 2.40)
1,000 500 $13,750,000) $2,704,167 $3,500,000 $13,282,500 $19,486,667 $0.32 $0.42 $1.58 $2.32 60 22 1.09
1,000 1,000 $26,250,000 $5,162,500 $7,000,000 $25,357,500 $37,520,000 $0.61 $0.83 $3.02 $4.47 60 42 0.57]
10,000 10 $18,750,000 $3,687,500 $700,000 $18,112,500 $22,500,000 $0.04 $0.01 $0.22 $0.27 600 3 8.00}
10,000 20 $18,750,000) $3,687,500 $1,400,000 $18,112,500 $23,200,000 $0.04 $0.02 $0.22 $0.28 600 3 8.00)
10,000 50 $25,000,000 $4,916,667 $3,500,000 $24,150,000 $32,566,667 $0.06 $0.04 $0.29 $0.39 600 4 6.00]
10,000 100 $37,500,000 $7,375,000 $7,000,000 $36,225,000 $50,600,000 $0.09 $0.08 $0.43 $0.60 600 6 4.00)
10,000 200 $62,500,000 $12,291,667, $14,000,000 $60,375,000 $86,666,667 $0.15 $0.17 $0.72 $1.03 600 10 2.40)
10,000 500 $137,500,000 $27,041,667 $35,000,000 $132,825,000 $194,866,667 $0.32 $0.42 $1.58 $2.32 600 22 1.09
10,000 1,000 $262,500,000 $51,625,000 $70,000,000 $253,575,000 $375,200,000 $0.61 $0.83 $3.02 $4.47 600 42 0.57]
100,000, 10 $187,500,000 $36,875,000 $7,000,000 $181,125,000 $225,000,000 $0.04 $0.01 $0.22 $0.27 6000 3 8.00]
100,000 20 $187,500,000 $36,875,000) $14,000,000 $181,125,000 $232,000,000 $0.04 $0.02 $0.22 $0.28 6000 3 8.00|
100,000 50 $250,000,000 $49,166,667 $35,000,000 $241,500,000 $325,666,667 $0.06 $0.04 $0.29 $0.39 6000 4 6.00]
100,000 100 $375,000,000 $73,750,000 $70,000,000 $362,250,000 $506,000,000 $0.09 $0.08 $0.43 $0.60 6000 6 4.00|
100,000 200 $625,000,000 $122,916,667 $140,000,000 $603,750,000 $866,666,667 $0.15 $0.17 $0.72 $1.03 6000 10 2.40]
100,000 500 $1,375,000,000 $270,416,667 $350,000,000 $1,328,250,000 $1,948,666,667 $0.32 $0.42 $1.58 $2.32 6000 22 1.09
100,000 1,000 $2,625,000,000 $516,250,000 $700,000,000 $2,535,750,000 $3,752,000,000 $0.61 $0.83 $3.02 $4.47 6000 42 0.57]




E.2 COMPRESSED GAS DELIVERY BY RAIL - Sl Units

Rail Tube Unit= $200,000|per module
Rail Undercarriage= $100,000]per rail car
Rail Tube Capacity= 454]kg/rail car
Rail Average Speed= 40Qkm/hr
Rail Load/Unload Time= 241hrltrip
Rail Car Availability= 24|hr/day
Rail Freight=__ | $400|per rail car
Operating Days/Year= 350|days/yr
Railcar Depreciation= 15]years
Hydrogen Delivery Distance |Distance Annual Railcar Number Total Miles Transit Total Transit Total Load/ Total Delivery |Railcar Railcars
Production One-Way Two-Way Production Capacity of Trips Time Time Unload Time [Time Availability [Required
(kg/hr) (km) (km/trip) (kglyr) (kg/truck) (trips/yr) (km/yr) (days/trip) (hrlyr) (hr/yr) (hrlyr) (hrlyr)
5 16 32 38,102 454 84 2,703 2 4,032 2,016 6,048 8,400 1
5 32 64 38,102 454 84 5,406 2 4,032 2,016 6,048 8,400 1
5 80 161 38,102 454 84 13,516 2 4,032 2,016 6,048 8,400 1
5 161 322 38,102 454 84 27,031 2 4,032 2,016 6,048 8,400 1
5 322 644 38,102 454 84 54,062 2 4,032 2,016 6,048 8,400 1
5 805 1,609 38,102 454 84 135,156 2 4,032 2,016 6,048 8,400 1
5 1,609 3,218 38,102 454 84 270,312 4 8,064 2,016 10,080 8,400 2
45 16 32 381,016 454 840 27,031 2 40,320 20,160 60,480 8,400 8
45 32 64 381,016 454 840 54,062 2 40,320 20,160 60,480 8,400 8
45 80 161 381,016 454 840 135,156 2 40,320 20,160 60,480 8,400 8
45 161 322 381,016 454 840 270,312 2 40,320 20,160 60,480 8,400 8
45 322 644 381,016 454 840 540,624 2 40,320 20,160 60,480 8,400 8
45 805 1,609 381,016 454 840 1,351,560 2 40,320 20,160 60,480 8,400 8
45 1,609 3,218 381,016 454 840 2,703,120 4 80,640 20,160 100,800 8,400 12
454 16 32 3,810,156 454 8,400 270,312 2 403,200 201,600 604,800 8,400 72
454 32 64 3,810,156 454 8,400 540,624 2 403,200 201,600 604,800 8,400 72
454 80 161 3,810,156 454 8,400 1,351,560 2 403,200 201,600 604,800 8,400 72
454 161 322 3,810,156 454 8,400 2,703,120 2 403,200 201,600 604,800 8,400 72
454 322 644 3,810,156 454 8,400 5,406,240 2 403,200 201,600 604,800 8,400 72
454 805 1,609 3,810,156 454 8,400 13,515,600 2 403,200 201,600 604,800 8,400 72
454 1,609 3,218 3,810,156 454 8,400 27,031,200 4 806,400 201,600 1,008,000 8,400 120
4,536 16 32 38,101,560 454 84,000 2,703,120 2 4,032,000 2,016,000 6,048,000 8,400 720
4,536 32 64 38,101,560 454 84,000 5,406,240 2 4,032,000 2,016,000 6,048,000 8,400 720
4,536 80 161 38,101,560 454 84,000 13,515,600 2 4,032,000 2,016,000 6,048,000 8,400 720
4,536 161 322 38,101,560 454 84,000 27,031,200 2 4,032,000 2,016,000 6,048,000 8,400 720
4,536 322 644 38,101,560 454 84,000 54,062,400 2 4,032,000 2,016,000 6,048,000 8,400 720
4,536 805 1,609 38,101,560 454 84,000 135,156,000 2 4,032,000 2,016,000 6,048,000 8,400 720
4,536 1,609 3,218 38,101,560 454 84,000, 270,312,000 4 8,064,000 2,016,000 10,080,000 8,400 1,200
45,359 16 32 381,015,600 454 840,000 27,031,200 2 40,320,000 20,160,000 60,480,000 8,400 7,200
45,359 32 64 381,015,600 454 840,000 54,062,400 2 40,320,000 20,160,000 60,480,000 8,400 7,200
45,359 80 161 381,015,600 454 840,000 135,156,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
45,359 161 322 381,015,600 454 840,000 270,312,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
45,359 322 644] 381,015,600 454 840,000 540,624,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
45,359 805 1,609 381,015,600 454 840,000| 1,351,560,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
45,359 1,609 3,218 381,015,600 454 840,000{ 2,703,120,000 4 80,640,000 20,160,000 100,800,000 8,400 12,000
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E.2 COMPRESSED GAS DELIVERY BY RAIL - S| Units (Continued)

Hydrogen |Delivery Distan( Total Capital Depreciation Annual Freight Total Annual Capital Freight Total Trip Trip Railcar
Production |One-Way Cost Cost Cost Cost Cost Cost Frequency |Length Utilization
(ka/hr) (km) (%) ($lyr) ($lyr) ($lyr) ($/ka) ($/ka) ($/ka) (trips/day) _[(hours) (trips/railcar/d)
5 16 $300,000 $20,000 $67,200 $87,200 $0.52 $1.76 $2.29 0.24 72 0.24
5 32 $300,000 $20,000 $67,200 $87,200 $0.52 $1.76 $2.29 0.24 72 0.24
5 80 $300,000 $20,000 $67,200 $87,200 $0.52 $1.76 $2.29 0.24 72 0.24
5 161 $300,000 $20,000 $67,200 $87,200 $0.52 $1.76 $2.29 0.24 72 0.24
5 322 $300,000 $20,000 $67,200 $87,200 $0.52 $1.76 $2.29 0.24 72 0.24
5 805 $300,000 $20,000 $67,200 $87,200 $0.52 $1.76 $2.29 0.24 72 0.24
5 1,609 $600,000 $40,000 $67,200 $107,200 $1.05 $1.76 $2.81 0.24 120 0.12
45 16 $2,400,000 $160,000 $672,000 $832,000 $0.42 $1.76 $2.18 2.4 72 0.30
45 32 $2,400,000 $160,000 $672,000 $832,000 $0.42 $1.76 $2.18 24 72 0.30
45 80 $2,400,000 $160,000 $672,000 $832,000 $0.42 $1.76 $2.18 2.4 72 0.30
45 161 $2,400,000 $160,000 $672,000 $832,000 $0.42 $1.76 $2.18 24 72 0.30
45 322 $2,400,000 $160,000 $672,000 $832,000 $0.42 $1.76 $2.18 24 72 0.30
45 805 $2,400,000 $160,000 $672,000 $832,000 $0.42 $1.76 $2.18 2.4 72 0.30
45 1,609 $3,600,000 $240,000 $672,000 $912,000 $0.63 $1.76 $2.39 24 120 0.20
454 16 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.38 $1.76 $2.14 24 72 0.33
454 32 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.38 $1.76 $2.14 24 72 0.33
454 80 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.38 $1.76 $2.14 24 72 0.33
454 161 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.38 $1.76 $2.14 24 72 0.33
454 322 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.38 $1.76 $2.14 24 72 0.33
454 805 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.38 $1.76 $2.14 24 72 0.33
454 1,609 $36,000,000 $2,400,000 $6,720,000 $9,120,000 $0.63 $1.76 $2.39 24 120 0.20
4,536 16 $216,000,000 $14,400,000 $67,200,000 $81,600,000 $0.38 $1.76 $2.14 240 72 0.33
4,536 32 $216,000,000 $14,400,000, $67,200,000, $81,600,000 $0.38 $1.76 $2.14 240 72 0.33
4,536 80 $216,000,000 $14,400,000 $67,200,000 $81,600,000] $0.38 $1.76 $2.14 240 72 0.33
4,536 161 $216,000,000 $14,400,000, $67,200,000, $81,600,000 $0.38 $1.76 $2.14 240 72 0.33
4,536 322 $216,000,000 $14,400,000 $67,200,000 $81,600,000 $0.38 $1.76 $2.14 240 72 0.33
4,536 805 $216,000,000 $14,400,000 $67,200,000 $81,600,000 $0.38 $1.76 $2.14 240 72 0.33
45,359 1,609 $360,000,000 $24,000,000, $67,200,000, $91,200,000 $0.63 $1.76 $2.39 240 120 0.20
45,359 16/ $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.38 $1.76 $2.14 2400 72 0.33
45,359 32| $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.38 $1.76 $2.14 2400, 72 0.33
45,359 80|  $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.38 $1.76 $2.14 2400 72 0.33
45,359 161 $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.38 $1.76 $2.14 2400, 72 0.33
45,359 322 $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.38 $1.76 $2.14 2400 72 0.33
45,359 805 $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.38 $1.76 $2.14 2400 72 0.33
45,359 1,609 $3,600,000,000 $240,000,000 $672,000,000 $912,000,000 $0.63 $1.76 $2.39 2400 120 0.20




E.2 COMPRESSED GAS DELIVERY BY RAIL - English Units
Rail Tube Unit= $200,000|per module
Rail Undercarriage= $100,000]per rail car
Rail Tube Capacity= 1,000}Ib/rail car
Rail Average Speed= 25|mph
Rail Load/Unload Time= 241hrltrip
Rail Car Availability= 24|hr/day
Rail Freight=__ | $400|per rail car
Operating Days/Year= 350|days/yr
Railcar Depreciation= 15]years
Hydrogen Delivery Distance |Distance Annual Railcar Number Total Miles Transit Total Transit Total Load/ Total Delivery |Railcar Railcars
Production One-Way Two-Way Production Capacity of Trips Time Time Unload Time [Time Availability [Required
(Ib/hr) (miles) (miles/trip) (Ib/yr) (Ib/truck) (trips/yr) (miles/yr) (days/trip) (hrlyr) (hr/yr) (hrlyr) (hrlyr)
10 10 20 84,000 1,000 84 1,680 2 4,032 2,016 6,048 8,400 1
10 20 40 84,000 1,000 84 3,360 2 4,032 2,016 6,048 8,400 1
10 50 100 84,000 1,000 84 8,400 2 4,032 2,016 6,048 8,400 1
10 100 200 84,000 1,000 84 16,800 2 4,032 2,016 6,048 8,400 1
10 200 400 84,000 1,000 84 33,600 2 4,032 2,016 6,048 8,400 1
10 500 1,000 84,000 1,000 84 84,000 2 4,032 2,016 6,048 8,400 1
10 1,000 2,000 84,000 1,000 84 168,000 4 8,064 2,016 10,080 8,400 2
100] 10 20 840,000 1,000 840 16,800 2 40,320 20,160 60,480 8,400 8
100] 20 40 840,000 1,000 840 33,600 2 40,320 20,160 60,480 8,400 8
100] 50 100] 840,000 1,000 840 84,000 2 40,320 20,160 60,480 8,400 8
100] 100 200 840,000 1,000 840 168,000 2 40,320 20,160 60,480 8,400 8
100] 200 400 840,000 1,000 840 336,000 2 40,320 20,160 60,480 8,400 8
100] 500 1,000 840,000 1,000 840 840,000 2 40,320 20,160 60,480 8,400 8
100] 1,000 2,000 840,000 1,000 840 1,680,000 4 80,640 20,160 100,800 8,400 12
1,000 10 20 8,400,000 1,000 8,400 168,000 2 403,200 201,600 604,800 8,400 72
1,000 20 40 8,400,000 1,000 8,400 336,000 2 403,200 201,600 604,800 8,400 72
1,000 50 100] 8,400,000 1,000 8,400 840,000 2 403,200 201,600 604,800 8,400 72
1,000 100 200 8,400,000 1,000 8,400 1,680,000 2 403,200 201,600 604,800 8,400 72
1,000 200 400 8,400,000 1,000 8,400 3,360,000 2 403,200 201,600 604,800 8,400 72
1,000 500 1,000 8,400,000 1,000 8,400 8,400,000 2 403,200 201,600 604,800 8,400 72
1,000 1,000 2,000 8,400,000 1,000 8,400 16,800,000 4 806,400 201,600 1,008,000 8,400 120
10,000 10 20 84,000,000 1,000 84,000 1,680,000 2 4,032,000 2,016,000 6,048,000 8,400 720
10,000 20 40 84,000,000 1,000 84,000 3,360,000 2 4,032,000 2,016,000 6,048,000 8,400 720
10,000 50 100] 84,000,000 1,000 84,000 8,400,000 2 4,032,000 2,016,000 6,048,000 8,400 720
10,000 100 200 84,000,000 1,000 84,000 16,800,000 2 4,032,000 2,016,000 6,048,000 8,400 720
10,000 200 400 84,000,000 1,000 84,000 33,600,000 2 4,032,000 2,016,000 6,048,000 8,400 720
10,000 500 1,000 84,000,000 1,000 84,000 84,000,000 2 4,032,000 2,016,000 6,048,000 8,400 720
10,000 1,000 2,000 84,000,000 1,000 84,000 168,000,000 4 8,064,000 2,016,000 10,080,000 8,400 1,200
100,000 10 20 840,000,000 1,000 840,000 16,800,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
100,000 20 40 840,000,000 1,000 840,000 33,600,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
100,000 50 100 840,000,000 1,000 840,000 84,000,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
100,000 100 200] 840,000,000 1,000 840,000 168,000,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
100,000 200 400] 840,000,000 1,000 840,000 336,000,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
100,000 500 1,000 840,000,000 1,000 840,000 840,000,000 2 40,320,000 20,160,000 60,480,000 8,400 7,200
100,000 1,000 2,000 840,000,000 1,000 840,000{ 1,680,000,000 4 80,640,000 20,160,000 100,800,000 8,400 12,000




E.2 COMPRESSED GAS DELIVERY BY RAIL - English Units (Continued)

Hydrogen _|Delivery Distan( Total Capital Depreciation Annual Freight Total Annual Capital Freight Total Trip Trip Railcar
Production [One-Way Cost Cost Cost Cost Cost Cost Frequency [Length Utilization
(Ib/hr) (miles) ($) ($lyr) ($lyr) ($lyr) ($/1b) ($/1b) ($/1b) (trips/day) | (hours) (trips/railcar/d)
10 10 $300,000 $20,000 $67,200 $87,200 $0.24 $0.80 $1.04 0.24 72 0.24
10 20 $300,000 $20,000 $67,200 $87,200 $0.24 $0.80 $1.04 0.24 72 0.24
10 50 $300,000 $20,000 $67,200 $87,200 $0.24 $0.80 $1.04 0.24 72 0.24
10 100 $300,000 $20,000 $67,200 $87,200 $0.24 $0.80 $1.04 0.24 72 0.24
10 200 $300,000 $20,000 $67,200 $87,200 $0.24 $0.80 $1.04 0.24 72 0.24
10 500 $300,000 $20,000 $67,200 $87,200 $0.24 $0.80 $1.04 0.24 72 0.24
10 1,000 $600,000 $40,000 $67,200 $107,200 $0.48 $0.80 $1.28 0.24 120 0.12
100 10 $2,400,000 $160,000 $672,000 $832,000 $0.19 $0.80 $0.99 2.4 72 0.30
100 20 $2,400,000 $160,000 $672,000 $832,000 $0.19 $0.80 $0.99 24 72 0.30
100 50 $2,400,000 $160,000 $672,000 $832,000 $0.19 $0.80 $0.99 24 72 0.30
100 100 $2,400,000 $160,000 $672,000 $832,000 $0.19 $0.80 $0.99 24 72 0.30
100 200 $2,400,000 $160,000 $672,000 $832,000 $0.19 $0.80 $0.99 24 72 0.30
100 500 $2,400,000 $160,000 $672,000 $832,000 $0.19 $0.80 $0.99 2.4 72 0.30
100 1,000 $3,600,000 $240,000 $672,000 $912,000 $0.29 $0.80 $1.09 24 120 0.20
1,000 10 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.17 $0.80 $0.97 24 72 0.33
1,000 20 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.17 $0.80 $0.97 24 72 0.33
1,000 50 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.17 $0.80 $0.97 24 72 0.33
1,000 100 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.17 $0.80 $0.97 24 72 0.33
1,000 200 $21.,600,000 $1,440,000 $6,720,000 $8,160,000 $0.17 $0.80 $0.97 24 72 0.33
1,000 500 $21,600,000 $1,440,000 $6,720,000 $8,160,000 $0.17 $0.80 $0.97 24 72 0.33
1,000 1,000 $36,000,000 $2,400,000 $6,720,000 $9,120,000 $0.29 $0.80 $1.09 24 120 0.20
10,000 10 $216,000,000 $14,400,000 $67,200,000 $81,600,000 $0.17 $0.80 $0.97 240 72 0.33
10,000 20 $216,000,000 $14,400,000, $67,200,000, $81,600,000 $0.17 $0.80 $0.97 240 72 0.33
10,000 50 $216,000,000 $14,400,000 $67,200,000 $81,600,000 $0.17 $0.80 $0.97 240 72 0.33
10,000 100 $216,000,000 $14,400,000 $67,200,000 $81,600,000 $0.17 $0.80 $0.97 240 72 0.33
10,000 200 $216,000,000 $14,400,000, $67,200,000, $81,600,000 $0.17 $0.80 $0.97 240 72 0.33
10,000 500 $216,000,000 $14,400,000 $67,200,000 $81,600,000 $0.17 $0.80 $0.97 240 72 0.33
100,000 1,000 $360,000,000 $24,000,000, $67,200,000, $91,200,000 $0.29 $0.80 $1.09 240 120 0.20
100,000 10|  $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.17 $0.80 $0.97 2400 72 0.33
100,000 20[ $2,160,000,000 $144,000,000 $672,000,000 $816.,000,000 $0.17 $0.80 $0.97 2400, 72 0.33
100,000 50| $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.17 $0.80 $0.97 2400 72 0.33
100,000 100 $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.17 $0.80 $0.97 2400 72 0.33
100,000 200 $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.17 $0.80 $0.97 2400 72 0.33
100,000 500 $2,160,000,000 $144,000,000 $672,000,000 $816,000,000 $0.17 $0.80 $0.97 2400, 72 0.33
100,000 1,000 $3,600,000,000 $240,000,000 $672,000,000 $912,000,000 $0.29 $0.80 $1.09 2400, 120 0.20




E.3 LIQUID HYDROGEN DELIVERY BY TRUCK - Sl Units
Truck Liquid Tar!k: $350,000 [per module
Truck Undercarriage= $60,000 [per trailer
Truck Cab= | $90,000 [per cab
Truck Liquid Capacity= 4,082 [Ib/truck
Truck Boil-Off Rate= 0.30% |/day
Truck Mileage=| 6 [mpg
Truck Average Speed= 80 [km/hr
Hours/Driver=_] 12 [hr/driver
Truck Load/Unload Time= 2 |hritrip
Truck Availability= 24 |hr/day
Driver Wage w/ Benefits= $28.75 [per hour
Diesel Price= | $1.00]per gal
Operating Days/Year= 350 |days/yr
Trailer/Tank Depreciation= 6 |years
Tractor Depreciation= 4 lyears
Production Delivery Distance [Distance Annual Truck Boil-Off Rate[Number Total Miles Time per Quantity after [Total Drive Total Load/ Total Delivery [ Trucks Driver Drivers Annual
Rate One-Way Two-Way Production Capacity of Trips Driven Trip Boil-Off Time Unload Time  |Time Required Availability |Required Fuel Use
(kg/hr) km) (Km/trip) Kalyr) (kg/truck) _|(%/d) (ripslyn __|(kmiyn) (hr7trip) (kalyn) (hriyn) hiyn) N (hilyn) (gallyn
5 16 32 38,102 4,082 0.30% 9 187 1 38,099 9 19 28 1] 4,200 1] 31
5 32 64 38,102 4,082 0.30% 9 373 1 38,099 9 19 28 1] 4,200 1] 62
5 80 161 38,102 4,082 0.30% 9 933 2 38,097 19 19 37 1] 4,200 1] 156
5 161 322 38,102 4,082 0.30% 9 1,867 4 38,092 37 19 56 1] 4,200 1] 311
5 322 644 38,102 4,082 0.30% 9 3,733 8 38,083 75| 19| 93 1 4,200 1] 622
5 805 1,609 38,102 4,082 0.30% 9 9,333 20 38,054 187 lizl 205 1] 4,200 1] 1,556
5 1,609 3,218 38,102 4,082 0.30% 9 18,667 40 38,006 373 19| 392 1] 4,200 1] 3,111
45 16 32 381,016 4,082 0.30% 93 1,867 1 380,992 93| 187 280 1] 4,200 1] 311
45 32 64 381,016 4,082 0.30% 93 3,733 1 380,992 93 187 280 1] 4,200 1] 622
45 80 161 381,016 4,082 0.30% 93 9,333 2 380,968 187 187 373 1] 4,200 1] 1,556
45 161 322 381,016 4,082 0.30% 93 18,667 4 380,920 373 187 560 1] 4,200 1] 3,111
45 322 644 381,016 4,082 0.30% 93 37,333 8 380,825 747 187 933 1] 4,200 1] 6,222
45 805 1,609 381,016 4,082 0.30% 93 93,333 20 380,540 1,867 187 2,053 1 4,200 1] 15,556
45 1,609 3,218 381,016 4,082 0.30% 93 186,667 40 380,064 3,733 187 3,920 1] 4,200 1] 31,111
454 16 32 3,810,156 4,082 0.30% 933 18,667 1 3,809,91iz| 933 1,867 2,800 1] 4,200 1] 3,111
454 32 64 3,810,156 4,082 0.30% 933 37,333 1 3,809,918 933| 1,867 2,800 1] 4,200 1] 6,222
454 80 161 3,810,156 4,082 0.30% 933 93,333 2 3,809,680 1,867 1,867 3,733 1] 4,200 1] 15,556
454 161 322 3,810,156 4,082 0.30% 933 186,667 4 3,809,204 3,733 1,867 5,600 1] 4,200 2 31,111
454 322 644 3,810,156 4,082 0.30% 933 373,333 8 3,808,251 7,467 1,867 9,333 2 4,200 3 62,222
454 805 1,609 3,810,156 4,082 0.30% 933 933,333 20 3,805,396 18,667 1,867 20,533 3| 4,200 5 155,556
454 1,609 3,218 3,810,156 4,082 0.30% 933 1,866,667 40 3,800,643 37,333 1,867 39,200 5| 4,200 10| 311,111
4,536 16 32 38,101,560 4,082 0.30% 9,333 186,667 1 38,099,179 9,333 18,667 28,000 4 4,200 7 31,111
4,536 32 64 38,101,560 4,082 0.30% 9,333 373,333 1 38,099,179 9,333 18,667 28,000 4 4,200 7 62,222
4,536 80 161 38,101,560 4,082 0.30% 9,333 933,333 2 38,096,798 18,667 18,667 37,333 5| 4,200 9 155,556
4,536 161 322 38,101,560 4,082 0.30% 9,333 1,866,667 4 38,092,036 37,333 18,667 56,000 7 4,200 14 311,111
4,536 322 644 38,101,560 4,082 0.30% 9,333 3,733,333 8 38,082,514 74,667 18,667 93,333 12| 4,200 23 622,222
4,536 805 1,609 38,101,560 4,082 0.30% 9,333 9,333,333 20 38,053,963 186,667 18,667 205,333 25| 4,200 49 1,555,556
4,536 1,609 3,218 38,101,560 4,082 0.30% 9,333 18,666,667 40 38,006,425 373,333 18,667 392,000 47 4,200 94 3,111,111
45,359 16 32 381,015,600 4,082 0.30% 93,333 1,866,667 1 380,991,787 93,333 186,667 280,000 34 4,200 67| 311,111
45,359 32 64 381,015,600 4,082 0.30% 93,333 3,733,333 1 380,991,787 93,333 186,667 280,000 34 4,200 67| 622,222
45,359 80 161| 381,015,600 4,082 0.30% 93,333 9,333,333 2| 380,967,976 186,667 186,667 373,333 45| 4,200 80  1,555,556]
45,359 161 322 381,015,600 4,082 0.30% 93,333 18,666,667 4 380,920,35§| 373,333 186,667 560,000 67| 4,200 134 3,111,111
45,359 322 644 381,015,600 4,082 0.30% 93,333 37,333,333 8 380,825,140 746,667 186,667 933,333 112 4,200 223 6,222,222
45,359 805 1,609 381,015,600 4,082 0.30% 93,333 93,333,333 20 380.539,62§| 1,866,667 186,667 2,053,333 245 4,200 489 15,555,556
45,359 1,609 3,218 381,015,600 4,082 0.30% 93,333 186,666,667 40 380,064,251] 3,733,333 186,667 3,920,000 467 4,200 934 31,111,111




E.3 LIQUID HYDROGEN DELIVERY BY TRUCK - S| Units (Continued)
Production Delivery Distanc| Total Capital Depreciation Annual Fuel Annual Labor Total Annual Capital Fuel Labor Total Trip Trip Truck
Rate One-Way Cost Cost Cost Cost Cost Cost Cost Cost Frequency |[Length Utilization
(kg/hr) (km) (&) ($/yr) ($1yr) ($1yr) ($/yr) ($/kg) ($/kg) ($/kg) ($/kg) (trips/day) _|(hours) (trips/truck/d)
5 16 $500,000 $90,833 $31 $805 $91,669 $2.38 $0.00 $0.02 $2.41 0.03] 3 0.03]
5 32 $500,000 $90,833 $62 $805 $91,701 $2.38 $0.00 $0.02 $2.41 0.03] 3 0.03]
5 80 $500,000 $90,833 $156 $1,073 $92,062 $2.38 $0.00 $0.03 $2.42 0.03 4 0.03]
5 161 $500,000 $90,833 $311 $1,610 $92,754 $2.38 $0.01 $0.04 $2.44 0.03 6 0.03]
5 322 $500,000 $90,833 $622 $2,683 $94,139 $2.39 $0.02 $0.07 $2.47 0.03] 10 0.03]
5 805 $500,000 $90,833 $1,556 $5,903 $98,292 $2.39 $0.04 $0.16 $2.58 0.03 22 0.03]
5 1,609 $500,000 $90,833 $3,111 $11,270 $105,214 $2.39 $0.08 $0.30 $2.77 0.03] 42 0.03]
45 16 $500,000 $90,833 $311 $8,050 $99,194 $0.24 $0.00 $0.02 $0.26 0.27 3 0.27|
45 32 $500,000 $90,833 $622 $8,050 $99,506 $0.24 $0.00 $0.02 $0.26 0.27 3 0.27]
45 80 $500,000 $90,833 $1,556 $10,733 $103,122 $0.24 $0.00 $0.03 $0.27 0.27 4 0.27]
45 161 $500,000 $90,833 $3,111 $16,100 $110,044 $0.24 $0.01 $0.04 $0.29 0.27 6 0.27]
45 322 $500,000 $90,833 $6,222 $26,833 $123,889 $0.24 $0.02 $0.07 $0.33 0.27 10 0.27|
45 805 $500,000 $90,833 $15,556 $59,033 $165,422] $0.24 $0.04 $0.16 $0.43 0.27 22 0.27]
45 1,609 $500,000 $90,833 $31,111 $112,700 $234,644 $0.24 $0.08 $0.30 $0.62 0.27 42 0.27]
454 16 $500,000 $90,833 $3,111 $80,500 $174,444 $0.02 $0.00 $0.02 $0.05 2.67 3 2.67|
454 32 $500,000 $90,833 $6,222 $80,500 $177,556 $0.02 $0.00 $0.02 $0.05 2.67 3 2.67]
454 80 $500,000 $90,833 $15,556 $107,333 $213,722 $0.02 $0.00 $0.03 $0.06 2.67 4 2.67
454 161 $500,000 $90,833 $31,111 $161,000 $282,944 $0.02 $0.01 $0.04 $0.07 2.67 6 2.67]
454 322 $1,000,000 $181,667, $62,222 $268,333 $512,222 $0.05 $0.02 $0.07 $0.13 2.67 10 1.33
454 805 $1,500,000 $272,500 $155,556 $590,333] $1,018,389 $0.07 $0.04 $0.16 $0.27 2.67 22 0.89
454 1,609 $2,500,000 $454,167 $311,111 $1,127,000 $1,892,278 $0.12 $0.08 $0.30 $0.50 2.67 42 0.53]
4,536 16 $2,000,000 $363,333 $31,111 $805,000 $1,199,444 $0.01 $0.00 $0.02 $0.03 26.67 3 6.67]
4,536 32 $2,000,000 $363,333 $62,222 $805,000 $1,230,556 $0.01 $0.00 $0.02 $0.03 26.67 3 6.67]
4,536 80 $2,500,000 $454,167 $155,556 $1,073,333] $1,683,056 $0.01 $0.00 $0.03 $0.04 26.67 4 5.33]
4,536 161 $3,500,000 $635,833 $311,111 $1,610,000 $2,556,944 $0.02 $0.01 $0.04 $0.07 26.67 6 3.81]
4,536 322 $6,000,000 $1,090,000 $622,222 $2,683,333 $4,395,556 $0.03 $0.02 $0.07 $0.12 26.67 10 2.22]
4,536 805 $12,500,000 $2,270,833 $1,555,556 $5,903,333 $9,729,722 $0.06 $0.04 $0.16 $0.26 26.67 22 1.07
45,359 1,609 $23,500,000) $4,269,167 $3,111,111 $11,270,000 $18,650,278 $0.11 $0.08 $0.30 $0.49 26.67 42 0.57]
45,359 16 $17,000,000 $3,088,333 $311,111 $8,050,000 $11,449,444 $0.01 $0.00 $0.02 $0.03 266.67 3 7.84]
45,359 32 $17,000,000 $3,088,333 $622,222 $8,050,000 $11,760,556 $0.01 $0.00 $0.02 $0.03 266.67, 3 7.84]
45,359 80 $22,500,000 $4,087,500 $1,555,556 $10,733,333 $16,376,389 $0.01 $0.00 $0.03 $0.04 266.67 4 5.93]
45,359 161 $33,500,000 $6,085,833 $3,111,111 $16,100.000 $25,296,944 $0.02 $0.01 $0.04 $0.07 266.67 6 3.98]
45,359 322 $56,000,000 $10,173,333 $6,222,222 $26,833,333 $43,228,889 $0.03 $0.02 $0.07 $0.11 266.67 10 2.38]
45,359 805 $122,500,000 $22,254,167 $15,555,556 $59,033,333 $96,843,056] $0.06 $0.04 $0.16 $0.25 266.67 22 1.09
45,359 1,609 $233,500,000 $42,419,167] $31,111,111 $112,700,000 $186,230,278 $0.11 $0.08 $0.30 $0.49 266.67 42 0.57]




[E3 L1QUID HYDROGEN DELIVERY BY TRUCK - English Units
]
Truck Liquid Tank= $350,000|per module
Truck Undercarriage= $60,000]per trailer
Truck Cab=__ $90,000]per cab
Truck Liquid Capacity= 9,000 [Ib/truck
Truck Boil-Off Rate= 0.30% |/day
Truck Mileage=] 6|mpg
Truck Average Speed= 50|mph
Hours/Driver=_| 12]hr/driver
Truck Load/Unload Time= 2]hri/trip
Truck Availability= 24]hr/day
Driver Wage w/ Benefits= $28.75|per hour
Diesel Price=_| $1.00|per gal
Operating Days/Year= 350[days/yr
Trailer/Tank Depreciation= 6|years
Tractor Depreciation= 4lyears
Production Delivery Distance |Distance Annual Truck Boil-Off RatgfNumber Total Miles Time per __ |Quantity after _[Total Drive Total Load/ Total Delivery | Truck Trucks Driver Drivers Annual
Rate One-Way Two-Way Production Capacity of Trips Driven Trip Boil-Off Time Unload Time ~ [Time Availability |Required  [Availability [Required Fuel Use
(Ib/hr) (miles) (miles/trip) (Ib/yr) (Ib/truck) (%/d) (trips/yr) (miles/yr) (hr/trip) (Ib/yr) (hrlyr) (hr/yr) (hrlyr) (hrlyr) (hr/yr) (gallyr)
10 0 0 84,000 ] 0.30% o 7 T 83,005 o 9| 8 ; 1 ; T
10 20 40 84,000 9,000 0.30% 9 373 1 83,995 9 19| 28 8,400 1 4,200 1 62)
10 50 100 84,000 9,000 0.30% 9 933 2| 83,990 19 19 37 8,400 1 4,200 1 156
10 100 200 84,000 9,000 0.30% 9 1,867 4 83,979 37, 19| 56 8,400 1 4,200 1 31_]1
10 200 400 84,000 9,000 0.30% 9 3,733 8| 83,958 75 19 93 8,400 1 4,200 1 622)
10 500 1,000 84,000 9,000 0.30% 9 9,333 20 83,895 187 19] 205 8,400 1 4,200 1 1,556
10 1,000 2,000 84,000 9,000 0.30% 9 18,667 40 83,790 373 19| 392 8,400 1 4,200 1 3111
100 10 20 840,000 9,000 0.30% 93 1,867 1 839,948 93 187 280 8,400 1 4,200 1 311
100 20 40 840,000 9,000 0.30% 93] 3,733 1 839,948 93] 187] 280 8,400 1 4,200 1 622
100 50 100 840,000 9,000 0.30% 93| 9,333 2 839,895 187 187 373 8,400 1 4,200 1 1,556
100, 100] 200, 840,000 9,000 0.30% 93] 18,667 4] 839,790 373 187] 560 8,400 1 4,200 1 3,111
100 200 400 840,000 9,000 0.30% 93| 37,333 8| 839,580 747 187 933 8,400 1 4,200 1 6,222
100, 500 1,000 840,000 9,000 0.30% 93] 93,333} 20 838,951 1,867 187 2,053 8,400 1 4,200 1 15,556
100, 1,000 2,000 840,000 9,000 0.30% 93| 186,667 40, 837,903 3,733 187 3,920 8,400 1 4,200 1 31,111
1,000 10| 20| 8,400,000 9,000 0.30% 933 18,667 1 8,399,475 933 1,867 2,800 8,400 1 4,200 1 3,111
1,000 20 40 8,400,000 9,000 0.30% 933 37,333 1 8,399,475 933 1,867 2,800 8,400 1 4,200 1 6,222
1,000 50 100 8,400,000 9,000 0.30% 933 93,333 2| 8,398,950 1,867 1,867 3,733 8,400 1 4,200 1 15,556
1,000 100 200 8,400,000 9,000 0.30% 933 186,667 4 8,397,900 3,733 1,867 5,600 8,400 1 4,200 g| 31,111
1,000 200 400 8,400,000 9,000 0.30% 933 373,333 8| 8,395,801 7,467 1,867 9,333 8,400 2 4,200 3 62,222
1,000 500 1,000 8,400,000 9,000 0.30% 933 933,333 20 8,389,507 18,667 1,867 20,533 8,400 3 4,200 5 155,556
1,000 1,000 2,000 8,400,000 9,000 0.30% 933 1,866,667 40 8,379,026 37,333 1,867 39,200 8,400 5 4,200 10 311,111
10,000 10 20 84,000,000 9,000 0.30% 9,333 186,667 1 83,994,750 9,333 18,667 28,000 8,400 4 4,200 7 31,111
10,000 20| 40 84,000,000 9,000 0.30% 9,333 373,333 1 83,994,750 9,333 18,667 28,000 8,400 4 4,200 7 62,222
10,000 50 100 84,000,000 9,000 0.30% 9,333 933,333 2 83,989,501 18,667 18,667 37,333 8,400 5 4,200 9 155,556
10,000 100] 200, 84,000,000 9,000 0.30% 9,333 1,866,661 4] 83,979,003 37,333 18,667 56,000 8,400 7 4,200 14 311,111
10,000 200 400 84,000,000 9,000 0.30% 9,333 3,733,333 8| 83,958,010 74,667 18,667 93,333 8,400 12 4,200 23| 622,222
10,000 500 1,000 84,000,000 9,000 0.30% 9,333 9,333,333 20 83,895,066 186,667 18,667 205,333 8,400 25 4,200 49 1,555,556
10,000 1,000 2,000 84,000,000 9,000 0.30% 9,333 18,666,667 40| 83,790,262 373,333 18,667 392,000 8,400 a7 4,200 94 3,111,111
100,000 10| 20 840,000,000 9,000 0.30% 93,333 1,866,661 1] 839,947,502 93,333 186,667 280,000 8,400 34 4,200 67| 311,111
100,000} 20 40| 840,000,000 9,000 0.30% 93,333 3,733,333 1| 839,947,502 93,333 186,667 280,000 8,400 34 4,200 67| 622,222
100,000 50 100] 840,000,000 9,000 0.30% 93,333 9,333,333 2| 839,895,007 186,667 186,667 373,333] 8,400 45 4,200 89 1,555,556
100,000 100 200| 840,000,000 9,000 0.30% 93,333 18,666,667 4] 839,790,026 373,333 186,667 560,000 8,400 67 4,200 134 3,111,111
100,000 200 400] 840,000,000 9,000 0.30% 93,333 37,333,333 8] 839,580,105 746,667 186,667 933,333 8,400 112 4,200 223 6,222.222'
100,000 500 1,000] 840,000,000 9,000 0.30% 93,333 93,333,333 20| 838,950,656 1,866,667 186,667 2,053,333 8,400 245 4,200 489 15,555,556]
100,000 1,000 2,000 840,000,000 9,000 0.30% 93,333 186,666,667 40 837,902,623 3,733,333 186,667 3,920,000 8,400 467 4,200 934 31,111,111]




E.3 LIQUID HYDROGEN DELIVERY BY TRUCK - English Units (Continued)

Production Delivery Distand Total Capital Depreciation Annual Fuel Annual Labor Total Annual Capital Fuel Labor Total Trip Trip Truck
Rate One-Way Cost Cost Cost Cost Cost Cost Cost Cost Frequency [Length Utilization
(Ib/hr) (miles) (3) ($/yr) ($lyr) ($/yr) ($/yr) ($/Ib) ($/1b) ($/1b) ($/1b) (trips/day) | (hours) (trips/truck/d)
10 10 $500,000 $90.833] $31 $805 $91.669 $1.08 $0.00 $0.01 $1.09 0.03 3 0.03]
10 20 $500,000 $90,833] $62 $805 $91,701 $1.08 $0.00 $0.01 $1.09 0.03 3 0.03]
10 50 $500,000 $90,833 $156 $1,073 $92,062 $1.08 $0.00 $0.01 $1.10 0.03 4 0.03]
10 100 $500,000 $90,833] $311 $1,610 $92,754 $1.08 $0.00 $0.02 $1.10 0.03 6 0.03]
10 200 $500,000 $90,833] $622 $2,683 $94,139 $1.08 $0.01 $0.03 $1.12 0.03 10 0.03]
10 500 $500,000 $90,833 $1,556 $5,903 $98,292 $1.08 $0.02 $0.07 $1.17 0.03 22 0.03]
10 1,000 $500,000 $90,833] $3,111 $11,270 $105,214 $1.08 $0.04 $0.13 $1.26 0.03 42 0.03]
100 10 $500,000 $90,833] $311 $8,050 $99,194 $0.11 $0.00 $0.01 $0.12 0.27 3 0.27
100 20 $500,000 $90,833 $622 $8,050 $99,506 $0.11 $0.00 $0.01 $0.12 0.27 3 0.27
100 50 $500,000 $90,833 $1,556 $10,733 $103,122 $0.11 $0.00 $0.01 $0.12 0.27 4 0.27
100 100 $500,000 $90.833] $3.111 $16.100 $110.044 $0.11 $0.00 $0.02 $0.13 0.27 6 0.27
100 200 $500,000 $90,833] $6,222 $26,833 $123,889 $0.11 $0.01 $0.03 $0.15 0.27 10 0.27
100 500 $500,000 $90,833 $15,556 $59,033 $165,422 $0.11 $0.02 $0.07 $0.20 0.27 22 0.27
100 1,000 $500,000 $90,833] $31,111 $112,700 $234,644 $0.11 $0.04 $0.13 $0.28 0.27 42 0.27
1,000 10 $500,000 $90,833] $3,111 $80,500 $174,444 $0.01 $0.00 $0.01 $0.02 2.67 3 2.67
1,000 20 $500,000 $90,833 $6,222 $80,500 $177,556 $0.01 $0.00 $0.01 $0.02 2.67 3 2.67
1,000 50 $500,000 $90,833] $15,556 $107,333 $213,722 $0.01 $0.00 $0.01 $0.03 2.67 4 2.67
1,000 100 $500,000 $90,833] $31,111 $161,000 $282,944 $0.01 $0.00 $0.02 $0.03 2.67 6 2.67
1,000 200 $1,000,000 $181,667 $62,222 $268,333 $512,222 $0.02 $0.01 $0.03 $0.06 2.67 10 1.33
1,000 500 $1,500,000 $272,500 $155,556 $590,333 $1,018,389 $0.03 $0.02 $0.07 $0.12 2.67 22 0.89
1,000 1,000 $2,500,000 $454,167 $311,111 $1,127,000 $1,892,278 $0.05 $0.04 $0.13 $0.23 2.67 42 0.53]
10,000 10 $2,000,000 $363,333 $31,111 $805,000 $1,199,444 $0.00 $0.00 $0.01 $0.01 26.67 3 6.67
10,000 20 $2,000,000 $363,333 $62,222 $805,000 $1,230,556 $0.00 $0.00 $0.01 $0.01 26.67 3 6.67
10,000 50 $2,500,000 $454,167 $155,556 $1,073,333 $1,683,056 $0.01 $0.00 $0.01 $0.02 26.67 4 5.33]
10,000 100 $3,500,000 $635,833 $311,111 $1,610,000 $2,556,944 $0.01 $0.00 $0.02 $0.03 26.67 6 3.81
10,000 200 $6,000,000 $1,090,000 $622,222 $2,683,333 $4,395,556 $0.01 $0.01 $0.03 $0.05 26.67 10 2.22
10,000 500 $12,500,000) $2,270,833 $1,555,556 $5,903,333 $9,729,722 $0.03 $0.02 $0.07 $0.12 26.67 22 1.07
100,000 1,000 $23,500,000 $4,269,167 $3,111,111 $11,270,000 $18,650,278 $0.05 $0.04 $0.13 $0.22 26.67 42 0.57
100,000, 10 $17,000,000 $3,088,333 $311,111 $8,050,000 $11,449,444 $0.00 $0.00 $0.01 $0.01 266.67 3 7.84
100,000 20 $17,000,000 $3,088,333 $622,222 $8,050,000 $11,760,556 $0.00 $0.00 $0.01 $0.01 266.67 3 7.84]
100,000 50 $22,500,000 $4,087,500 $1,555,556 $10,733,333 $16,376,389 $0.00 $0.00 $0.01 $0.02 266.67 4 5.93]
100,000 100 $33,500,000 $6,085,833 $3,111,111 $16,100,000 $25,296,944 $0.01 $0.00 $0.02 $0.03 266.67 6 3.98]
100,000 200 $56,000,000 $10,173,333] $6,222,222 $26,833,333 $43,228,889 $0.01 $0.01 $0.03 $0.05 266.67 10 2.38]
100,000 500 $122,500,000 $22,254,167 $15,555,556 $59,033,333 $96,843,056 $0.03 $0.02 $0.07 $0.12 266.67 22 1.09
100,000 1,000 $233,500,000 $42,419,167 $31,111,111 $112,700,000 $186,230,278 $0.05 $0.04 $0.13 $0.22 266.67 42 0.57




E.4 LIQUID HYDROGEN DELIVERY BY RAIL - Sl Units

Rail Liquid Tank= $400,000 |per tank
Rail Undercarriage= $100,000 |per trailer
Rail Tank Capacity= 9,072 |kg/truck
Rail Boil-Off Rate= 0.30%|per day
Rail Average Speed= 25|mph
Rail Load/Unload Time= 24|hr/trip
Rail Car Availability= 24lhr/day
Rail Freight= | $400.00 |per rail car
Operating Days/Year= 350 |days/yr
Railcar Depreciation= 15|years
Production Delivery Distance [Distance Annual Railcar Boil-Off Rate]Number Total Transit Quantity after _|Total Transit Total Load/ Total Delivery |Railcar Railcars
Rate One-Way Two-Way Production Capacity of Trips Miles Time Boil-Off Time Unload Time Time Availability |Required
(kathr) (km) (km/trip) (kalyr) (ka/truck)  |(%/d) (trips/yr) (km/yr) (ditrip) (kalyr) (hrfyr) (hriyr) (hriyr) (hrfyr)
5 16 32 38,102 9,072 0.30% 4 135 2 37,987 202 101 302 8,400 1
5 32 64 38,102 9,072 0.30% 4 270 2 37,987 202 101 302 8,400 1
5 80 161 38,102 9,072 0.30% 4 676 2 37,987 202 101 302 8,400 1
5 161 322 38,102 9,072 0.30% 4 1,352 2 37,987 202 101 302 8,400 1
5 322 644 38,102 9,072 0.30% 4 2,703 2 37,987 202 101 302 8,400 1
5 805 1,609 38,102 9,072 0.30% 4 6,758 2 37,987 202 101 302 8,400 1
5 1,609 3,218 38,102 9,072 0.30% 4 13,516 4 37,874 403 101 504 8,400 1
45 16 32 381,016 9,072 0.30% 42 1,352 2 379,874 2,016 1,008 3,024 8,400 1
45 32 64 381,016 9,072 0.30% 42 2,703 2 379,874 2,016 1,008 3,024 8,400 1
45 80) 161 381,016 9,072 0.30% 42 6,758 2 379,874 2,016 1,008 3,024 8,400 1
45 161 322 381,016 9,072 0.30% 42 13,516 2 379,874 2,016 1,008 3,024 8,400 1
45 322 644 381,016 9,072 0.30% 42 27,031 2 379,874 2,016 1,008 3,024 8,400 1
45 805 1,609 381,016 9,072 0.30% 42 67,578 2 379,874 2,016 1,008 3,024 8,400 1
45 1,609 3,218 381,016 9,072 0.30% 42 135,156 4 378,736 4,032 1,008 5,040 8,400 1
454 16 32 3,810,156 9,072 0.30% 420 13,516 2 3,798,743 20,160 10,080 30,240 8,400 4
454 32 64 3,810,156 9,072 0.30% 420 27,031 2 3,798,743 20,160 10,080 30,240 8,400 4
454 80) 161 3,810,156 9,072 0.30% 420 67,578 2 3,798,743 20,160 10,080 30,240 8,400 4
454 161 322 3,810,156 9,072 0.30% 420 135,156 2 3,798,743 20,160 10,080 30,240 8,400 4
454 322 644 3,810,156 9,072 0.30% 420 270,312 2 3,798,743 20,160 10,080 30,240 8,400 4
454 805 1,609 3,810,156 9,072 0.30% 420 675,780 2 3,798,743 20,160 10,080 30,240 8,400 4
454 1,609 3,218 3,810,156 9,072 0.30% 420 1,351,560 4 3,787,364 40,320 10,080 50,400 8,400 6
4,536 16 32 38,101,560 9,072 0.30% 4,200 135,156 2 37,987,427 201,600 100,800 302,400 8,400 36
4,536 32 64 38,101,560 9,072 0.30% 4,200 270,312 2 37,987,427 201,600 100,800 302,400 8,400 36
4,536 80 161 38,101,560 9.072 0.30% 4,200 675,780 2 37,987,427 201,600 100.800 302,400 8.400 36|
4,536 161 322 38,101,560 9,072 0.30% 4,200 1,351,560 2 37,987,427 201,600 100,800 302,400 8,400 36
4,536 322 644 38,101,560 9,072 0.30% 4,200 2,703,120 2 37,987,427 201,600 100,800 302,400 8,400 36
4,536 805 1,609 38,101,560 9.072 0.30% 4,200 6,757,800 2 37,987,427 201,600 100.800 302,400 8,400 36
4,536 1,609 3,218 38,101,560 9,072 0.30% 4,200 13,515,600 4 37,873,635 403,200 100,800 504,000 8,400 60
45,359 16 32| 381,015,600 9,072 0.30% 42,000 1,351,560 2 379,874,266 2,016,000 1,008,000 3,024,000 8,400 360
45,359 32 64 381,015,600 9,072 0.30% 42,000 2,703,120 2 379,874,266 2,016,000 1,008,000 3,024,000 8,400 360
45,359 80 161 381,015,600 9,072 0.30% 42,000 6,757,800 2 379,874,266 2,016,000 1,008,000 3,024,000 8,400 360
45,359 161 322 381,015,600 9,072 0.30% 42,000 13,515,600 2 379,874,266 2,016,000 1,008,000 3,024,000 8,400 360
45,359 322 644 381,015,600 9,072 0.30% 42,000 27,031,200 2 379,874,266 2,016,000 1,008,000 3,024,000 8,400 360
45,359 805 1,609 381,015,600 9,072 0.30% 42,000 67,578,000 2 379,874,266 2,016,000 1,008,000 3,024,000 8,400 360
45,359 1,609 3,218 381,015,600 9,072 0.30% 42,000] 135,156,000 4| 378,736,351 4,032,000 1,008,000 5,040,000 8,400 600




E.4 LIQUID HYDROGEN DELIVERY BY RAIL - Sl Units (Continued)

Production Delivery Distand/ Total Capital Depreciation Annual Freight Total Annual Capital Freight Total Trip Trip Railcar
Rate One-Way Cost Cost Cost Cost Cost Cost Frequency |Length Utilization
(kgrhr) (km) (%) ($1yr) ($/yr) ($1yr) ($/kg) ($/kq) ($/kg) (trips/day) {(hr) (trips/railcar/d)
5 16 $500,000 $33,333 $3,360 $36,693 $0.88 $0.09 $0.97 0.012 72 0.01]
5 32 $500,000 $33.333 $3,360 $36,693 $0.88 $0.09 $0.97 0.012 72 0.01]
5 80 $500,000 $33,333 $3,360 $36,693 $0.88 $0.09 $0.97 0.012 72 0.01]
5 161 $500,000 $33.333 $3,360 $36,693 $0.88 $0.09 $0.97 0.012 72 0.01]
5 322 $500,000 $33,333 $3,360 $36,693 $0.88 $0.09 $0.97 0.012 72 0.01]
5 805 $500,000 $33,333 $3,360 $36,693 $0.88 $0.09 $0.97 0.012 72 0.01]
5 1,609 $500,000 $33,333 $3,360 $36,693 $0.88 $0.09 $0.97 0.012 120 0.01]
45 16 $500,000 $33.333 $33.600 $66,933 $0.09 $0.09 $0.18 0.12 72 0.12
45 32 $500,000 $33,333 $33,600 $66,933 $0.09 $0.09 $0.18 0.12 72 0.12
45 80 $500,000 $33.333 $33.600 $66,933 $0.09 $0.09 $0.18 0.12 72 0.12
45 161 $500,000 $33,333 $33,600 $66,933 $0.09 $0.09 $0.18 0.12 72 0.12
45 322 $500,000 $33,333 $33,600 $66,933 $0.09 $0.09 $0.18 0.12 72 0.12
45 805 $500,000 $33,333 $33,600 $66,933 $0.09 $0.09 $0.18 0.12 72 0.12
45 1,609 $500,000 $33,333 $33,600 $66,933 $0.09 $0.09 $0.18 0.12 120 0.12
454 16 $2,000,000 $133,333 $336,000 $469,333 $0.04 $0.09 $0.12 1.2 72 0.30
454 32 $2,000,000 $133,333 $336,000 $469,333 $0.04 $0.09 $0.12 1.2 72 0.30
454 80 $2,000,000 $133,333 $336,000 $469,333 $0.04 $0.09 $0.12 1.2 72 0.30
454 161 $2,000,000 $133,333 $336,000 $469,333 $0.04 $0.09 $0.12 1.2 72 0.30
454 322 $2,000,000 $133,333 $336,000 $469,333 $0.04 $0.09 $0.12 1.2 72 0.30
454 805 $2,000,000 $133,333 $336,000 $469,333 $0.04 $0.09 $0.12 1.2 72 0.30
454 1,609 $3,000,000 $200,000 $336,000 $536,000 $0.05 $0.09 $0.14 1.2 120 0.20
4,536 16 $18,000,000 $1,200,000 $3,360,000 $4,560,000 $0.03 $0.09 $0.12 12 72 0.33
4,536 32 $18,000,000 $1,200,000 $3,360,000 $4,560,000 $0.03 $0.09 $0.12 12 72 0.33
4,536 80 $18,000,000 $1,200,000 $3,360,000 $4,560,000 $0.03 $0.09 $0.12 12 72 0.33
4,536 161 $18,000,000 $1,200,000 $3,360,000 $4,560,000 $0.03 $0.09 $0.12 12 72 0.33
4,536 322 $18,000,000 $1,200,000 $3,360,000 $4,560,000 $0.03 $0.09 $0.12 12 72 0.33
4,536 805 $18,000,000 $1,200,000 $3,360,000 $4,560,000 $0.03 $0.09 $0.12 12 72 0.33
4536 1,609 $30.000.000 $2.000,000 $3,360.000 $5.360,000 $0.05 $0.09 $0.14 12 120 0.20
45,359 16 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.03 $0.09 $0.12 120 72 0.33
45,359 32 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.03 $0.09 $0.12 120 72 0.33
45,359 80 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.03 $0.09 $0.12 120 72 0.33
45,359 161 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.03 $0.09 $0.12 120 72 0.33
45,359 322 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.03 $0.09 $0.12 120 72 0.33
45,359 805 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.03 $0.09 $0.12 120 72 0.33
45,359 1,609 $300,000,000 $20,000,000 $33,600,000 $53,600,000 $0.05 $0.09 $0.14 120 120 0.20




E.4 LIQUID HYlDROGEN DELIVERY BY RAIL - English Units
Rail Ligquid Tank= $400,000] per tank
Rail Undercarriage= $100,000| per trailer
Rail Tank Capacity= 20,000/ Ib/truck
Rail Boil-Off Rate= 0.30% per day
Rail Average Speed= 25|mph
Rail Load/Unload Time= 24| hritrip
Rail Car Availability= 24| hr/day
Rail Freight=__| $400.00] per rail car
Operating Days/Year= 350|days/yr
Railcar Depreciation= 15|years
Production Delivery Distance [Distance Annual Railcar Boil-Off Rate| Number Total Transit Quantity after _|Total Transit | Total Load/ Total Delivery _|Railcar Railcars
Rate One-Way Two-Way Production Capacity of Trips Miles Time Boil-Off Time Unload Time Time Availability |Required
(Ib/hr) (miles) (miles/trip) (Ib/yr) (Ib/truck) (%/d) (trips/yr) (miles/yr) (d/trip) (Ib/yr) (hrlyr) (hrlyr) (hrlyr) (hrlyr)
10 10 20 84,000 20,000 0.30% 4 84 2 83,748 202 101 302 8,400 1
10 20 40 84,000 20,000 0.30% 4 168 2 83,748 202 101 302 8,400, 1]
10 50 100 84,000 20,000 0.30% 4 420 2 83,748 202 101] 302 8,400 1]
10 100 200 84,000 20,000 0.30% 4 840 2 83,748 202 101 302 8,400 1]
10 200 400 84,000 20,000 0.30% 4 1,680 2 83,748 202 101 302 8,400 1
10 500 1,000 84,000 20,000 0.30% 4 4,200 2 83,748 202 101 302 8,400 1]
10 1.000 2.000 84,000 20,000 0.30% 4 8.400 4 83.498 403 101 504 8.400 1]
100 10 20 840,000 20.000 0.30% 42 840 2 837.484 2,016 1,008 3.024 8.400 1
100 20 40 840,000 20,000 0.30% 42 1,680 2 837.484] 2,016 1.008] 3.024 8.400 1
100 50 100 840,000 20,000 0.30% 42 4,200 2 837,484 2,016 1,008 3,024 8,400 1]
100 100 200 840,000 20,000 0.30% 42 8,400 2 837,484 2,016 1,008 3,024 8,400 1]
100, 200 400 840,000 20,000 0.30% 42 16,800 2 837,484 2,016 1,008 3,024 8,400 1
100, 500 1,000 840,000 20,000 0.30% 42 42,000 2 837,484 2,016 1,008 3,024 8,400 1
100 1,000 2,000 840,000 20,000 0.30% 42 84,000 4 834,975 4,032 1,008 5,040 8,400 1]
1,000 10 20 8,400,000 20,000 0.30% 420 8,400 2 8,374,838 20,160 10,080 30,240 8,400 4
1,000 20 40 8,400,000 20,000 0.30% 420 16,800 2 8,374,838 20,160 10,080 30,240 8,400 4
1,000 50 100 8,400,000 20,000 0.30% 420 42,000 2 8,374,838 20,160 10,080 30,240 8,400 4
1,000 100 200 8,400,000 20,000 0.30% 420 84,000 2 8,374,838 20,160 10,080 30,240 8,400 4
1,000 200 400 8,400,000 20,000 0.30% 420 168,000 2 8,374,838 20,160 10,080 30,240 8,400 4
1,000 500 1,000 8,400,000 20,000 0.30% 420 420,000 2 8,374,838 20,160 10,080 30,240 8,400 4
1,000 1,000 2,000 8,400,000 20,000 0.30% 420 840,000 4 8,349,751 40,320 10,080 50,400 8,400 6
10,000 10 20 84,000,000 20,000 0.30% 4,200 84,000 2 83,748,378 201,600 100,800 302,400 8,400 36
10,000 20 40 84,000,000 20,000 0.30% 4,200 168,000 2 83,748,378 201,600 100,800 302,400 8,400 36
10,000 50 100, 84,000,000 20,000 0.30% 4,200 420,000 2 83,748,378 201,600 100,800 302,400 8,400 36
10,000 100 200 84,000,000 20,000 0.30% 4,200 840,000 2 83,748,378 201,600 100,800 302,400 8,400 36
10,000 200 400 84,000,000 20,000 0.30% 4,200 1,680,000 2 83,748,378 201,600 100,800 302,400 8,400 36
10,000 500 1,000 84,000,000 20,000 0.30% 4,200 4,200,000 2 83,748,378 201,600 100,800 302,400 8,400 36
10,000 1,000 2,000 84,000,000 20,000 0.30% 4,200 8,400,000 4 83,497,509 403,200 100,800 504,000 8,400 60
100,000 10 20| 840,000,000 20,000 0.30% 42,000 840.000) 2| 837483776 2.016.000 1,008,000 3,024,000 8.400) 360
100.000 20 40{ 840.000.000 20,000 0.30% 42,000 1,680,000 2| 837483776 2,016,000 1,008,000 3,024,000 8,400 360
100,000 50 100 840,000,000 20.000 0.30% 42.000 4.200.000 2 837,483,776 2,016,000 1.008.000 3.024.000 8.400 360
100,000 100 200 840,000,000 20.000 0.30% 42,000 8,400,000 2 837,483,776 2,016,000 1,008,000 3.024.000 8.400 360}
100,000 200 400| 840,000,000 20,000 0.30% 42,000 16,800,000, 2| 837,483,776 2,016,000 1,008,000 3,024,000 8,400, 360
100,000 500 1,000{ 840,000.000 20,000 0.30% 42,000 42,000,000 2| 837.483.776 2,016,000 1,008,000 3,024,000 8.400 360
100,000 1,000 2,000] 840,000,000 20,000 0.30% 42,000 84,000,000 4] 834,975,090 4,032,000 1,008,000 5,040,000 8,400 600




E.4 LIQUID HY|

DROGEN DELIVER

Y BY RAIL - English Units (Continued)

Production Delivery Distance [Total Capital Depreciation Annual Freight Total Annual Capital Freight Total Trip Trip Railcar
Rate One-Way Cost Cost Cost Cost Cost Cost Frequency |[Length Utilization
(Ib/hr) (miles) ($) ($yr) ($1vr) ($yr) ($/1b) ($/1b) ($/1b) (trips/day) _{(hr) (trips/railcar/d)
10 10 $500.000 $33.333 $3.360 $36.693 $0.40 $0.04 $0.44 0.012 72 0.01
10 20 $500,000 $33,333 $3,360 $36,693 $0.40 $0.04 $0.44] 0.012 72 0.01
10 50 $500.000 $33.333 $3.360 $36.693 $0.40 $0.04 $0.44 0.012 72 0.01
10 100 $500,000 $33,333 $3,360 $36,693 $0.40 $0.04 $0.44] 0.012 72 0.01
10 200 $500,000 $33,333 $3,360 $36,693 $0.40 $0.04 $0.44 0.012 72 0.01
10 500 $500,000 $33,333 $3,360 $36,693 $0.40 $0.04] $0.44 0.012 72 0.01
10 1,000, $500,000 $33,333 $3,360 $36,693 $0.40 $0.04 $0.44 0.012 120) 0.01
100 10 $500,000 $33,333 $33,600 $66,933 $0.04 $0.04] $0.08 0.12 72 0.12
100 20 $500,000 $33,333 $33,600 $66,933 $0.04; $0.04 $0.08] 0.12 72 0.12
100 50 $500,000 $33,333 $33,600 $66,933 $0.04 $0.04] $0.08 0.12 72 0.12
100 100 $500,000 $33,333 $33,600 $66,933 $0.04; $0.04 $0.08] 0.12 72 0.12
100 200 $500,000 $33,333 $33,600 $66,933 $0.04 $0.04] $0.08 0.12 72 0.12
100 500 $500,000 $33,333 $33,600 $66,933 $0.04; $0.04 $0.08] 0.12 72 0.12
100 1,000 $500,000 $33,333 $33,600 $66,933 $0.04 $0.04] $0.08 0.12 120 0.12
1,000 10 $2,000,000 $133,333 $336,000 $469,333 $0.02 $0.04 $0.06 1.2 72 0.30
1,000 20 $2,000,000] $133,333 $336,000 $469,333 $0.02 $0.04] $0.06 1.2 72 0.30
1,000 50 $2,000,000 $133,333 $336,000 $469,333 $0.02 $0.04 $0.06 1.2 72 0.30
1,000 100, $2,000,000] $133,333 $336,000 $469,333 $0.02 $0.04] $0.06 1.2 72 0.30
1,000 200 $2,000,000 $133,333 $336,000 $469,333 $0.02 $0.04 $0.06 1.2 72 0.30
1,000 500 $2,000,000] $133,333 $336,000 $469,333 $0.02 $0.04] $0.06 1.2 72 0.30
1,000 1,000 $3,000,000 $200,000 $336,000 $536,000 $0.02 $0.04 $0.06 1.2 120) 0.20
10,000 10 $18,000,000 $1,200,000| $3,360,000] $4,560,000| $0.01 $0.04] $0.05 12 72 0.33
10,000 20 $18,000,000 $1,200,000 $3,360,000 $4,560,000 $0.01 $0.04 $0.05] 12 72 0.33
10,000 50 $18,000,000 $1,200,000| $3,360,000] $4,560,000| $0.01 $0.04] $0.05 12 72 0.33
10,000 100, $18,000,000 $1,200,000 $3,360,000 $4,560,000 $0.01 $0.04 $0.05] 12 72 0.33
10,000 200 $18,000,000 $1,200,000| $3,360,000] $4,560,000| $0.01 $0.04] $0.05 12 72 0.33
10,000 500 $18,000,000 $1,200,000 $3,360,000 $4,560,000 $0.01 $0.04 $0.05] 12 72 0.33
10,000 1,000 $30,000,000 $2,000,000| $3,360,000] $5,360,000 $0.02 $0.04] $0.06 12 120 0.20
100,000 10 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.01 $0.04 $0.05] 120 72 0.33
100,000 20 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.01 $0.04] $0.05 120 72 0.33
100,000 50 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.01 $0.04 $0.05] 120 72 0.33
100,000 100, $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.01 $0.04] $0.05 120 72 0.33
100,000 200 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.01 $0.04 $0.05] 120 72 0.33
100,000 500 $180,000,000 $12,000,000 $33,600,000 $45,600,000 $0.01 $0.04] $0.05 120 72 0.33
100,000 1,000 $300,000,000 $20,000,000 $33,600,000 $53,600,000 $0.02 $0.04 $0.06] 120 120§ 0.20




E.5 LIQUID HYDROGEN DELIVERY BY SHIP - S| Units

Ship Liquid Tank= $350,000] per container
Ship Liquid Capacity= 4,082]|kg/tank
Ship Boil-Off Rate= 0.30%|per day
Ship Average Speed= 16|km/hr
Ship Load/Unload Time= 48| hr/trip
Ship Tank Availability= 24| hr/day
Shipping Charge= $3,000] per container
Operating Days/Year= 350|days/yr
Trailer/Tank Depreciation= 6|years
Production Delivery Distance |Distance Annual Tank Boil-Off Rate]Number Total Miles Time per  |Quantity after |Total Transit [Total Load/ Total Delivery JTank Tanks
Rate One-Way Two-Way Production Capacity of Trips Trip Boil-Off Time Unload Time Time Availability |Required
(kg/hr) (km) (km/trip) (kglyr) (kg/tank) (%/d) (trips/yr) (km/yr) (days/trip) _|(kgl/yr) (hriyr) (hrlyr) (hrlyr) (hriyr)
5 16] 32 38,102 4,082 0.30% 9 300 2 37,987 448 448 896 8,400 1
5 32 64 38,102 4,082 0.30% 9 601 2 37,987 448 448 896 8.400 1
5 80| 161 38,102 4,082 0.30% 9 1,502 2 37,987 448 448 896 8,400 1
5 161 322 38,102 4,082 0.30% 9 3,003 2 37,987 448 448 896 8,400 1
5 322 644 38,102 4,082 0.30% 9 6,007 2 37,987 448 448 896 8,400 1
5 805 1,609 38,102 4,082 0.30% 9 15,017, 6 37,760 1,344 448 1,792 8,400 1
5 1,609 3,218 38,102 4,082 0.30% 9 30,035 10 37,534 2,240 448 2,688 8,400 1
45| 16 32 381,016 4,082 0.30% 93 3,003 2 379,874 4,480) 4,480 8,960 8,400 2
45| 32 64| 381,016 4,082 0.30% 93 6,007 2 379,874 4,480 4,480 8,960 8,400 2
45| 80| 161 381,016 4,082 0.30% 93 15,017, 2 379,874 4,480 4,480 8,960 8,400 2
45] 161 322 381,016 4,082 0.30% 93 30,035 2 379,874 4,480 4,480 8,960 8,400 2
45 322 644 381,016 4,082, 0.30% 93 60,069 2 379,874 4,480 4,480 8,960 8,400 2
45| 805 1,609 381,016 4,082 0.30% 93 150,173 6 377,602 13,440 4,480 17,920 8,400 3
45] 1,609 3,218 381,016 4,082 0.30% 93 300,347 10 375,343 22,400 4,480 26,880 8,400 4
454 16 32 3,810,156 4,082 0.30% 933 30,035 2 3,798,743 44,800 44,800 89,600 8,400 11]
454 32 64| 3,810,156 4,082 0.30% 933 60,069 2 3,798,743 44,800 44,800 89,600 8,400 11
454 80| 161 3,810,156 4,082 0.30% 933 150,173 2 3,798,743 44,800 44,800 89,600 8,400 11
454 161 322 3,810,156 4,082 0.30% 933 300,347 2 3,798,743 44,800 44,800 89,600 8,400 11
454 322 644 3,810,156 4,082, 0.30% 933 600,693 2 3,798,743 44,800 44,800 89,600 8,400 11]
454 805 1,609 3,810,156 4,082 0.30% 933 1,501,733 6 3,776,018 134,400 44,800 179,200 8,400 22
454 1,609 3,218 3,810,156 4,082 0.30% 933 3,003,467 10 3,753,430 224,000 44,800 268,800 8,400 32]
4,536 16 32 38,101,560 4,082 0.30% 9,333 300,347 2 37,987,427, 448,000 448,000 896,000 8,400 107
4,536 32| 64 38,101,560 4,082 0.30% 9,333 600,693 2 37,987,427 448,000 448,000 896,000 8,400 107
4,536 80| 161 38,101,560 4,082 0.30% 9,333 1,501,733 2 37,987,427 448,000 448,000 896,000 8,400 107
4,536 161 322 38,101,560 4,082 0.30% 9,333 3,003,467 2 37,987,427 448,000 448,000 896,000 8,400 107
4,536 322 644 38,101,560, 4,082 0.30% 9,333 6,006,933 2 37,987,427 448,000 448,000 896,000 8,400 107
4,536 805 1,609 38,101,560 4,082 0.30% 9,333 15,017,333 6 37,760,184 1,344,000 448,000 1,792,000 8,400 214
4,536 1,609 3,218 38,101,560 4,082 0.30% 9,333 30,034,667 10 37,534,302 2,240,000 448,000 2,688,000 8,400 320
45,359 16 32 381,015,600 4,082 0.30% 93,333 3,003,467 2 379,874,266 4,480,000 4,480,000 8,960,000 8,400 1,067
45,359 32 64 381,015,600 4,082 0.30% 93,333 6,006,933 2| 379,874,266 4,480,000 4,480,000 8,960,000 8,400 1,067
45,359 80| 161 381,015,600 4,082 0.30% 93,333 15,017,333, 2| 379,874,266 4,480,000 4,480,000 8,960,000 8,400 1,067
45,359 161 322 381,015,600 4,082 0.30% 93,333 30,034,667 2 379,874,266 4,480,000 4,480,000 8,960,000 8,400 1,067
45,359 322 644| 381,015,600 4,082 0.30% 93,333 60,069,333 2| 379,874,266 4,480,000 4,480,000 8,960,000 8,400 1,067
45,359 805 1,609 381,015,600 4,082 0.30% 93,333] 150,173,333 6] 377,601,845 13,440,000 4,480,000 17,920,000 8,400 2,134
45,359 1,609 3,218 381,015,600 4,082 0.30% 93,333 300,346,667 10 375,343,017 22,400,000 4,480,000 26,880,000 8,400 3,200




E.5 LIQUID HYDROGEN DELIVERY BY SHIP - Sl Units (Continued)

Production Delivery Distand/ Total Capital Depreciation Annual Freight Total Annual Capital Freight Total Trip Trip Tank
Rate One-Way Cost Cost Cost Cost Cost Cost Frequency |Length Utilization
(kgrhr) (km) (%) ($1yr) ($/yr) ($1yr) ($/kg) ($/kq) ($/kg) (trips/day) {(hours) (trips/tank/d)
5 16 $350,000 $58,333 $56,000 $114,333 $1.54 $1.47 $3.01 0.03 96 0.03
5 32 $350,000 $58.333 $56,000 $114,333 $1.54 $1.47 $3.01 0.03 96 0.03
5 80 $350,000 $58,333 $56,000 $114,333 $1.54 $1.47 $3.01 0.03 96 0.03
5 161 $350,000 $58.333 $56,000 $114,333 $1.54 $1.47 $3.01 0.03 96 0.03
5 322 $350,000 $58,333 $56,000 $114,333 $1.54 $1.47 $3.01 0.03 96 0.03
5 805 $350,000 $58,333 $56,000 $114,333 $1.54 $1.48 $3.03 0.03 192 0.03
5 1,609 $350,000 $58,333 $56,000 $114,333 $1.55 $1.49 $3.05 0.03 288 0.03
45 16 $700.000 $116.667 $560.000 $676.667 $0.31 $1.47 $1.78 0.27 96 0.13
45 32 $700,000 $116,667 $560,000 $676,667 $0.31 $1.47 $1.78 0.27 96 0.13
45 80 $700,000 $116,667 $560,000 $676.667 $0.31 $1.47 $1.78 0.27 96 0.13
45 161 $700,000 $116,667 $560,000 $676,667 $0.31 $1.47 $1.78 0.27 96 0.13
45 322 $700,000 $116,667 $560,000 $676,667 $0.31 $1.47 $1.78 0.27 96 0.13
45 805 $1,050,000 $175,000 $560,000 $735,000 $0.46 $1.48 $1.95 0.27 192 0.09
45 1,609 $1,400,000 $233,333 $560,000 $793,333 $0.62 $1.49 $2.11 0.27 288 0.07
454 16 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.17 $1.47 $1.64 2.67 96 0.24
454 32 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.17 $1.47 $1.64 2.67, 96 0.24
454 80 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.17 $1.47 $1.64 2.67 96 0.24
454 161 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.17 $1.47 $1.64 2.67, 96 0.24
454 322 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.17 $1.47 $1.64 2.67 96 0.24
454 805 $7,700,000 $1,283,333 $5,600,000 $6,883,333 $0.34 $1.48 $1.82 2.67, 192 0.12
454 1,609 $11,200,000 $1,866,667 $5,600,000 $7,466,667 $0.50 $1.49 $1.99 2.67 288 0.08
4,536 16 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.16 $1.47 $1.64 26.67 96 0.25
4,536 32 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.16 $1.47 $1.64 26.67 96 0.25
4,536 80 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.16 $1.47 $1.64 26.67 96 0.25
4,536 161 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.16 $1.47 $1.64 26.67 96 0.25
4,536 322 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.16 $1.47 $1.64 26.67 96 0.25
4,536 805 $74,900,000 $12,483,333 $56,000,000 $68,483,333 $0.33 $1.48 $1.81 26.67 192 0.12]
45,359 1,609 $112.000,000 $18.666.667 $56.000,000 $74.666.667 $0.50 $1.49 $1.99 26.67 288 0.08
45,359 16 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.16 $1.47 $1.64 266.67 96 0.25
45,359 32 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.16 $1.47 $1.64 266.67 96 0.25
45,359 80 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.16 $1.47 $1.64 266.67 96 0.25
45,359 161 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.16 $1.47 $1.64 266.67 96 0.25
45,359 322 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.16 $1.47 $1.64 266.67 96 0.25
45,359 805 $746,900,000 $124,483,333 $560,000,000 $684,483,333 $0.33 $1.48 $1.81 266.67 192 0.12
45,359 1,609 $1,120,000,000 $186,666,667 $560,000,000 $746,666,667 $0.50 $1.49 $1.99 266.67 288 0.08




E.5 LIQUID HYDROGEN DELIVERY BY SHIP - English Units

Ship Liquid Tank= $350,000] per container
Ship Liquid Capacity= 9,000]Ib/tank
Ship Boil-Off Rate= 0.30%| per day
Ship Average Speed= 10|{mph
Ship Load/Unload Time= 48|hr/trip
Ship Tank Availability= 24|hr/day
Shipping Charge= $3,000|per container
Operating Days/Year= 350|days/yr
Trailer/Tank Depreciation= 6|years
Production Delivery Distance |Distance Annual Tank Boil-Off RatdNumber Total Miles Time per Quantity after |Total Transit _[Total Load/ Total Delivery _|Tank Tanks
Rate One-Way Two-Way Production Capacity of Trips Trip Boil-Off Time Unload Time Time Availability |Required
(Ib/hr) (miles) (miles/trip) (Ib/yr) (Ib/tank) (%/d) (trips/yr) (miles/yr) (days/trip) | (Ib/yr) (hriyr) (hrlyr) (hr/yr) (hrlyr)
10 10 20 84,000 9,000 0.30% 9 187 2 83,748 448 448 896 8,400, 1
10 20 40 84,000 9.000 0.30% 9 373 2 83,748 448 448 896 8.400 1]
10 50 100 84,000 9,000 0.30% 9 933 2 83,748 448 448 896 8,400 1]
10 100 200 84,000 9,000 0.30% 9 1,867 2 83,748 448 448 896 8,400 1
10 200 400 84,000 9.000 0.30% 9 3,733 2 83,748 448 448 896 8,400 1]
10 500 1,000 84,000 9,000 0.30% 9 9,333 6 83,247 1,344 448 1,792 8,400 1]
10 1,000 2,000 84,000 9,000 0.30% 9 18,667 10 82,749 2,240 448 2,688 8,400 1
100 10 20 840,000 9,000 0.30% 93 1,867 2 837,484 4,480 4,480 8,960 8,400 2
100 20 40 840,000 9,000 0.30% 93 3,733 2 837,484 4,480 4,480 8,960 8,400 2
100 50 100 840,000 9,000 0.30% 93 9,333 2 837,484 4,480 4,480 8,960 8,400 2
100 100 200 840,000 9,000 0.30% 93 18,667 2 837,484 4,480 4,480 8,960 8,400 2|
100 200 400 840,000 9,000 0.30% 93 37,333 2 837,484 4,480 4,480 8,960 8,400 2|
100 500 1,000 840,000 9,000 0.30% 93 93,333 6 832,474 13,440 4,480 17,920 8,400 3
100 1,000 2,000 840,000 9,000 0.30% 93 186,667 10 827,494 22,400 4,480 26,880 8,400 4
1,000 10 20 8,400,000 9,000 0.30% 933 18,667 2 8,374,838 44,800 44,800 89,600 8,400, 11
1,000 20 40 8,400,000 9,000 0.30% 933 37,333 2 8,374,838 44,800 44,800 89,600 8,400 11
1,000 50 100 8,400,000 9,000 0.30% 933 93,333 2 8,374,838 44,800 44,800 89,600 8,400 11
1,000 100 200 8,400,000 9,000 0.30% 933 186,667 2 8,374,838 44,800 44,800 89,600 8,400 11
1,000 200 400 8,400,000 9,000, 0.30% 933 373,333 2 8,374,838 44,800 44,800 89,600 8,400, 11
1,000 500 1,000 8,400,000 9,000 0.30% 933 933,333 6 8,324,739 134,400 44,800 179,200 8,400 22|
1,000 1,000 2,000 8,400,000 9,000 0.30% 933 1,866,667 10 8,274,940 224,000 44,800 268,800 8,400 32
10,000 10 20 84,000,000 9,000 0.30% 9,333 186,667 2 83,748,378, 448,000 448,000 896,000 8,400 107
10,000 20 40 84,000,000 9,000 0.30% 9,333 373,333 2 83,748,378 448,000 448,000 896,000 8,400 107
10,000 50 100 84,000,000 9,000 0.30% 9,333 933,333 2 83,748,378 448,000 448,000 896,000 8,400 107
10,000 100 200 84,000,000 9,000 0.30% 9,333 1,866,667 2 83,748,378 448,000 448,000 896,000 8,400 107
10,000 200 400 84,000,000 9,000 0.30% 9,333 3,733,333 2 83,748,378 448,000 448,000 896,000, 8,400, 107
10,000 500 1,000 84,000,000 9,000 0.30% 9,333 9,333,333 6 83,247,392 1,344,000 448,000 1,792,000 8,400 214
10,000 1,000 2,000 84,000,000 9,000 0.30% 9,333 18,666,667 10 82,749,403 2,240,000 448,000 2,688,000 8,400 320
100,000 10 20 840,000,000 9,000 0.30% 93,333 1,866,667 2 837,483,776 4,480,000 4,480,000 8,960,000 8,400 1,067
100,000 20 40 840,000,000 9,000 0.30% 93,333 3,733,333 2 837,483,776 4,480,000 4,480,000 8,960,000 8,400 1,067
100,000 50 100 840,000,000 9,000 0.30% 93,333 9,333,333] 2 837,483,776 4,480,000 4,480,000 8,960,000 8,400 1,067
100,000 100 200 840,000,000 9,000 0.30% 93,333 18,666,667 2 837,483,776 4,480,000 4,480,000 8,960,000 8,400 1,067
100,000 200 400 840,000,000 9,000 0.30% 93,333 37,333,333 2 837,483,776 4,480,000 4,480,000 8,960,000 8,400, 1,067
100,000 500 1,000 840,000,000 9,000 0.30% 93,333 93,333,333 6 832,473,918 13,440,000 4,480,000 17,920,000 8,400 2,134
100,000 1,000 2,000 840,000,000 9,000 0.30% 93,333 186,666,667 10 827,494,029 22,400,000 4,480,000 26,880,000 8,400 3,200




E.5 LIQUID HYDROGEN DELIVERY BY SHIP - En

glish Units (Continued)

Production Delivery Distand/ Total Capital Depreciation Annual Freight Total Annual Capital Freight Total Trip Trip Tank
Rate One-Way Cost Cost Cost Cost Cost Cost Frequency |Length Utilization
(Ib/hr) (miles) ($) ($/yr) ($lyr) ($lyr) ($/1b) ($/1b) ($/1b) (trips/day) |[(hours) (trips/tank/d)
10 10 $350,000 $58,333 $56,000 $114,333 $0.70 $0.67 $1.37 0.03 96 0.03
10 20 $350,000 $58.333 $56,000 $114,333 $0.70 $0.67 $1.37 0.03 96 0.03
10 50 $350,000 $58,333 $56,000 $114,333 $0.70 $0.67 $1.37 0.03 96 0.03
10 100 $350,000 $58.333 $56,000 $114,333 $0.70 $0.67 $1.37 0.03 96 0.03
10 200 $350,000 $58,333 $56,000 $114,333 $0.70 $0.67 $1.37 0.03 96 0.03
10 500 $350,000 $58,333 $56,000 $114,333 $0.70 $0.67 $1.37 0.03 192 0.03
10 1,000 $350,000 $58,333 $56,000 $114,333 $0.70 $0.68 $1.38 0.03 288 0.03
100 10 $700.000 $116.667 $560.000 $676.667 $0.14 $0.67 $0.81 0.27 96 0.13
100 20 $700,000 $116,667 $560,000 $676,667 $0.14 $0.67 $0.81 0.27 96 0.13
100 50 $700,000 $116,667 $560,000 $676.667 $0.14 $0.67 $0.81 0.27 96 0.13
100 100 $700,000 $116,667 $560,000 $676,667 $0.14 $0.67 $0.81 0.27 96 0.13
100 200 $700,000 $116,667 $560,000 $676,667 $0.14 $0.67 $0.81 0.27 96 0.13
100 500 $1,050,000 $175,000 $560,000 $735,000 $0.21 $0.67 $0.88 0.27 192 0.09
100 1,000 $1,400,000 $233,333 $560,000 $793,333 $0.28 $0.68 $0.96 0.27 288 0.07
1,000 10 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.08 $0.67 $0.75 2.67, 96 0.24
1,000 20 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.08 $0.67 $0.75 2.67, 96 0.24
1,000 50 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.08 $0.67 $0.75 2.67, 96 0.24
1,000 100 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.08 $0.67 $0.75 2.67, 96 0.24
1,000 200 $3,850,000 $641,667 $5,600,000 $6,241,667 $0.08 $0.67 $0.75 2.67, 96 0.24
1,000 500 $7,700,000 $1,283,333 $5,600,000 $6,883,333 $0.15 $0.67 $0.83 2.67, 192 0.12
1,000 1,000 $11,200,000 $1,866,667 $5,600,000 $7,466,667 $0.23 $0.68 $0.90 2.67 288 0.08
10,000 10 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.07 $0.67 $0.74 26.67 96 0.25
10,000 20 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.07 $0.67 $0.74 26.67 96 0.25
10,000 50 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.07 $0.67 $0.74 26.67 96 0.25
10,000 100 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.07 $0.67 $0.74 26.67 96 0.25
10,000 200 $37,450,000 $6,241,667 $56,000,000 $62,241,667 $0.07 $0.67 $0.74 26.67 96 0.25
10,000 500 $74,900,000 $12,483,333 $56,000,000 $68,483,333 $0.15 $0.67 $0.82 26.67 192 0.12]
100,000 1,000 $112.000,000 $18.666.667 $56.000,000 $74.666.667 $0.23 $0.68 $0.90 26.67 288 0.08
100,000 10 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.07 $0.67 $0.74 266.67 96 0.25
100,000 20 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.07 $0.67 $0.74 266.67 96 0.25
100,000 50 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.07 $0.67 $0.74 266.67 96 0.25
100,000 100 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.07 $0.67 $0.74 266.67 96 0.25
100,000 200 $373,450,000 $62,241,667 $560,000,000 $622,241,667 $0.07 $0.67 $0.74 266.67 96 0.25
100,000 500 $746,900,000 $124,483,333 $560,000,000 $684,483,333 $0.15 $0.67 $0.82 266.67 192 0.12
100,000 1,000 $1,120,000,000 $186,666,667 $560,000,000 $746,666,667 $0.23 $0.68 $0.90 266.67 288 0.08




E.6 METAL HYDRIDE TRANSPORT BY TRUCK - S| Units I
Truck Hydride Container= $2.205|per ka hydroge
Truck Undercarriage= $60,000|per trailer
Truck Cab= | $90,000|per cab
Truck Hydride Capacity= 454]ka/truck
Truck Mileage=[ 6|mpa
Truck Average Speed= 80|km/hr
Hours/Driver= 12]hr/driver
Truck Load/Unload Time= 2]hr/trip
Truck Availability= 24|hr/day
Driver Wage w/ Benefits= $28.75[per hour
Diesel Price= $1.00]per gal
Operating Days/Year= 350]days/vr
Trailer/Tank Depreciation= 6lvears
Tractor Depreciation= 4lyears
Production Delivery Distance |Delivery Distanc|Annual Truck Number Total Miles Time per Total Drive Total Load/ Total Delivery | Truck Trucks Driver Drivers Annual
Rate One-Way Two-Way Production Capacity. of Trips Driven Trip Time Unload Time __[Time Availability _JRequired Availability |Required Fuel Use |
(karhr) (km) (km/trip) (kalyr) (ka/truck) |(trips/yr) (km/yr) (hr/trip) (hriyr) (hriyr) (hriyr) (hriyr) (hriyr) (gallyr)
5 16 32 38,102 454 84 2,703 1 84 168 252 8.400 1 4,200 1 280
5 32 64 38,102 454 84 5,406 1 84 168, 252 8,400 1 4,200 1 560
5 80 161 38,102 454 84 13516 2 168 168| 336 8.400 1 4,200 1 1,400
5] 161 322 38102 454 84 27,031 4 336 168 504 8.400] 1] 4.200] 1 2.800
5] 322 644 38,102 454 84 54,062 8 672 168 840 8,400 1] 4,200] 1 5,600
5 805 1,609 38,102 454 84 135,156 20 1,680 168 1,848 8.400 1 4,200 1 14,000
5 1,609 3,218 38,102 454 84 270,312 40 3,360 168, 3,528 8,400 1 4,200 1 28,000
45 16 32 381,016 454 840 27,031 1 840 1,680 2,520 8.400 1 4,200 1 2,800
45 32 64 381,016 454 840 54,062 1 840 1,680 2,520 8,400 1] 4,200] 1 5,600
45 80 161 381,016 454 840 135,156 2 1,680 1,680 3.360 8.400) 1 4,200 1 14,000
45 161 322 381,016 454 840 270,312 4 3.360 1,680 5,040 8.400 1 4,200 2 28.000
45 322 644 381,016 454 840 540,624 8 6,720 1,680 8,400 8,400 1 4,200 2 56,000
45 805 1,609 381.016] 454 840 1,351,560 20 16.800 1,680 18,480 8.400 3 4,200 5 140,000
45 1,609 3.218 381,016 454 840 2,703,120 40 33,600 1,680 35,280 8,400 5] 4,200] 9 280,000
454 16 32 3,810,156 454 8,400 270,312 1 8,400 16.800 25.200 8.400] 3] 4.200] 6 28,000
454 32 64 3,810,156 454 8,400 540,624 1 8,400 16,800 25,200 8,400 3] 4,200] 6 56,000
454 80 161 3,810,156 454 8.400 1,351,560 2 16.800 16.800 33.600 8.400 4 4,200 8 140.000]
454 161 322 3,810,156 454 8.400 2,703,120 4 33,600 16,800 50,400 8.400 6 4,200 12 280,000
454 322 644 3,810,156 454 8,400 5,406,240 8 67,200 16,800 84,000 8,400 10 4,200] 20 560,000
454 805 1,609 3,810,156 454 8,400 13,515,600 20 168.000 16.800 184,800 8,400 22 4.200] 44 1.400.000
454 1,609 3,218 3,810,156 454 8,400 27,031,200 40 336,000, 16,800 352,800 8,400 42 4,200] 84 2,800,000
4,536 16 32 38,101,560 454 84,000 2.703.120 1 84,000 168,000 252,000 8.400 30 4,200 60 280,000
4,536 32 64 38,101,560 454 84,000 5,406,240 1 84,000 168,000 252,000 8,400 30 4,200 60 560,000
4,536 80 161 38,101,560 454 84.000 13,515,600 2 168,000 168,000 336.000 8,400 40 4.200] 80 1.400.000
4,536 161 322 38,101,560 454 84.000 27,031,200 4 336,000, 168,000 504,000 8,400 60 4.200] 120 2.800.000
4,536 322 644 38,101,560 454 84,000 54,062,400 8 672,000, 168,000 840,000 8,400 100] 4,200] 200 5,600,000
4,536 805 1,609 38,101,560 454 84,000 135,156,000 20 1,680.000 168.000| 1,848,000 8.400 220 4,200 440 14,000,000
4,536 1,609 3,218 38,101,560 454 84,000 270,312,000 40 3,360,000 168,000 3,528,000 8,400 420] 4,200 840 28,000,000
45,359 16 32] 381,015.600) 454 840,000, 27,031,200 1 840,000 1,680,000 2,520,000 8.400! 300] 4.200] 600 2.800.000
45,359 32 64| 381,015,600 454 840,000, 54,062,400 1 840,000, 1,680,000 2,520,000 8,400 300] 4,200] 600 5,600,000
45,359 80 161 381.015.600) 454 840,000 135.156.000 2 1.680.000 1.680.000 3.360.000 8.400 400 4,200 800, 14,000,000
45,359 161 322 381,015,600 454 840.000] 270,312,000 4 3,360,000 1,680,000 5,040,000 8.400 600 4,200 1,200 28,000,000
45359 322 644 381.015.600) 454 840,000 540.624.000 8 6.720.000 1,680,000 8.400.000 8.400 1.000] 4.200 2.000 56,000,000
45,359 805 1,609 381.015.600 454 840,000] 1.351.560.000 20 16,800,000 1,680,000 18.480,000 8,400 2,200 4.200] 4.400] 140.000.000
45,359 1,609 3.218| 381,015,600 454 840,000] 2,703,120,000 40 33,600,000 1,680,000 35,280,000 8,400 4,200 4,200] 8.400] 280,000,000




E.6 METAL HYDRIDE TRANSPORT BY TRUCK - SI Units (Continued)
Production Delivery Distanc|Total Capital Depreciation Annual Annual Labor Total Annual Capital Fuel Labor Total Trip Trip Truck
Rate One-Way Cost Fuel Cost Cost Cost Cost Cost Cost Cost Frequency |JLength Utilization
(kg/hr) (km) ($) ($/yr) ($/yr) ($ryr) ($lyr) ($/kg) ($/kg) ($/kg) ($/kg) (trips/day) J(Hours) (Trips/truck/day)
5 16 $1,150,000 $199,167 $280) $7,245 $1,157,525 $5.23 $0.01 $0.19 $30.38 0.24 3 0.24
5 32 $1,150,000 $199,167 $560] $7,245 $206,972 $5.23] $0.01, $0.19 $5.43 0.24 3 0.24
5 80 $1,150,000 $199,167 $1,400 $9,660 $210,227 $5.23] $0.04 $0.25 $5.52 0.24 4 0.24
5 161 $1,150,000 $199,167 $2,800 $14,490 $216,457 $5.23 $0.07 $0.38 $5.68 0.24 6 0.24
5 322 $1,150,000 $199,167 $5,600 $24,150 $228,917 $5.23 $0.15 $0.63 $6.01 0.24 10 0.24
5 805 $1,150,000 $199,167 $14,000 $53,130 $266,297 $5.23] $0.37, $1.39 $6.99 0.24 22 0.24
5 1,609 $1,150,000 $199,167 $28,000 $101,430 $328,597 $5.23 $0.73 $2.66) $8.62 0.24 42 0.24
45 16 $1,150,000 $199,167 $2,800 $72,450 $274,417 $0.52 $0.01 $0.19 $0.72 2.4 3 2.40
45 32 $1,150,000 $199,167 $5,600 $72,450 $277,217 $0.52 $0.01 $0.19 $0.73 2.4 3 2.40
45 80 $1,150,000 $199,167 $14,000 $96,600 $309,767 $0.52] $0.04 $0.25 $0.81, 2.4 4 2.40
45 161 $1,150,000 $199,167 $28,000 $144,900 $372,067 $0.52 $0.07 $0.38 $0.98 2.4 6 2.40
45 322 $1,150,000 $199,167 $56,000 $241,500 $496,667 $0.52 $0.15 $0.63 $1.30 2.4 10 2.40
45 805 $3,450,000 $597,500 $140,000 $531,300 $1,268,800 $1.57] $0.37, $1.39 $3.33 2.4 22 0.80
45 1,609 $5,750,000 $995,833 $280,000 $1,014,300 $2,290,133 $2.61 $0.73 $2.66) $6.01) 2.4 42 0.48
454 16 $3,450,000 $597,500 $28,000 $724,500 $1,350,000 $0.16 $0.01 $0.19 $0.35 24 3 8.00
454 32 $3,450,000 $597,500 $56,000 $724,500 $1,378,000 $0.16 $0.01 $0.19 $0.36 24 3 8.00
454 80 $4,600,000 $796,667 $140,000 $966,000 $1,902,667 $0.21] $0.04 $0.25 $0.50 24 4 6.00
454 161 $6,900,000 $1,195,000 $280,000 $1,449,000 $2,924,000 $0.31 $0.07 $0.38 $0.77, 24 6 4.00
454 322 $11,500,000 $1,991,667 $560,000 $2,415,000 $4,966,667 $0.52 $0.15 $0.63 $1.30 24 10 2.40
454 805 $25,300,000 $4,381,667 $1,400,000 $5,313,000 $11,094,667 $1.15 $0.37 $1.39 $2.91 24 22 1.09
454 1,609 $48,300,000 $8,365,000 $2,800,000 $10,143,000 $21,308,000 $2.20| $0.73 $2.66] $5.59 24 42 0.57
4,536 16 $34,500,000 $5,975,000 $280,000 $7,245,000 $13,500,000, $0.16 $0.01 $0.19 $0.35 240 3 8.00
4.536 32 $34.500.000 $5.975.000 $560.000 $7.245.000 $13.780.000 $0.16 $0.01 $0.19 $0.36 240 3 8.00
4,536 80 $46,000,000, $7,966,667 $1,400,000 $9,660,000 $19,026,667 $0.21] $0.04 $0.25 $0.50 240 4 6.00
4,536 161 $69,000,000 $11,950,000 $2,800,000 $14,490,000 $29,240,000, $0.31 $0.07 $0.38 $0.77, 240 6 4.00
4,536 322 $115,000,000 $19,916,667 $5,600,000 $24,150,000 $49,666,667 $0.52 $0.15 $0.63 $1.30 240 10 2.40
4,536 805 $253,000,000 $43,816,667 $14,000,000 $53,130,000 $110,946,667 $1.15 $0.37 $1.39 $2.91 240 22 1.09
4,536 1,609 $483,000,000 $83,650,000 $28,000,000 $101,430,000 $213,080,000 $2.20| $0.73 $2.69 $5.59 240 42 0.57
45,359 16 $345,000,000 $59,750,000, $2,800,000 $72,450,000, $135,000,000 $0.16 $0.01 $0.19 $0.35 2400 3 8.00
45,359 32 $345,000,000 $59,750,000 $5,600,000 $72,450,000 $137,800,000 $0.16 $0.01 $0.19 $0.36 2400 3 8.00
45,359 80 $460,000,000 $79,666,667 $14,000,000 $96,600,000 $190,266,667 $0.21 $0.04 $0.25 $0.50 2400 4 6.00
45,359 161 $690,000,000 $119,500,000 $28,000,000 $144,900,000 $292,400,000 $0.31] $0.07, $0.39] $0.77, 2400 6 4.00
45,359 322| $1,150,000,000 $199,166,667 $56,000,000 $241,500,000 $496,666,667 $0.52 $0.15 $0.63 $1.30 2400 10 2.40
45,359 805| $2,530,000,000 $438,166,667 $140,000,000 $531,300,000 $1,109,466,667 $1.15 $0.37, $1.39 $2.91 2400 22 1.09
45,359 1,609 $4,830,000,000 $836,500,000 $280,000,000 $1,014,300,000 $2,130,800,000 $2.20| $0.73 $2.69 $5.59 2400 42 0.57




E.6 METAL HYDRIDE TRANSPORT BY TRUCK - English Units
Truck Hydride Container= $1,000(per Ib hydrogen
Truck Undercarriage= $60,000] per trailer
Truck Cab= $90,000[per cab
Truck Hydride Capacity= 1,000 [Ib/truck
Truck Mileage=] 6[mpg
Truck Average Speed= 50| mph
Hours/Driver= 12[hr/driver
Truck Load/Unload Time= 2| hritrip
Truck Availability= 24|hr/day
Driver Wage w/ Benefits= $28.75|per hour
Diesel Price= | $1.00]|per gal
Operating Days/Year= 350[days/yr
Trailer/Tank Depreciation= 6|years
Tractor Depreciation= 4lyears
Production Delivery Distance |Delivery DistancjAnnual Truck Number Total Miles Time per Total Drive Total Load/ Total Delivery |Truck Trucks Driver Drivers Annual
Rate One-Way Two-Way Production Capacity of Trips Driven Trip Time Unload Time  [Time Availability JRequired Availability |Required Fuel Use
(Ib/hr) (miles) (miles/trip) (Ib/yr) (Ib/truck) (trips/yr) (miles/yr) (hr/trip) (hrlyr) (hrlyr) (hrlyr) (hr/yr) (hr/yr) (qallyr)
10 10 20 84,000 1,000 84 1,680 1 84 168 252 8,400 1 ] 1
10 20 20 84,000 1,000 84 3,360 T 84 169 252 8,400 7] 4.200 1 560
10 50 100 84,000 1,000 84 8,400 2 168 169 336 8,400 1] 4.200) 1 1,400
0 100 200 84,000 1,000 8% 16,800 7] 336 168 504 8,400 2200 1 2800
10 200 400 84,000 1,000 84 33,600 B 672 16| 840 8,400 2200 1 5 600
0 500 1,000 84,000 7,000 84 84,000 20 1,680 168_| 1,848 8,400 1] 2.200 1 14,000
10 1,000] 2,000 84,000 1,000 84 168,000 20 3,360 169 3,528 8,400 7] 4.200 1 28.000
100 10 20 840,000 1,000 840 16,800 1 840 1,680 2,520 8,400 1| 4,200 1 2,800
100 20 70 840,000 1,000 840 33,600 T 840 1,680 2,520 8,400 2200 1 5.600
100 50 100) 840,000 1,000 840 84,000 2) 1,680 1,680 3,360 8,400 4200 1 14.000
100 100 200 840,000 7,000 840 168,000 7 3,360 1,680 5,040 8,400 1] 2.200 2 28,000
100| 200 200 840,000 1,000 840 336,000 E 6,720 1,680 8,400 8,400 7] 4.200 2 56.000
100| 500] 1,000 840,000 1,000 840 840,000 20 16,800 1,680 18,480 8,400 3 4.200) 5 140.000)
100 7,000 2,000 840,000 1,000 840 1,680,000 70 33,600 1,680 35,280 8,400 o 2200 9 280.000)
1,000 10 20 8,400,000 1,000 8,400 168,000 T 8,400 16,800 25,200 8,400 3 2.200 5 28,000
1,000 20 70 8,400,000 7,000 8,400 336,000 T 8,400 16,800 25,200 8,400 3 4.200 5 56.000
1,000 50 100 8,400,000 1,000 8,400 840,000 2 16,800 16,800 33,600 8,400 4 4,200 8 140,000
1,000 100 200 8,400,000 1,000 8,400 1,680,000 4 33,600 16,800 50,400 8,400 6 4,200 12 280,000
1,000 200 200 8,400,000 1,000 8,400 3,360,000 B 67,200 16,800 84,000 8,400 10 2200 20 560.000)
1,000 500 17,000 8,400,000 1,000 8,400 8,400,000 20 168,000 16,800 184,800) 8,400 22 2.200 a4 1,400,000
1,000 1,000 2,000 8,400,000 1,000 8,400 16,800,000 40 336,000 16,800 352,800 8,400 42 4.200 84 2.800.000
10,000 10 20 84,000,000 1,000 84,000 1,680,000 1 84,000 168,000 252,000 8,400 30 4,200 60 280.000)
10,000 20 20 84,000,000 1,000 84,000 3,360,000 T 84,000 168,000 252,000 8,400 30 4.200) 60 560,000
10,000 50 100} 84,000,000 1,000 84,000 8,400,000 2 168,000 168,000 336,000 8,400 40 4.200) 80 1.400.000
10,000 100 200] 84,000,000 1,000 84,000 16,800,000 7 336,000 168,000 504,000 8,400 50 2.200 120 2.800,000)
10,000 200 700] 84,000,000 7,000 84,000 33,600,000 B 672,000 168,000 840,000 8,400 100 4.200 200) 5.600.000
10,000 500) 1,000 84,000,000 1,000 84,000 84,000,000 20 1,680,000 168,000 1,848,000 8,400 220 4.200 440 14.000.000
10,000 1,000 2,000 84,000,000 1,000 84,000] 168,000,000 20 3,360,000 168,000 3,528,000 8,400 4201 4.200) 840] 28,000,000
100,000 10 20| 840,000,000 1,000 840,000 16,800,000 T 840,000} 1,680,000 2,520,000 8,400 300 2200 500) 2 800.000
100,000 20 20] 840,000,000 1,000 840,000 33,600,000 T 840,000} 1,680,000 2,520,000 8,400 300 2.200 6500) 5,600,000
100,000 50 T00] 840,000,000 7,000 840,000 84,000,000 7] 1,680,000 1,680,000 3,360,000 8,400 400 4.200 800] _ 14.000.000
100,000 100 200] 840,000,000 1,000 840,000 168,000,000 7 3,360,000 1,680,000 5,040,000 8,400 600 4,200) 1,200 28,000,000
100,000 200 400 840,000,000 1,000 840,000 336,000,000 §| 6,720,000 1,680,000 8,400,000 8,400 1,000} 4.200) 2.000 56.000.000
100,000 500 1,000] 840,000,000 1,000 840,000] 840,000,000 20| 16,800,000 1,680,000 18,480,000 8,400 2 200! 4.200) 4.400] _ 140.000.001
100,000 17,000 2,000] 840,000,000 7,000 840,000| 1,680,000,000 20| 33,600,000 1,680,000 35,280,000 8,400 4.200 4.200 8.400]_ 280.000.000)




E.6 METAL HYDRIDE TRANSPORT BY TRUCK -English Units (Continued)
Production Delivery Distanc|Total Capital Depreciation Annual Annual Labor Total Annual Capital Fuel Labor Total Trip Trip Truck
Rate One-Way Cost Fuel Cost Cost Cost Cost Cost Cost Cost Frequency |JLength Utilization
(Ib/hr) (miles) ($) ($/yr) ($/yr) ($ryr) ($lyr) ($/b) ($/1b) ($/Ib) ($/1b) (trips/day) J(Hours) (Trips/truck/day)
10 10 $1,150,000 $199,167 $280) $7,245 $1,157,525 $2.37 $0.00 $0.09 $13.78 0.24 3 0.24
10 20 $1,150,000 $199,167 $560] $7,245 $206,972 $2.37] $0.01, $0.09 $2.46 0.24 3 0.24
10 50 $1,150,000 $199,167 $1,400 $9,660 $210,227 $2.37] $0.02 $0.12) $2.50 0.24 4 0.24
10 100 $1,150,000 $199,167 $2,800 $14,490 $216,457 $2.37 $0.03 $0.17] $2.58 0.24 6 0.24
10 200 $1,150,000 $199,167 $5,600 $24,150 $228,917 $2.37 $0.07 $0.29 $2.73 0.24 10 0.24
10 500 $1,150,000 $199,167 $14,000 $53,130 $266,297 $2.37] $0.17, $0.63] $3.17, 0.24 22 0.24
10 1,000 $1,150,000 $199,167 $28,000 $101,430 $328,597 $2.37 $0.33 $1.21] $3.91) 0.24 42 0.24
100 10 $1,150,000 $199,167 $2,800 $72,450 $274,417 $0.24 $0.00 $0.09 $0.33 2.4 3 2.40
100 20 $1,150,000 $199,167 $5,600 $72,450 $277,217 $0.24 $0.01 $0.09 $0.33 2.4 3 2.40
100 50 $1,150,000 $199,167 $14,000 $96,600 $309,767 $0.24 $0.02 $0.124 $0.37, 2.4 4 2.40
100 100 $1,150,000 $199,167 $28,000 $144,900 $372,067 $0.24 $0.03 $0.17] $0.44) 2.4 6 2.40
100 200 $1,150,000 $199,167 $56,000 $241,500 $496,667 $0.24 $0.07 $0.29 $0.59 2.4 10 2.40
100 500 $3,450,000 $597,500 $140,000 $531,300 $1,268,800 $0.71] $0.17, $0.63 $1.51 2.4 22 0.80
100 1,000 $5,750,000 $995,833 $280,000 $1,014,300 $2,290,133 $1.19 $0.33 $1.21] $2.73 2.4 42 0.48
1,000 10 $3,450,000 $597,500 $28,000 $724,500 $1,350,000 $0.07 $0.00 $0.09 $0.16 24 3 8.00
1,000 20 $3,450,000 $597,500 $56,000 $724,500 $1,378,000 $0.07 $0.01 $0.09 $0.16 24 3 8.00
1,000 50 $4,600,000 $796,667 $140,000 $966,000 $1,902,667 $0.09| $0.02 $0.12] $0.23 24 4 6.00
1,000 100 $6,900,000 $1,195,000 $280,000 $1,449,000 $2,924,000 $0.14 $0.03 $0.17] $0.35 24 6 4.00
1,000 200 $11,500,000 $1,991,667 $560,000 $2,415,000 $4,966,667 $0.24 $0.07 $0.29 $0.59 24 10 2.40
1,000 500 $25,300,000 $4,381,667 $1,400,000 $5,313,000 $11,094,667 $0.52 $0.17 $0.63 $1.32 24 22 1.09
1,000 1,000 $48,300,000 $8,365,000 $2,800,000 $10,143,000 $21,308,000 $1.00| $0.33 $1.21 $2.54 24 42 0.57
10,000 10 $34,500,000 $5,975,000 $280,000 $7,245,000 $13,500,000, $0.07 $0.00 $0.09 $0.16 240 3 8.00
10,000 20 $34.500.000 $5.975.000 $560.000 $7.245.000 $13.780.000 $0.07 $0.01 $0.09 $0.16 240 3 8.00
10,000 50 $46,000,000, $7,966,667 $1,400,000 $9,660,000 $19,026,667 $0.09] $0.02 $0.12] $0.23 240 4 6.00
10,000 100 $69,000,000, $11,950,000, $2,800,000 $14,490,000 $29,240,000 $0.14 $0.03 $0.17] $0.35 240 6 4.00
10,000 200 $115,000,000 $19,916,667 $5,600,000 $24,150,000 $49,666,667 $0.24 $0.07 $0.29 $0.59 240 10 2.40
10,000 500 $253,000,000 $43,816,667 $14,000,000 $53,130,000 $110,946,667 $0.52 $0.17 $0.63 $1.32 240 22 1.09
10,000 1,000 $483,000,000 $83,650,000 $28,000,000 $101,430,000 $213,080,000 $1.00| $0.33 $1.2 $2.54 240 42 0.57
100,000 10 $345,000,000 $59,750,000, $2,800,000 $72,450,000, $135,000,000 $0.07 $0.00 $0.09 $0.16 2400 3 8.00
100,000 20 $345,000,000 $59,750,000 $5,600,000 $72,450,000 $137,800,000 $0.07 $0.01 $0.09 $0.16 2400 3 8.00
100,000 50 $460,000,000 $79,666,667 $14,000,000 $96,600,000 $190,266,667 $0.09 $0.02 $0.12) $0.23 2400 4 6.00
100,000 100 $690,000,000 $119,500,000 $28,000,000 $144,900,000 $292,400,000 $0.14 $0.03 $0.17] $0.35 2400 6 4.00
100,000 200 $1,150,000,000 $199,166,667 $56,000,000 $241,500,000 $496,666,667 $0.24 $0.07 $0.29 $0.59 2400 10 2.40
100,000 500| $2,530,000,000 $438,166,667 $140,000,000 $531,300,000 $1,109,466,667 $0.52 $0.17, $0.63 $1.32 2400 22 1.09
100,000 1,000 $4,830,000,000 $836,500,000 $280,000,000 $1,014,300,000 $2,130,800,000 $1.00| $0.33 $1.2] $2.54 2400 42 0.57




E.7 METAL HYlDRIDE TRANSPORT BY RAIL - Sl Units
Rail Hydride Container= $2,205|per kg hydrogen
Rail Undercarriage= $100,000] per rail car
Rail Hydride Capacity= 907|kg/truck
Rail Average Speed= 40{km/hr
Rail Load/Unload Time= 24|hritrip
Rail Car Availability= 24| hr/day
Rail Freight= $400.00] per rail car
Operating Days/Year= 350/davs/vr
Railcar Depreciation= 15|yvears
Production Delivery Distance [Distance Annual Railcar Number Total Miles Time per _|Total Transit _ {Total Load/ Total Delivery |Railcar Railcars
Rate One-Way Two-Way Production Capacity of Trips Trip Time Unload Time Time Availability |Required
(kg/hr) (km) (km/trip) (kglyr) (kg/truck) |(trips/yr) (km/yr) (d/trip) (hr/yr) (hriyr) (hriyr) (hrlyr)
5 16 32 38.102 907 2 1,352 2 2,016 1,008 3.024 8.400 1
5 32 64 38,102 907 42 2,703 2 2,016 1,008 3,024 8,400 1
5 80 161 38.102 907 42 6.758 2 2,016 1,008 3.024 8.400 1
5 161 322 38,102 907 42 13,516 2 2,016 1,008 3,024 8,400 1
5 322 644 38,102 907 42 27,031 2 2,016 1.008 3.024) 8.400 1
5 805, 1,609 38,102 907 42 67,578 2 2,016 1.008 3.024] 8.400 1
5 1.609 3,218 38.102 907 42 135,156 4 4,032 1.008 5.040 8.400 1
45 16 32 381.016 907 420 13,516 2 20,160 10,080 30,240 8.400 4
45 32 64 381,016 907 420 27,031 2 20,160 10,080 30,240 8,400 4
45 80 161 381,016 907 420, 67,578 2 20,160 10,080 30,240 8,400 4
45 161 322 381,016 907 420 135,156 2 20,160 10,080 30.240 8.400 4
45 322 644 381,016 907 420, 270,312 2 20,160 10,080 30,240 8,400 4
45 805, 1,609 381,016 907 420 675,780 2 20,160 10,080 30.240 8.400 4
45 1,609 3,218 381,016 907 420, 1,351,560 4 40,320 10,080 50,400 8,400 6
454 16 32 3.810.156 907 4,200 135,156 2 201,600 100,800 302,400 8.400 36
454 32 64 3,810,156 907 4,200 270312 2 201,600 100,800 302,400 8.400 36
454 80 161 3,810,156 907 4,200 675.780 2 201,600 100,800 302.400 8.400 36
454 161 322 3,810,156 907 4,200 1,351,560 2 201,600 100.800 302,400 8.400 36
454 322 644 3,810,156 907 4,200 2,703,120 2 201,600 100,800 302,400 8,400 36
454 805, 1,609 3,810,156 907 4,200 6,757,800 2 201,600 100,800 302,400 8,400 36
454 1,609 3,218 3,810,156 907 4,200 13,515,600 4 403,200 100,800 504,000 8,400 60
4,536 16 32 38,101,560 907 42,000 1,351,560 2 2,016,000 1,008,000 3,024,000 8,400 360
4,536 32 64 38,101,560 907 42,000 2,703,120 2 2,016,000 1,008,000 3,024,000 8,400 360
4,536 80 161 38,101,560 907 42,000 6,757,800 2 2,016,000 1,008,000 3,024,000 8,400 360
4,536 161 322 38,101,560 907 42,000 13,515,600 2 2,016,000 1,008,000 3,024,000 8,400 360
4,536 322 644 38,101,560 907 42.000 27.031.200 2 2,016,000 1.008,000 3.024.000 8.400 360
4,536 805 1,609 38,101,560 907 42,000 67,578,000 2 2,016,000 1,008,000 3,024,000 8.400 360
45,359 1.609 3.218[ 381,015.600 907 420.000] 1.351.560.000 4 40.320.000 10.080.000 50,400,000 8.400 6.000]
45,359 16 32| 381,015,600 907 420,000 13,515,600 2 20,160,000 10,080,000 30,240,000 8,400 3,600
45,359 32 64| 381,015,600 907 420,000 27,031,200 2 20,160,000 10,080,000 30,240,000 8,400 3,600
45,359 80 161] 381,015,600 907 420,000 67,578,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
45,359 161 322| 381,015,600 907 420,000| 135,156,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
45,359 322 644| 381,015,600 907 420,000 270,312,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
45,359 805, 1,609 381,015,600 907 420,000| 675,780,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
45,359 1,609 3,218| 381,015,600 907 420,000] 1,351,560,000 4 40,320,000 10,080,000 50,400,000 8,400 6,000




E.7 METAL HYDRIDE TRANSPORT BY RAIL - Sl Units (Continued)

Production Delivery Distan|Total Capital Depreciation Annual Freight Total Annual Freight Capital Total Trip Trip Railcar
Rate One-Way Cost Cost Cost Cost Cost Cost Frequency |Length Utilization
(kg/hr) (km) ($) ($/yr) ($lyr) ($lyr) ($/kg) ($/kg) ($/kg) (trips/day) |[(hours) (trips/railcar/d)
5 16 $2,100,000 $140,000 $33,600 $173,600 $0.88 $3.67 $4.56 0.12 72 0.12
5 32 $2,100,000 $140,000 $33.600 $173,600 $0.88 $3.67 $4.56 0.12 72 0.12
5 80 $2,100,000 $140,000 $33,600 $173,600 $0.88 $3.67 $4.56 0.12 72 0.12
5 161 $2,100,000 $140,000 $33.600 $173,600 $0.88 $3.67 $4.56 0.12 72 0.12
5 322 $2,100,000 $140,000 $33,600 $173,600 $0.88 $3.67 $4.56 0.12 72 0.12
5 805 $2,100,000 $140,000 $33,600 $173,600 $0.88 $3.67 $4.56 0.12 72 0.12
5 1,609 $2,100,000 $140,000 $33,600 $173,600 $0.88 $3.67 $4.56 0.12 120 0.12
45 16 $8.400,000 $560,000 $336.000 $896.000 $0.88 $1.47 $2.35 1.2 72 0.30
45 32 $8,400,000 $560,000 $336,000 $896,000 $0.88 $1.47 $2.35 1.2 72 0.30
45 80 $8,400,000 $560,000 $336.000 $896.000 $0.88 $1.47 $2.35 1.2 72 0.30
45 161 $8,400,000 $560,000 $336,000 $896,000 $0.88 $1.47 $2.35 1.2 72 0.30
45 322 $8,400,000 $560,000 $336,000 $896,000 $0.88 $1.47 $2.35 1.2 72 0.30
45 805 $8,400,000 $560,000 $336,000 $896,000 $0.88 $1.47 $2.35 1.2 72 0.30
45 1,609 $12,600,000 $840,000 $336,000 $1,176,000 $0.88 $2.20 $3.09 1.2 120 0.20
454 16 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.88 $1.32 $2.20 12 72 0.33
454 32 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.88 $1.32 $2.20 12 72 0.33
454 80 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.88 $1.32 $2.20 12 72 0.33
454 161 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.88 $1.32 $2.20 12 72 0.33
454 322 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.88 $1.32 $2.20 12 72 0.33
454 805 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.88 $1.32 $2.20 12 72 0.33
454 1,609 $126,000,000 $8,400,000 $3,360,000 $11,760,000 $0.88 $2.20 $3.09 12 120 0.20]
4,536 16 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.88 $1.32 $2.20 120 72 0.33
4,536 32 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.88 $1.32 $2.20 120 72 0.33
4,536 80 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.88 $1.32 $2.20 120 72 0.33
4,536 161 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.88 $1.32 $2.20 120 72 0.33
4,536 322 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.88 $1.32 $2.20 120 72 0.33
4,536 805 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.88 $1.32 $2.20 120 72 0.33
45,359 1,609| $12.600.000.000] $840.,000,000 $336.000,000( $1.176.000,000 $0.88 $2.20 $3.09 1200 120 0.20
45,359 16| $7.560.000,000 $504,000,000 $336.000,000 $840,000,000 $0.88 $1.32 $2.20 1200 72 0.33
45,359 32| $7,560,000,000 $504,000,000 $336,000,000 $840,000,000 $0.88 $1.32 $2.20 1200 72 0.33
45,359 80| $7.560,000,000 $504,000,000 $336.000,000 $840,000,000 $0.88 $1.32 $2.20 1200 72 0.33
45,359 161) $7,560,000,000 $504,000,000 $336,000,000 $840,000,000 $0.88 $1.32 $2.20 1200 72 0.33
45,359 322| $7,560,000,000 $504,000,000 $336,000,000 $840,000,000 $0.88 $1.32 $2.20 1200 72 0.33
45,359 805/ $7,560,000,000 $504,000,000 $336,000,000 $840,000,000 $0.88 $1.32 $2.20 1200 72 0.33
45,359 1,609| $12,600,000,000) $840,000,000 $336,000,000] $1,176,000,000 $0.88 $2.20 $3.09 1200 120 0.20




E.7 METAL HYlDRIDE TRANSPORT BY RAIL - English Units
Rail Hydride Container= $1,000{per Ib hydrogen

Rail Undercarriage= $100,000] per rail car
Rail Hydride Capacity= 2,000{Ib/truck
Rail Average Speed= 25|mph
Rail Load/Unload Time= 24|hritrip
Rail Car Availability= 24| hr/day
Rail Freight= $400.00] per rail car
Operating Days/Year= 350/davs/vr
Railcar Depreciation= 15|yvears
Production Delivery Distance [Distance Annual Railcar Number Total Miles Time per _|Total Transit _ {Total Load/ Total Delivery |Railcar Railcars
Rate One-Way Two-Way Production Capacity of Trips Trip Time Unload Time Time Availability |Required
(Ib/hr) (miles) (miles/trip) (Ibfyr) (Ib/truck) (trips/yr) (miles/yr) (d/trip) (hr/yr) (hriyr) (hriyr) (hrlyr)
10 10 20 84,000 2,000 42 840 2 2,016 1,008 3.024 8.400 1
10 20 40 84,000 2,000 42 1,680 2 2,016 1,008 3,024 8,400 1
10 50 100 84,000 2,000 42 4,200 2 2,016 1,008 3.024 8.400 1
10 100 200 84,000 2,000 42 8,400 2 2,016 1,008 3,024 8,400 1
10 200 400 84,000 2.000 42 16.800 2 2.016) 1.008 3.024) 8.400 1
10 500 1.000 84,000 2.000 42 42,000 2 2.016) 1.008 3.024] 8.400 1
10 1.000 2.000 84,000 2.000 42 84,000 4 4,032 1.008 5.040 8.400 1
100 10 20 840,000 2.000 420 8.400 2 20,160 10,080 30,240 8.400 4
100 20 40 840,000 2,000 420 16,800 2 20,160 10,080 30,240 8,400 4
100 50 100 840,000 2,000 420, 42,000 2 20,160 10,080 30,240 8,400 4
100 100 200 840,000 2,000 420 84,000 2 20,160 10,080 30.240 8.400 4
100 200 400 840,000 2,000 420, 168,000 2 20,160 10,080 30,240 8,400 4
100 500 1,000, 840,000 2,000 420 420,000 2 20,160 10,080 30.240 8.400 4
100 1,000, 2,000 840,000 2,000 420, 840,000 4 40,320 10,080 50,400 8,400 6
1,000 10 20 8,400,000 2,000 4,200 84,000 2 201,600 100,800 302,400 8.400 36
1.000] 20 40 8,400,000 2.000 4,200 168,000 2 201,600 100,800 302,400 8.400 36
1.000] 50 100 8.400,000 2.000 4,200 420,000 2 201,600 100,800 302.400 8.400 36
1,000 100 200 8,400,000 2,000 4,200 840,000 2 201,600 100,800 302,400 8.400 36
1,000 200 400 8,400,000 2,000 4,200 1,680,000 2 201,600 100,800 302,400 8,400 36
1,000 500, 1,000, 8,400,000 2,000 4,200 4,200,000 2 201,600 100,800 302,400 8,400 36
1,000 1,000 2,000 8,400,000 2,000 4,200 8,400,000 4 403,200 100,800 504,000 8,400 60
10,000 10 20 84,000,000 2,000 42,000 840,000 2 2,016,000 1,008,000 3,024,000 8,400 360
10,000 20 40 84,000,000 2,000 42,000 1,680,000 2 2,016,000 1,008,000 3,024,000 8,400 360
10,000 50 100 84,000,000 2,000 42,000 4,200,000 2 2,016,000 1,008,000 3,024,000 8,400 360
10,000 100 200 84,000,000 2,000 42,000 8,400,000 2 2,016,000 1,008,000 3,024,000 8,400 360
10.000 200 400 84.000.000 2.000 42.000 16.800.000 2 2,016,000 1.008,000 3.024.000 8.400 360
10,000 500 1,000 84,000,000 2,000 42,000 42,000,000 2 2,016,000 1,008,000 3,024,000 8.400 360
100.000 1.000 2.000{ 840.000.000 2.000 420.000| 840,000,000 4 40.320.000 10.080.000 50,400,000 8.400 6.000]
100,000 10 20| 840,000,000 2,000 420,000 8,400,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
100,000 20 40{ 840,000,000 2,000 420,000 16,800,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
100,000 50 100{ 840,000,000 2,000 420,000 42,000,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
100,000 100 200] 840,000,000 2,000 420,000 84,000,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
100,000 200 400] 840,000,000 2,000 420,000 168,000,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
100,000 500 1,000, 840,000,000 2,000 420,000| 420,000,000 2 20,160,000 10,080,000 30,240,000 8,400 3,600
100,000 1,000 2,000] 840,000,000 2,000 420,000 840,000,000 4 40,320,000 10,080,000 50,400,000 8,400 6,000




E.7 METAL HYDRIDE TRANSPORT BY RAIL - En

glish Units (Continued)

Production Delivery Distan|Total Capital Depreciation Annual Freight Total Annual Freight Capital Total Trip Trip Railcar
Rate One-Way Cost Cost Cost Cost Cost Cost Frequency |Length Utilization
(Ib/hr) (miles) ($) ($/yr) ($lyr) ($lyr) ($/1b) ($/1b) ($/1b) (trips/day) |[(hours) (trips/railcar/d)
10 10 $2,100,000 $140,000 $33,600 $173,600 $0.40 $1.67 $2.07 0.12 72 0.12
10 20 $2,100,000 $140,000 $33.600 $173,600 $0.40 $1.67 $2.07 0.12 72 0.12
10 50 $2,100,000 $140,000 $33,600 $173,600 $0.40 $1.67 $2.07 0.12 72 0.12
10 100 $2,100,000 $140,000 $33.600 $173,600 $0.40 $1.67 $2.07 0.12 72 0.12
10 200 $2,100,000 $140,000 $33,600 $173,600 $0.40 $1.67 $2.07 0.12 72 0.12
10 500 $2,100,000 $140,000 $33,600 $173,600 $0.40 $1.67 $2.07 0.12 72 0.12
10 1,000 $2,100,000 $140,000 $33,600 $173,600 $0.40 $1.67 $2.07 0.12 120 0.12
100 10 $8.400,000 $560,000 $336.000 $896.000 $0.40 $0.67 $1.07 1.2 72 0.30
100 20 $8,400,000 $560,000 $336,000 $896,000 $0.40 $0.67 $1.07 1.2 72 0.30
100 50 $8,400,000 $560,000 $336.000 $896.000 $0.40 $0.67 $1.07 1.2 72 0.30
100 100 $8,400,000 $560,000 $336,000 $896,000 $0.40 $0.67 $1.07 1.2 72 0.30
100 200 $8,400,000 $560,000 $336,000 $896,000 $0.40 $0.67 $1.07 1.2 72 0.30
100 500 $8,400,000 $560,000 $336,000 $896,000 $0.40 $0.67 $1.07 1.2 72 0.30
100 1,000 $12,600,000 $840,000 $336,000 $1,176,000 $0.40 $1.00 $1.40 1.2 120 0.20
1,000 10 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.40 $0.60 $1.00 12 72 0.33
1,000 20 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.40 $0.60 $1.00 12 72 0.33
1,000 50 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.40 $0.60 $1.00 12 72 0.33
1,000 100 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.40 $0.60 $1.00 12 72 0.33
1,000 200 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.40 $0.60 $1.00 12 72 0.33
1,000 500 $75,600,000 $5,040,000 $3,360,000 $8,400,000 $0.40 $0.60 $1.00 12 72 0.33
1,000 1,000 $126,000,000 $8,400,000 $3,360,000 $11,760,000 $0.40 $1.00 $1.40 12 120 0.20]
10,000 10 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.40 $0.60 $1.00 120 72 0.33
10,000 20 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.40 $0.60 $1.00 120 72 0.33
10,000 50 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.40 $0.60 $1.00 120 72 0.33
10,000 100 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.40 $0.60 $1.00 120 72 0.33
10,000 200 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.40 $0.60 $1.00 120 72 0.33
10,000 500 $756,000,000 $50,400,000 $33,600,000 $84,000,000 $0.40 $0.60 $1.00 120 72 0.33
100,000 1,000| $12.600.000.000] $840.,000,000 $336.000,000( $1.176.000,000 $0.40 $1.00 $1.40 1200 120 0.20
100,000 10| $7.560.000,000 $504,000,000 $336.000,000 $840,000,000 $0.40 $0.60 $1.00 1200 72 0.33
100,000 20| $7,560,000,000 $504,000,000 $336,000,000 $840,000,000 $0.40 $0.60 $1.00 1200 72 0.33
100,000 50| $7.560,000,000 $504,000,000 $336.000,000 $840,000,000 $0.40 $0.60 $1.00 1200 72 0.33
100,000 100]  $7,560,000,000 $504,000,000 $336,000,000 $840,000,000 $0.40 $0.60 $1.00 1200 72 0.33
100,000 200] $7,560,000,000 $504,000,000 $336,000,000 $840,000,000 $0.40 $0.60 $1.00 1200 72 0.33
100,000 500/ $7,560,000,000 $504,000,000 $336,000,000 $840,000,000 $0.40 $0.60 $1.00 1200 72 0.33
100,000 1,000] $12,600,000,000] $840,000,000 $336,000,000] $1,176,000,000 $0.40 $1.00 $1.40 1200 120 0.20




E.8 PIPELINE Ii')ELIVERY OF HYDROGEN - Sl Units
Compressor_Capital Cost= $1,000 |per kW
Compressor Size= 4,000 kW
Compressor Pressure= 20|MPa
Comp. Cost Scale-Up= 0.80
Comp. Pressure Scale-Up= 0.18
Pipeline Cost=_] $621.504| per km
Electric Cost=_| $0.05|per kWh
Compressor Power= 2.20{kWh/kg (20 MPa)
Steel Roughness= 4.6E-05[m
Pipe Diameter= | 0.25[m
Temperature=_| 283[K
Delivery Pressure= 2|Mpa
Viscosity= | 8.62E-06[ka/m*s
R (hydrogen)= | 4124]N*m/kg K
Operating Days/Year= 350|days/yr
Pipeline Depreciation= 22|years
Roughness/Diameter= 0.000184
Fanning friction factor, f= 0.005
Pipe Area= 0.049fsq. m
Production Delivery Distance |Annual Flowrate Distance Gas Flux Reynolds __|inlet Compressor | Annual Electric
Rate One-Way Production Number Pressure Size Use
(Ib/hr) (miles) (Ib/yr) (kals) (m) (ka/s*m~2) (MPa) (KW) (kWhiyr)
5 16 38,102 0.001 16,094 0.026 744 2.000 0 0
5 32 38,102 0.001 32,187 0.026 744 2.000 0 0
5 80 38,102 0.001 80,468 0.026 744 2.000 0 0
5 161 38,102 0.001 160,936 0.026 744 2.000 0 0
5 322 38,102 0.001 321,873 0.026 744 2.000 0 0|
5 805 38,102 0.001 804,682 0.026 744 2.000 0 0
5 1,609 38,102 0.001 1,609,364 0.026 744 2.000 0 0
45 16 381,016 0.013 16,094 0.257 7,444 2.000 0 2
45 32 381,016 0.013 32,187 0.257 7,444 2.000 0 4
45 80 381.016 0.013 80.468 0.257 7.444 2.000 0 10
45 16 381,016 0.013 160,936 0.257 7.444 2.000 0 20
45 322 381,016 0.013 321,873 0.257 7,444 2.000 0 39
45 805 381,016 0.013 804,682 0.257 7,444 2.001 0 98
45 1,609 381,016 0.013 1,609,364 0.257 7,444 2.002 0 196
454 16 3,810,156 0.126 16,094 2.567 74,443 2.002 0 1,960
454 32 3,810,156 0.126 32,187 2.567 74,443 2.005 0 3,914
454 80 3,810,156 0.126 80,468 2.567 74,443 2.012 1 9,749
454 161 3,810,156 0.126 160,936 2.567 74,443 2.025 2 19,380
454 32 3,810,156 0.126 321,873 2.567 74,443 2.049 5 38,298
454 805 3,810,156 0.126 804,682 2.567 74,443 2.120 11 92.485)
454 1,609 3,810,156 0.126 1,609,364 2.567 74,443] 2.234 21 175,299
4,536 16 38,101,560 1.260 16,094 25.668 744,430 2.234 209 1,752,985
4,536 32 38,101,560 1.260 32,187 25.668 744,430 2.445 379 3,187,650
4,536 80 38,101,560 1.260 80,468 25.668 744,430 2.992 760 6,384,080
4,536 161 38,101,560 1.260 160,936 25.668| 744,430 3.728 1,175 9,873,834
4,536 322 38,101,560 1.260 321,873 25.668 744,430 4.879 1,683 14,136,965
4,536 805 38,101,560 1.260 804,682 25.668 744,430 7.314 2,447 20,557,833
4536 1,609 38,101,560 1.260 1,609,364 25.668 744 430 10.149| 3.066 25.750.421
45,359 16 381.015.600 12.6001 16.094 256.679| 7,444,299 10.149| 30,655 257.504.206
45,359 32 381,015,600 12.60Q] 32,187 256.679| 7,444,299 14.213 37,011 310,895,909
45,359 80 381,015,600 12.600 80,468 256.679| 7,444,299 22.338 45,546 382,583,212
45,359 161 381,015,600 12.600 160,936 256.679| 7,444,299 31.528 52,049 437,210,943
45,359 322 381,015,600 12.600 321,873 256.679| 7,444,299 44.542 58,571 491,997,371
45,359 805 381,015,600 12.60Q] 804,682 256.679| 7,444,299 70.384 67,207 564,536,199
45,359 1,609 381,015,600 12.600 1,609,364 256.679| 7,444,299 99.518 73,744 619,450,278




E.8 PIPELINE DELIVERY OF HYDROGEN - S| Units (continued)

Production Delivery Distanc| Compressor Pipeline Total Capital Annual Electric Depreciation Total Annual Capital Electric Total Compressor |Pipeline
Rate One-Way Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost
(Ib/hr) (miles) $) ® ® ($lyr) ($1yr) ($1yr) ($/1b) ($/1b) ($/1b) ($/1b) ($/1b)
5 16 0 10,000,000 10,000,000 $0 $454,545 $454,545 $11.93 $0.00 $11.93 $0.00 $11.93
5 32 0 20,000,000 20,000,000 $0 $909,091 $909,091 $23.86 $0.00 $23.86 $0.00 $23.86
5 80 0 50,000,000 50,000,000 $0 $2,272,727 $2,272,727 $59.65 $0.00 $59.65 $0.00 $59.65)
5 161 0 100,000,000 100,000,000 $0 $4,545,455 $4,545,455 $119.30 $0.00 $119.30 $0.00 $119.30
5 322 0 200,000,000 200,000,000 $0 $9,090,909 $9,090,909 $238.60 $0.00 $238.60 $0.00 $238.60
5 805 0 500,000,000 500,000,000 $0 $22,727,273 $22,727,273 $596.49 $0.00 $596.49 $0.00 $596.49
5 1,609 1 1,000,000,000| 1,000,000,001] $0 $45,454,545) $45,454,545] $1,192.98 $0.00] $1,192.98 $0.00| $1,192.98
45 16 4 10,000,000 10,000,004 $0 $454,546 $454,546 $1.19 $0.00 $1.19 $0.00 $1.19
45 32 8 20,000,000 20,000,008 $0 $909,091 $909,091 $2.39 $0.00 $2.39 $0.00 $2.39
45 80 16| 50,000,000 50,000,016 $0 $2,272,728 $2,272,728 $5.96 $0.00 $5.96 $0.00 $5.96
45 161 27 100,000,000 100,000,027, $1 $4,545,456 $4,545,457 $11.93 $0.00 $11.93 $0.00 $11.93
45 322 47 200,000,000 200,000,047 $2 $9,090,911 $9,090,913 $23.86 $0.00 $23.86 $0.00 $23.86
45 805 99 500,000,000 500,000,099 $5 $22,727,277 $22,727,282 $59.65 $0.00 $59.65 $0.00 $59.65
45 1,609 172 1,000,000,000 1,000,000,172] $10 $45,454,553] $45,454,563] $119.30 $0.00 $119.30 $0.00 $119.30
454 16 1,083 10,000,000 10,001,083 $98 $454,595 $454,693 $0.12, $0.00 $0.12] $0.00 $0.12
454 32 1,885 20,000,000 20,001,885 $196 $909,177 $909,372 $0.24 $0.00 $0.24] $0.00 $0.24
454 80 3,914 50,000,000 50,003,914 $487 $2,272,905 $2,273,393 $0.60 $0.00 $0.60 $0.00 $0.60
454 161 6,789 100,000,000 100,006,789 $969 $4,545,763 $4,546,732 $1.19 $0.00 $1.19 $0.00 $1.19
454 322 11,733 200,000,000 200,011,733 $1,915 $9,091,442 $9,093,357 $2.39 $0.00 $2.39) $0.00 $2.39
454 805 23,900 500,000,000 500,023,900 $4,624 $22,728,359 $22,732,983 $5.97 $0.00 $5.97 $0.00 $5.96
454 1,609 40,240 1,000,000,000 1,000,040,240 $8,765 $45,456,375 $45,465,139 $11.93 $0.00 $11.93 $0.00 $11.93
4,536 16 253,895 10,000,000 10,253,895 $87,649 $466,086 $553,735 $0.01, $0.00 $0.01 $0.00 $0.01
4,536 32 416,373 20,000,000 20,416,373 $159,382 $928,017 $1,087,399 $0.02 $0.00 $0.03 $0.00 $0.02
4,536 80 752,568 50,000,000 50,752,568 $319,204 $2,306,935 $2,626,139 $0.06 $0.01 $0.07 $0.00 $0.06
4,536 161 1,109,844 100,000,000 101,109,846 $493,692] $4,595,902 $5,089,594 $0.12 $0.01 $0.13 $0.00 $0.12
4,536 322 1,552,315 200,000,000 201,552,315 $706,848 $9,161,469 $9,868,317 $0.24) $0.02 $0.26] $0.00 $0.24
4,536 805 2,252,872 500,000,000 502,252,872 $1,027,892 $22,829,676 $23,857,568 $0.60 $0.03 $0.63 $0.00 $0.60
4,536 1,609 2,861,447 1,000,000,000, 1,002,861,447 $1,287,521 $45,584,611 $46,872,132 $1.20 $0.03 $1.23 $0.00 $1.19
45,359 16 18,054,508 10,000,000 28,054,508 $12,875,210 $1,275,205 $14,150,415] $0.00 $0.03 $0.04] $0.00 $0.00
45,359 32 22,303,677 20,000,000 42,303,677 $15,544,795, $1,922,894 $17,467,690 $0.01 $0.04 $0.05 $0.00 $0.00
45,359 80 28,563,578 50,000,000 78,563,578 $19,129,161 $3,571,072 $22,700,232 $0.01 $0.05 $0.06 $0.00 $0.01
45,359 161 33,815,859 100,000,000 133,815,859 $21,860,547 $6,082,539 $27,943,086 $0.02 $0.06 $0.07 $0.00 $0.01
45,359 322 39,550,484 200,000,000 239,550,484 $24,599,869 $10,888,658| $35,488,527, $0.03 $0.06 $0.09) $0.00 $0.02
45,359 805 47,940,472 500,000,000 547,940,472 $28,226,810, $24,906,385, $53,133,195, $0.07, $0.07 $0.14] $0.01 $0.06
45,359 1,609 54,958,003 1,000,000,000 1,054,958,003 $30,972,514 $47,952,637 $78,925,150 $0.13 $0.08 $0.21 $0.01 $0.12




E.8 PIPELINE I|:)ELIVERY OF HYDROGEN - English Units
Compressor_Capital Cost= $1,000 |per kW
Compressor Size= 4,000]kW
Compressor Pressure= 20|MPa
Comp. Cost Scale-Up= 0.80
Comp. Pressure Scale-Up= 0.18
Pipeline Cost= $1.000.000|per mile
Electric Cost= $0.05|per kWh
Compressor Power= 1.00{kWh/Ib (20 MPa)
Steel Roughness= 4.6E-05[m
Pipe Diameter=| 0.25[m
Temperature=_| 283[K
Delivery Pressure= 2|Mpa
Viscosity= I 8.62E-06]ka/m*s
R (hvdrogen)= | 4124 N*m/kg K
Operating Days/Year= 350|days/vr
Pipeline Depreciation= 22|years
Roughness/Diameter= 0.000184
Fanning friction factor, f= 0.005
Pipe Area= 0.049|sg. m
Production Delivery Distance |Annual Flowrate Distance Gas Flux Reynolds Inlet Compressor|Annual Electric |
Rate One-Way Production Number Pressure Size Use
(Ib/hr) (miles) (Ib/yr) (kg/s) (m) (kg/s*m”~2) (MPa) (kW) (KWh/yr)
10 10 84,000 0.001 16,094 0.026 744 2.000 0 0|
10 20 84,000 0.001 32,187 0.026 744 2.000 0 0)
10 50 84,000 0.001 80,468 0.026 744 2.000 0 0
10 100 84,000 0.001 160,936 0.026 744 2.000 0 0
10 200 84,000 0.001 321.873 0.026 744 2.000 0 0
10 500 84,000 0.001 804,682 0.026 744 2.000 0 0
10 1.000 84.000 0.001 1.609.364 0.026 744 2.000 0 0
100 10 840,000 0.013 16,094 0.257 7444 2.000 0 2
100 20 840,000 0.013 32,187 0.257 7,444 2.000 0 4
100 50 840,000 0.013 80,468 0.257 7,444 2.000 0 10
100 100 840,000 0.013 160,936 0.257 7.444 2.000 0 20
100 200 840,000 0.013 321,873 0.257 7444 2.000 0 39
100 500 840.000 0.013 804.682 0.257 7.444 2.001 0 98
100 1,000 840.000 0.013 1,609,364 0.257 7,444 2.002 0 196
1,000 10 8,400,000 0.126 16,094 2.567 74,443 2.002 0 1,960
1,000 20 8,400,000 0.126 32,187 2.567 74,443 2.005 0 3914
1,000 50 8,400,000 0.126 80,468 2.567 74,443 2.012 1 9,749
1,000 100 8,400,000 0.126 160,936 2.567 74,443 2.025 2 19,380
1,000 200 8,400,000 0.126 321,873 2.567 74,443 2.049 5 38,298
1,000 500 8,400,000 0.126 804.682 2.567 74,443 2.120 11 92,485
1.000 1.000 8.400.000! 0.126 1.609.364 2.567 74.443 2.234 21 175.299
10.000 10 84,000.000 1.260 16.094 25.668 744,430 2.234 209 1,752,985
10,000 20 84,000,000 1.260 32,187 25.668 744,430 2.445 379 3,187,650
10,000 50 84,000,000 1.260 80,468 25.668 744,430 2.992 760 6,384,080
10,000 100 84,000,000 1.260 160,936 25.668 744,430 3.728 1,175 9,873,834
10,000 200 84,000,000 1.260 321,873 25.668 744,430 4.879 1,683 14,136,965
10,000 500 84,000,000 1.260 804,682 25.668 744,430 7.314 2,447 20,557,833
10,000 1,000 84,000,000 1.260 1,609,364 25.668 744.430 10.149 3,066 25,750,421
100,000 10{ 840,000,000 12.600) 16,094 256.679| 7.444.299 10.149 30.655 257,504,206
100,000 20 840.000.000 12.600 32,187 256.679] 7.444.299 14.213 37,011 310,895,909
100,000 50 840,000,000 12.600| 80,468 256.679| 7,444,299 22.338 45,546 382,583,212
100,000 100 840,000,000 12.600) 160,936 256.679| 7,444,299 31.528 52,049 437,210,943]
100,000 200 840,000,000, 12.600 321,873 256.679| 7,444,299 44.542 58,571 491,997,371
100,000 500 840,000,000, 12.600 804,682 256.679| 7,444,299 70.384 67,207 564,536,199
100,000 1,000 840,000,000 12.60Q 1,609,364 256.679| 7,444,299 99.518 73,744 619,450,278




E.8 PIPELINE DELIVERY OF HYDROGEN - English Units (continued)
Production Delivery Distanc| Compressor Pipeline Total Capital Annual Electric Depreciation Total Annual Capital Electric Total Compressor |Pipeline
Rate One-Way Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost
(Ib/hr) (miles) $) $) ® ($1yn) ($/yr) ($lyr) ($/1b) ($/1b) ($/1b) ($/1b) ($/1b)
10 10 0 10,000,000 10,000,000 $0| $454,545 $454,545 $5.41) $0.00 $5.41 $0.00 $5.41
10 20 0 20,000,000 20,000,000 $0 $909,091 $909,091] $10.82 $0.00 $10.82 $0.00 $10.82
10 50) 0 50,000,000 50,000,000 $0| $2,272,727 $2,272,727 $27.06 $0.00 $27.06 $0.00| $27.06
10 100 0 100,000,000 100,000,000 $0 $4,545,455 $4,545,455 $54.11 $0.00 $54.11 $0.00 $54.11
10 200 0 200,000,000 200,000,000 $0| $9,090,909 $9,090,909 $108.23 $0.00 $108.23 $0.00 $108.23
10 500 0 500,000,000 500,000,000 $0| $22,727,273 $22,727,273 $270.56 $0.00 $270.56 $0.00 $270.56
10 1,000 1 1,000,000,000| 1,000,000,001] $0 $45,454,545 $45,454,545) $541.13 $0.00 $541.13 $0.00| $541.13
100 10 4 10,000,000 10,000,004 $0| $454,546 $454,546 $0.54 $0.00 $0.54] $0.00 $0.54]
100 20 8 20,000,000 20,000,008 $0| $909,091 $909,091] $1.08 $0.00 $1.08 $0.00 $1.08]
100 50 16 50,000,000 50,000,016 $0 $2,272,728 $2,272,728 $2.71 $0.00 $2.71 $0.00 $2.71
100 100 27 100,000,000 100,000,027 $1 $4,545,456 $4,545,457 $5.41 $0.00 $5.41 $0.00| $5.41
100 200 47 200,000,000 200,000,047 $2 $9,090,911 $9,090,913 $10.82 $0.00 $10.82 $0.00 $10.82
100 500 99 500,000,000 500,000,099 $5 $22,727,277 $22,727,282 $27.06 $0.00 $27.06 $0.00 $27.06
100 1,000 172 1,000,000,000 1,000,000,172] $10 $45,454,553 $45,454,563] $54.11 $0.00 $54.11 $0.00| $54.11
1,000 10 1,083 10,000,000 10,001,083 $98 $454,595 $454,693 $0.05 $0.00 $0.05 $0.00 $0.05)
1,000 20 1,885 20,000,000 20,001,885 $196 $909,177 $909,372) $0.11 $0.00 $0.11 $0.00 $0.11]
1,000 50 3,914 50,000,000 50,003,914 $487] $2,272,905 $2,273,393 $0.27 $0.00 $0.27 $0.00 $0.27]
1,000 100 6,789 100,000,000 100,006,789 $969 $4,545,763 $4,546,732 $0.54 $0.00 $0.54] $0.00) $0.54]
1,000 200 11,733 200,000,000 200,011,733 $1,915 $9,091,442 $9,093,357 $1.08 $0.00 $1.08] $0.00 $1.08]
1,000 500 23,900 500,000,000 500,023,900 $4,624 $22,728,359 $22,732,983 $2.71 $0.00 $2.71 $0.00 $2.71]
1,000 1,000 40,240 1,000,000,000 1,000,040,240 $8,765 $45,456,375 $45,465,139 $5.41 $0.00 $5.41 $0.00 $5.41
10,000 10 253,895 10,000,000 10,253,895 $87,649 $466,086 $553,735 $0.01, $0.00 $0.01 $0.00| $0.01
10,000 20 416,373 20,000,000 20,416,373 $159,382) $928,017 $1,087,399 $0.01 $0.00 $0.01 $0.00 $0.01]
10,000 50 752,568 50,000,000 50,752,568 $319,204 $2,306,935 $2,626,139 $0.03 $0.00 $0.03 $0.00 $0.03]
10,000 100 1,109,846 100,000,000 101,109,846 $493,692 $4,595,902 $5,089,594 $0.05 $0.01 $0.06 $0.00| $0.05|
10,000 200 1,552,315 200,000,000 201,552,315 $706,848 $9,161,469 $9,868,317 $0.11) $0.01] $0.12 $0.00 $0.11
10,000 500 2,252,872 500,000,000 502,252,872 $1,027,892 $22,829,676 $23,857,568 $0.27 $0.01 $0.28 $0.00 $0.27]
10,000 1,000 2,861,447 1,000,000,000, 1,002,861,447 $1,287,521 $45,584,611 $46,872,132 $0.54 $0.02 $0.56 $0.00 $0.54]
100,000 10 18,054,508 10,000,000 28,054,508 $12,875,210 $1,275,205 $14,150,415] $0.00 $0.02 $0.02 $0.00) $0.00)
100,000 20 22,303,677 20,000,000 42,303,677 $15,544,795, $1,922,894 $17,467,690 $0.00 $0.02, $0.02] $0.00 $0.00]
100,000 50 28,563,578 50,000,000 78,563,578 $19,129,161 $3,571,072 $22,700,232 $0.00 $0.02 $0.03 $0.00 $0.00]
100,000 100 33,815,859 100,000,000 133,815,859 $21,860,547 $6,082,539 $27,943,086 $0.01 $0.03 $0.03 $0.00 $0.01]
100,000 200 39,550,484 200,000,000 239,550,484 $24,599,869 $10,888,658 $35,488,527, $0.01, $0.03 $0.04 $0.00| $0.01
100,000 500 47,940,472 500,000,000 547,940,472 $28,226,810, $24,906,385, $53,133,195, $0.03 $0.03 $0.06 $0.00 $0.03]
100,000 1,000 54,958,003 1,000,000,000 1,054,958,003 $30,972,514 $47,952,637 $78,925,150 $0.06 $0.04 $0.09] $0.00 $0.05]




APPENDIX F - HYDROGEN STORAGE FIGURES

Appendix F contains figures showing important trends and sensitivity analyses for the storage of
hydrogen. An index for the figuresis included to help find specific information quickly. Most
of the graphs either compare the different storage methods, or show a cost breakdown of the
capital and operating cost contributions for one storage option.



F.0 INDEX TO HYDROGEN STORAGE FIGURES

Figure Method y-axis X-axis Dep. Var. Ind. Var. Flow Time Lines
V) (x) (kg/hr) (days)

1(All Norm Log Cost ($/kg) Flow (kg/hr) 1[Comp

2]All Norm Log Cost ($/kg) Flow (kg/hr) 2|Comp

3]All Norm Log Cost ($/kg) Flow (kg/hr) 7|Comp.

4{All Log Norm Cost ($/kg) Time (d) 5 Comp.

5|All Log Norm Cost ($/kg) Time (d) 450 Comp.

6|All Norm Norm Cost ($/kq) Elec. Cost ($/kWh) 450 1|Comp.

7|GH2 Norm Log Cost ($/kq) Pressure (MPa) 1|Flow (kg/hr)

8|GH2 Norm Log Cost ($/kg) Pressure (MPa) 7|Flow (kg/hr)

9|GH2 Norm Log Cost ($/kg) Flow (kg/hr) 1|Costs
10|GH2 Norm Norm Cost ($/kg) Time (d) 450 Costs
11{GH2 Norm Log Cost ($/kg) Pressure (MPa) 450 1|Costs
12|GH2 Norm Norm Cost ($/kg) Pressure (MPa) 450 1|Costs
13|GH2 Norm Log Tank Cost ($/kg) Capacity (kg) Pressure (MPa)
14|GH2 Norm Norm Tank Cost ($/kg) Pressure (MPa) Capacity (kg)
15(GH2, Under Norm Log Comp. Cost ($/kW) Flow (kg/hr) Pressure (MPa)
16|GH2, Under Norm Norm Comp. Cost ($/kW) Pressure (MPa) Flow (kg/hr)
17(LH2 Norm Log Cost ($/kg) Flow (kg/hr) 1|Costs
18|LH2 Norm Norm Cost ($/kg) Time (d) 450 Costs
19|LH2 Norm Norm Cost ($/kg) BOR (%/d) 450 Time (d)
20|MH2 Norm Norm Cost ($/kg) Time (d) 450 Costs
21|MH2 Norm Norm Cost ($/kg) Steam Cost ($/GJ) 450 Time (d)
22|Under Norm Log Cost ($/kg) Flow (kg/hr) 1|Costs
23|Under Norm Norm Cost ($/kq) Time (d) 450 Costs
24 (Under Norm Log Cost ($/kg) Pressure (MPa) 1|Flow (Ib/hr)
25|Under Norm Log Cost ($/kg) Pressure (MPa) 7|Flow (kg/hr)
26|Under Norm Log Cost ($/kq) Pressure (MPa) 450 1|Costs
27|Under Norm Norm Cost ($/kqg) Pressure (MPa) 450 1|Costs
28[Under Norm Log Cost ($/kg) Pressure (MPa) 450 7|Costs
29({Under Norm Norm Cost ($/kg) Pressure (MPa) 450 7|Costs




Figure F.1 — Economy of scale drops the liquid hydrogen storage cost as the production rate increases.



Figure F.2 — At longer storage times, liquid hydrogen storage starts to compete with other methods.



Figure F.3 — Metal hydride storage is not competitive for long storage times due to the high capital cost.



Figure F.4 — Metal hydride and compressed gas storage have comparable costs at low production rates and short storage times.



Figure F.5 — Liquid hydrogen and underground storage show relatively little increase in cost with longer storage times due to low capital costs of storage.



Figure F.6 — Electricity cost has the largest effect on liquid hydrogen storage since it has the highest electricity requirement.



Figure F.7 - For short storage times, an optimum pressure exists for compressed gas storage.



Figure F.8 - For longer storage times, increased capital costs cause high pressures to give the lowest compressed gas storage costs.



Figure F.9 - The tank cost dominates at low flows, then the compressed gas storage costs are eventually limited by electricity costs.



Figure F.10 - The tank cost skyrockets as the storage time increases.



Figure F.11 - The optimum pressure for compressed gas storage occurs due to increasing the electricity cost compared to the reduced tank cost.
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Figure F.12 - Compressor electricity costs initially increase quickly with pressure.



Figure F.13 - Economy of scale reduces compressed gas tank costs and lessons the effect of pressure on the tank capital cost.



Figure F.14 - Tank costs drop with increased pressures due to smaller vessel size.



Figure F.15 - Economy of scale reduces compressor capital costs at high flowrates.



Figure F.16 - Compressor capital costs increase with increased operating pressures.



Figure F.17 - Economy of scale reduces liquid hydrogen storage costs until limited by electricity cost.



Figure F.18 - Storage time has little effect on liquid hydrogen storage costs since the dewar storage costs are relatively small.



Figure F.19 - Boil-off rate has only a minor effect on costs for short storage times.



Figure F.20 - Most of the metal hydride storage cost is associated with the alloy capital cost, which provides no economy of scale savings.



Figure F.21 - Steam cost will affect metal hydride storage costs.



Figure F.22 - Underground storage is the cheapest option with the main cost being compressor electricity.



Figure F.23 - Thereis only aminor increase in storage costs with longer storage times because of low cavern cost.



Figure F.24 - For short storage times, the lowest cost is at low pressures where electricity costs are the lowest.



Figure F.25 - For longer storage times, an optimum forms as cavern capital costs increase.



Figure F.26 - For short storage times, the optimum is at low pressures where compressor electricity is minimized.



Figure F.27 - One alinear scale, it can be seen the highest energy requirement is for the initial compression at low pressures.



Figure F.28 - For longer storage times, an optimum occurs where lower capital costs offset higher electricity costs.
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Figure F.29 - On alinear graph, the pressure effects are more pronounced at low pressures.



APPENDIX G - HYDROGEN TRANSPORTATION FIGURES

Appendix G contains figures showing important trends and sensitivity analyses for the transport
of hydrogen. An index for the figures is included to help find specific information quickly.
Most of the graphs either compare the different transport methods, or show a cost breakdown of
the cost contributions for one method of delivery.



G.0 INDEX TO HYDROGEN TRANSPORT FIGURES

Figure Method y-axis X-axis Dep. Var. Ind. Var. Flow Time Distance [Lines
(y) (X) (Ib/hr) (days) (miles)
1|All Log Log Cost ($/kg) Flow (kg/hr) 16|Comp
2|All Log Log Cost ($/kqg) Flow (kg/hr) 160[{Comp
3|All Log Log Cost ($/kg) Flow (kg/hr) 800|Comp
41All Log Log Cost ($/kg) Distance (km) 450 Comp
5|All Norm Norm Cost ($/kg) Fuel Cost ($/gal) 450 160|Comp
6| All + Rail Log Log Cost ($/kq) Flow (kg/hr) 16{Comp
7|All + Rail Log Log Cost ($/kg) Flow (kg/hr) 160|Comp
8| All + Rail Log Log Cost ($/kg) Distance (km) 450 Comp
9| All + Rail Norm Log Cost ($/kg) Distance (km) 450 Comp
10|GH2 Norm Norm Cost ($/kg) Capacity (kg/truck) 160|Flow (kg/hr)
11|GH2 Norm Log Cost ($/kg) Flow (kg/hr) 160[Costs
12|GH2 Norm Log Cost ($/kg) Distance (km) 450 Costs
13|LH2 Norm Norm Cost ($/kg) Capacity (kg/truck) 160|Flow (kg/hr)
14(LH2 Norm Log Cost ($/kq) Flow (kg/hr) 160|Costs
15|LH2 Norm Norm Cost ($/kg) Distance (km) 5 Costs
16(LH2 Norm Norm Cost ($/kq) Distance (km) 450 Costs
17{LH2 Log Log Cost ($/kg) Capacity (kg/truck) 5 160[Costs
18|LH2 Norm Norm Cost ($/kq) Capacity (kg/truck) 5 160|Costs
19(LH2 Log Log Cost ($/kg) Capacity (kg/truck) 450 160|Costs
20|LH2 Norm Norm Cost ($/kg) Capacity (kg/truck) 450 160[Costs
21|MH2 Norm Log Cost ($/kg) Flow (kg/hr) 160[Costs
22|MH2 Norm Norm Cost ($/kqg) Distance (km) 450 Costs
23| Pipeline Norm Log Cost ($/kg) Flow (kg/hr) 16|Costs
24|Pipeline Norm Norm Cost ($/kg) Distance (km) 450 Costs
25]All + Rail Norm Bar Cost ($/kg) 450 160[Costs




Figure G.1 - At high production rates, the cost of truck transportation bottoms out and levels off.



Figure G.2 - At high flows, pipeline costs start leveling off as compressor electricity costs increase.



Figure G.3 - Trucking costs level out sooner at longer delivery distances.



Figure G.4 - Trucking costs quickly increase for delivery distances over 100 km.



Figure G.5 - Effect of Fuel Cost on Transportation Cost (450 kg/hr, 160 km)
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Figure G.5 - Compressed gas delivery is affected the most by fuel cost since the low truck capacity requires more trips.




Figure G.6 - Liquid hydrogen delivery by rail has the potential to compete with truck delivery.



Figure G.7 - At high flows, pipeline delivery becomes the cheapest option.



Figure G.8 - Rail transport has an advantage over trucking at long delivery distances because of flat-rate freight charges.



Figure G.9 - Pipeline costs quickly increase with distance compared to liquid hydrogen delivery.



Figure G.10 - Compressed gas transport is very expensive for low capacity (i. e., low pressure) trucks.
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Figure G.11 - Effect of Hydrogen Flow on Compressed Gas Transportation Costs (160 km)
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Figure G.11 - At low production rates, the truck is underutilized and represents a large expense.




Figure G.12 - Effect of Distance on Compressed Gas Transportation Costs (450 kg/hr)
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Figure G.12 - Labor costs quickly increase with distance.




Figure G.13 - Effect of Capacity on Liquid Hydrogen Transportation Cost (160 km)
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Figure G.13 - Truck capacity is less important with liquid hydrogen transport since alarge amount of hydrogen is carried, even at low capacities.




Figure G.14 - Effect of Hydrogen Flow on Liquid Hydrogen Transportation Costs (160 km)
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Figure G.14 - At low production rates, truck capital costs are high, but drop as more hydrogen is transported.




Figure G.15 - Effect of Distance on Liquid Hydrogen Transportation Costs (5 kg/hr)
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Figure G.15 - At low flows, distance has little effect since trips are infrequent.




Figure G.16 - Effect of Distance on Liquid Hydrogen Transportation Costs (450 kg/hr)
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Figure G.16 - At higher flows, labor costs dominate transport costs.
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Figure G.17 - Effect of Truck Capacity on Liquid Hydrogen Transportation Costs (5 kg/hr, 160 km)
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Figure G.17 - Liquid hydrogen truck capital costs dominate at low production rates.
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Figure G.18 - Effect of Truck Capacity on Liquid Hydrogen Transportation Costs (5 kg/hr, 160 km)
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Figure G.18 - Truck capacity has little effect at low production rates.




Figure G.19 - Truck capital costs are not linear--discontinuities occur when the number of trucks increases.



Figure G.20 - Increased truck capacities produce savingsin all cost areas.
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Figure G.21 - Effect of Hydrogen Flow on Metal Hydride Transportation Costs (160 km)
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Figure G.21 - Hydride truck capital costs dominate at low production rates.




Figure G.22 - Effect of Distance on Metal Hydride Transportation Costs (450 kg/hr)
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Figure G.22 - At medium production rates, labor is the highest cost of delivery.




Figure G.23 - At low flows, pipeline costs are high, even for short distances, but drop with increased flows.



Figure G.24 - Pipeline delivery costs are directly related to the pipeline installation and construction costs.



Figure G.25 - Transportation Cost Breakdown (450
kg/hr, 160 km)
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Figure G.25 - Liquid hydrogen delivery by truck or rail is the cheapest delivery option for a medium sized hydrogen facility.




APPENDIX H - COMBINED STORAGE AND TRANSPORT COSTS

H.1 Low production rate & short delivery distance.
H.2 Low production rate & long delivery distance.

H.3 High production rate & short delivery distance.
H.4 High production rate & long delivery distance.

Appendix H contains figures showing the contributions of both the hydrogen storage and the
hydrogen transportation costs for the four cases shown above. Costs for eleven combinations of
storage and transport options were examined, plus the option of using a pipeline without any
storage. For the low production rate, 45 kg/h (100 Ib/h) was used. The high production rate was
4,500 kg/h (10,000 Ib/h). The two delivery distances used were 16 km (10 mi) and 800 km (500
mi).



Figure H.1 - Combined Storage & Transportation
Costs (45 kg/hr, 16 km)
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Figure H.1 - For low hydrogen production rates and short delivery distances, compressed gas is the cheapest, but there are several options.




Figure H.2 - Combined Storage & Transportation
Costs (45 kg/hr, 800 km)
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Figure H.2 - For low production rates and long distances, liquid hydrogen is the clear winner.




Figure H.3 - Combined Storage & Transportation
Costs (4,500 kg/hr, 16 km)
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Figure H.3 - For high production rates and short distances, pipeline delivery is very inexpensive.




Figure H.4 - Combined Storage & Transportation
Costs (4,500 kg/hr, 800 km)
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Figure H.4 - For large production rates and long distances, pipeline delivery and liquid hydrogen are the main options.
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