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Hydrogen Generation Through Renewable Energy Sources at the
NASA Glenn Research Center

Anthony Colozza and Kevin Prokopius
Analex Corporation
Brook Park, Ohio 44142

Abstract

An evaluation of the potential for generating high pressure, high purity hydrogen at the NASA Glenn
Research Center (GRC) was performed. This evaluation was based on producing hydrogen utilizing a
prototype Hamilton Standard electrolyzer that is capable of producing hydrogen at 3000 psi. The present
state of the electrolyzer system was determined to identify the refurbishment requirements. The power for
operating the electrolyzer would be produced through renewable power sources. Both wind and solar
were considered in the analysis. The solar power production capability was based on the existing solar
array field located at NASA GRC. The refurbishment and upgrade potential of the array field was
determined and the array output was analyzed with various levels of upgrades throughout the year. The
total available monthly and yearly energy from the array was determined. A wind turbine was also sized
for operation. This sizing evaluated the wind potential at the site and produced an operational design point
for the wind turbine. Commercially available wind turbines were evaluated to determine their
applicability to this site. The system installation and power integration were also addressed. This included
items such as housing the electrolyzer, power management, water supply, gas storage, cooling and
hydrogen dispensing.

1. Introduction: Hydrogen Generation Station

The ability to generate high pressure, high purity hydrogen at NASA GRC would provide a unique
capability for GRC and could potentially be utilized both on the center and by the surrounding
community. This could be accomplished through the refurbishment and installation of the Hamilton
Standard electrolyzer presently being stored at GRC. Because of the high pressure/high purity hydrogen
production capability, the electrolyzer could be utilized to generate fuel for hydrogen powered vehicles
(both fuel cell powered or combustion engine powered). This electrolyzer, in conjunction with renewable
power generation, would act as a model hydrogen source and as part of an initial fueling station for
hydrogen powered vehicles in the northern Ohio region.

The Hamilton Standard Sea Wolf submarine prototype electrolyzer is presently being stored at GRC.
This Oxygen Generating Plant (OGP) (ref. 1) is a prototype electrolyzer system manufactured by General
Electric under contract to the United States Navy in 1982 to provide a continuous supply of oxygen to the
passengers onboard the Navy’s Sea Wolf submarine. The OGP accumulated around 10,000 hr of run time
on the submarine, operating at pressures ranging between 300 and 3000 psi. Hamilton Standard
refurbished the system in 1993 for operation at a renewably powered hydrogen generation test-bed
located at Edwards Air Force base and operated by the Jet Propulsion Laboratory. The OGP features
include the fluid system, the control system, which is now an Allen Bradley programmable controller, and
the power supply, which is controlled by the Allen Bradley unit.

This electrolyzer is a unique piece of hardware. NASA originally utilized it as part of a renewable
power test bed located at the Edwards Air Force base in California. Once that project was completed, in
the mid 1990’s, the electrolyzer was placed into storage and then in 2002 returned to NASA GRC.

This electrolyzer has a number of unique capabilities that would enable it to be utilized for both
hydrogen production for lab use as well as hydrogen production for fueling a fuel cell or hydrogen
combustion powered vehicle. The electrolyzer stack has a design operational life of 75,000 hr. The stack
utilizes the Polymer Electrolyte Membrane (PEM) technology to electrolyze distilled water into hydrogen
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and oxygen gas. It is capable of producing oxygen gas at a continuous rate of 150 scth and hydrogen gas
at a rate of 300 scth over the 300 to 3000 psi range. The unit can be operated remotely or with personnel
present. This is dictated by the operating pressure, with pressures beyond 750 psi requiring remote means
of operation.

The capability to produce very pure hydrogen at a high rate would enable it to be utilized as a source
for vehicle refueling. Also the high-pressure output would reduce the amount of additional compression
to raise the gas to a higher pressure that would be needed for a fueling system. This is a significant system
efficiency advantage over commercially available low-pressure PEM electrolyzers.

To make the production of hydrogen as a vehicle fuel environmentally viable it needs to be produced
through a renewable source of power. Utilizing fossil fuels to produce hydrogen to be utilized in a vehicle
as fuel is less efficient and more polluting then just using the fossil fuels directly in the vehicle. Therefore
the goal of this hydrogen production system would be to utilize renewable power as the source for
generating hydrogen and thereby producing a truly clean source of fuel. The renewable power sources
selected for this analysis were solar photovoltaic cells and wind power. NASA GRC has an available
solar array field that could be utilized for this project. With some upgrades, the array field could supply
the majority of the energy needs of the electrolyzer throughout the year.

Since it has been in storage for nearly a decade, one goal of the project is to evaluate the present state
of the OGP. Inspecting the hardware, gaining access to the electrolyzer cell stack and filling it with water
are the first steps in accomplishing this task. The water will re-hydrate the stack membranes as well as act
as an initial indication of the integrity of the seals between the stack cells. If the stack can hold water the
next step is to pressurize the stack with nitrogen to ensure there are no smaller leaks within any of the cell
seals or membranes that would have not been detected by filling the stack with water. In addition to
evaluating the present state of the OGM, other commercially available electrolyzers were identified as
possible substitutes for generating hydrogen.

The production of hydrogen, as a fuel for lab and vehicle use, requires a system design encompassing
the hydrogen generation, storage, power production, energy storage and installation of the various
hardware components. The implementation of this type of clean environmentally friendly source of
hydrogen is a step on the path toward reducing or eliminating our dependence on oil as a main source of
transportation fuel.

2. Hydrogen Generator
Hamilton Standard: Sea Wolf Prototype Electrolyzer

The Oxygen Generating Plant (OGP) electrolyzes distilled water using ac power to produce hydrogen
and oxygen gas at pressures ranging between 300 and 3000 psi. The electrolysis module consists of one,
solid polymer electrolyte cell stack. The stack is comprised of 83 cells in series with a maximum current
rating of 250 A and a maximum voltage across the entire stack of 249 V. Table 2.1 provides the OGP
cabinet dimensions including its approximate weight along with the OGP dimensions on the dolly.
Figures 2.1 through 2.3 provide overall views of the OGP, with figure 2.3 focusing in on the pressure
vessel that houses the electrolyzer stack (ref. 1).

TABLE 2.1.—OGP DIMENSIONS

AND APPROXIMATE WEIGHT
Characteristic Value
Height (in.) 72
Width (in.) 56
Depth (in.) 40
Weight (Ib) 8,000
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Figure 2.1.—OGP front view.

.—OGP back view.

Figure 2.2
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Figure 2.3.—OGP side view showing Electrolyzer Pressure Vessel.

Power Requirements

The required electrical power input is 440 Vac, 60 Hz, 3 phase which feeds the power supply,
115 Vac instrumentation, and control circuits. The instrumentation and control circuits are powered via
a transformer within the 440 Vac circuit breaker module while the power supply is fed directly from the
output of the 440 Vac circuit breaker. The power supply generates heat when converting the 440 Vac line
voltage to the direct current and voltage requirements of the electrolyzer stack. A mixture of 35 percent
ethylene glycol/65 percent distilled water is required for cooling the power supply to a maximum
temperature of 85 °F. Table 2.2 provides the dimensions for the power supply and Figure 2.4 shows the
overall view of the unit (ref. 1).

TABLE 2.2.—POWER SUPPLY DIMENSIONS

Cabinet With control
panel
Height (in.) 69 69
Width (in.) 29 36
Depth (in.) 28 28
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Figure 2.4.—Overall view of the power supply.

Electrolyzer Stack Operational Water Requirements

The distilled feed water supply to the stack needs to be provided at a specific pressure, temperature,
and purity level to meet the unit’s operational requirements. The normal supply pressure is 25 psig and
must be maintained between 10 and 100 psig throughout operation. The temperature of the water should
be maintained between 60 and 110 °F, with 70 °F as the recommended operational point. The water
resistivity needs to be greater than 10 MQ-cm and has to be filtered to at least 100 um. The water’s pH
needs to be between 5.6 and 8.0 and have no oil or suspended solids. Continuous maximum water input
flow to the electrolyzer stack is 3.5 gph (ref. 1).

Electrolyzer Stack Cooling Water Requirements

The stack is cooled directly by circulating feed water through at a rate that approaches 100 times the
water electrolysis rate. Heat is removed from the feed water by passing it through a shell and tube heat
exchanger mounted at the top of the OGP. The chilled ethylene glycol/distilled water cooling mixture has
a minimum flow rate of 2.5 gpm at a temperature of 55 °F which will result in the OGP producing 75 °F
hydrogen and oxygen gas at the maximum generation rate. The chilled cooling mixture maximum supply
pressure is 100 psig (ref. 1).

OGP Inert Gas Requirements

The OGP requires oil free nitrogen for pressure control of the dome-loaded regulators and for blanket
pressurization of the electrolysis module pressure vessel. The nitrogen supply pressure is regulated to
50 psi above the oxygen pressure and 50 to 100 psi above the hydrogen pressure. This results in a
maximum nitrogen pressure of 3050 psig at the maximum oxygen pressure of 3000 psig. The initial
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fill of the system at startup is 115 scf nitrogen and a small 5 scth nitrogen flow is maintained throughout
its operation to purge the pressure vessel (ref. 1).

Present State

The first step in determining the present state of the electrolyzer stack was performed by hydrating
the stack with deionized water. Before introducing any water, the nitrogen purge line was opened and a
small quantity of water was seen to flow out the line. The line was opened at a valve not seen on the fluid
schematic for the OGP. Its location was downstream of valve V410 shown in figure 2.5. Initial
indications were positive since the water in the line indicates that the stack may still be partially hydrated.
The line was then closed off along with nitrogen bleed through valve V410 and valve V411 which
supplied nitrogen to the differential back pressure regulator DBPR306 on the hydrogen product line.

The main water supply line to the electrolyzer stack was then opened and roughly 0.5 gal of deionized
water was fed to the stack on December 20, 2005. The supply line was secured back in place and the stack
was allowed to sit overnight with the water level up to the inlet flange leading into the pressure vessel.

Three days later (Dec. 23, 2005), the water level was checked and was confirmed to be at the same
original location in the supply line. The nitrogen purge line was opened again at the valve downstream of
V410 and a small quantity of water again flowed out the line. The water level did not change when the
purge line valve was opened. The supply line was secured back in its original location.

Almost 2 weeks later, on January 4, 2006, the water level was checked and confirmed to be at the
same location as seen on December 23, 2005.

On January 12, 2006, the nitrogen line located at the bottom of the stack vessel was opened and there
was no flow of water seen from this point in the system. The water level remained the same in the fill line
to the stack, indicating no flow of water from the stack to the vessel chamber.

About 3 weeks later, on February 1, 2006, the water level was seen to have dropped below the point
where it had been since it was last checked. Around 50 mL of deionized water was added to bring the
level up to the inlet flange leading into the pressure vessel. It was deduced that the membranes were
soaking up a portion of the water and over time had become completely hydrated, passing the water into
the hydrogen side of the fuel cell.

Further testing indicated that water was leaking from the stack seals into the pressure vessel. This
conclusion was reached through the addition and monitoring of deionized water to the stack. The
sequence of the events leading to this conclusion are as follows:

e On February 13, 2006, an additional 20 mL of deionized water was added to the pressure vessel.

e Two days later (Feb. 15, 2006), 7 more milliliters of deionized water were added.

e On February 23, 2006, the nitrogen purge line was opened at the union nut directly off the
pressure vessel. Approximately 10 to 15 mL of water came out at this point. The level in the
distilled water supply line did not drop. However, there was no water present in the hydrogen
outlet port at the top of the pressure vessel.

e Roughly 10 to 15 mL of water was added to the hydrogen outlet port on February 23, 2006.

Upon closer examination, there was an observed flow of water, about 1 drop every 25 sec, coming
from the bottom nitrogen port connection to the pressure vessel. The water level in the hydrogen out port
appeared to be slowly falling as well. This occurrence indicated the flow of water from the stack into the
pressure vessel through the stack seals was likely. This was not observed before since the hydrogen out
port had not been disconnected from the top of the pressure vessel.

From this point forward to the present day of May 1, 2006, an additional 340 mL of deionized water
had to be added to bring the level up to the top supply flange.
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Figure 2.5—OGP fluid schematic.

Checkout of the stack over the past 42 months confirmed the stack’s membranes to be completely
hydrated along with significant water leakage from the stack to the pressure chamber. The volume of
water added to the stack over time greatly exceeds any amount lost due to evaporation. This indicates that
the stack is leaking water into the surrounding containment vessel. The next step would have been to
pressure test the stack with nitrogen. However, based on the water leakage rate observed over the past
months it was deemed unnecessary to perform the nitrogen pressure test. This test could still potentially
be performed at a later date to further verify the stack condition and or the extent of the leakage. It is
recommended that the nitrogen pressure testing be performed prior to any refurbishment in order to gauge
the severity of the stack leakage.

Refurbishment Requirements

Upon uncrating the electrolyzer, there were several noteworthy observations made concerning the
unit’s overall condition. First, there were a number of process lines that were open to atmosphere or
completely separated from the rest of the system. This will require the system to be cleaned for oxygen
service where necessary and to be assembled back together to its original, refurbished condition.
Figures 2.6 through 2.8 show the OGP’s condition with process lines and components not connected
to the system.
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Figure 2.7.—Unconnected process lines in front
of the electrolyzer stack pressure vessel.
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Figure 2.9.—Electrolyzer stack power cables and data acquisition cable bundle.

Figures 2.9 and 2.10 depict the condition of the electrical subsystem. Figure 2.9 shows the cables
used for supplying electrical power to the electrolyzer stack as well as the loose yellow colored wire
bundle for data acquisition. Figure 2.10 show the cables cut for the control system. Labor hours would be
required for installation and confirming the functionality of all electrical wiring.

Figure 2.11 shows an oily type residue residing on the base of the OGP. Cleanup of the unit would
need to be performed as part of the refurbishment process.

Based on the noted observations, the cost for refurbishing the OGP would be about $400,000. This
cost would cover labor hours as well as required mechanical and electrical hardware purchases. Because
this is a unique, not commercially available electrolyzer, it is somewhat difficult to compare this
refurbishment cost to the actual cost of the electrolyzer.
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Figure 2.10.—OGP control system interface panel.

Figure 2.11.—Base of the OGP next to the distilled water feed pump.

3. Electrolyzer Options

Commercial or near commercial electrolyzers are now available and can be used as an option to
refurbishing and utilizing the Hamilton Standard electrolyzer, described in section 2. A number of these
electrolyzers exist but the majority of them are prototype noncommercial units. A brief description of
these available options is given below. Where possible the unit cost is included as well as the present state
of commercialization.
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Avalence Hydrofiller

Avalence LLC has a line of hydrogen generators that can produce from 15 scfh (0.42 m*/hr) to
175 scfh (5 m’/hr) of hydrogen at a pressure of up to 10,000 psi (690 bar). The process utilizes
electrolysis with a simple fluid electrolyte and is capable of achieving this high-pressure hydrogen
production without the need for a compressor. The hydrogen purity is approximately 99.6 percent pure
(ref. 2). The Hydrofiller 50 unit is shown in figure 3.1.

This electrolyzer is capable of producing comparable rates of hydrogen at higher output pressures.
The only concern for use in fuel cells is the relatively low hydrogen purity. Typically, fuel cell hydrogen
purity requirements are very high, at least 99.9 percent. Utilizing lower purity hydrogen could potentially
damage the fuel cell causing it to fail. This electrlyzer is presently a prototype system still under
development by the manufacturer. Therefore the price for this electrolyzer is not available.

Hydrogenics HyLYZER Electrolyzer System

Hydrogenics Corporation produces commercial electrolyzers with a hydrogen generation capacity of
between 40 scfh (1.13 m*/hr) and 1000 scfh (28.3 m?/hr) at 100 psi (7 bar) pressure. The Hydrogenics
HyLYZER electrolyzer series has three different unit sizes, HyLYZER 2.5, 20, shown in figure 3.2, and
65. These are named based on the amount of hydrogen, in kilograms; they are capable of producing in a
24-hr period. Their low output pressure would require the use of a compression system for compressing
the hydrogen up to higher pressures for storage (ref. 3). The available information from Hydrogenics
about this electrolyzer indicates that it is commercially available as both a stand-alone unit and integrated
into a complete hydrogen fueling station. However, no pricing information was available.

Figure 3.1.—Avalence High Pressure Figure 3.2.—Hydrogenics HyLYZER
Hydrogen Generator (ref. 2). Hydrogen Generation Electrolyzer.
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Linde Hydross Electrolyzer System

Linde manufacturers a series of hydrogen generation plants based on water electrolysis. These plants
are capable of producing hydrogen at a rate of between 180 scfh (5 m*/hr) and 9000 scfh (254 m*/hr) at
pressures up to 370 psi (25 bar). This low output pressure would require a compression system to increase
the hydrogen pressure for storage (ref. 4). The available information from Linde about this electrolyzer
indicates that it is commercially available as both a stand-alone unit and integrated into a complete
hydrogen fueling station. However, no pricing information was available.

Hydro HEP Electrolyzer System

Norsk Hydro offers a series of electrolyzers with output capacity between 10 and 65 m*/h (355 and
2300 scfh ). The output pressure is 15 bar (363 psi). As with the previous electrolyzers a compression
system will be needed to bring the output pressure up to that required for storage (ref. 5). The available
information from Norsk Hydro about this electrolyzer indicates that it is commercially available as both a
stand-alone unit and is presently being integrated into a complete prototype hydrogen fueling station.
However, no pricing information was available.

Proton Energy HOGEN Electrolyzer System

Proton Energy Systems produces two lines of electrolyzers, the HOGEN S and H series. The HOGEN
S series can produce hydrogen at a rate of 20 or 40 scfh (0.53 or 1.05 m*/hr) at an output pressure of
200 psi (13.8 bar). The HOGEN H series are larger units with outputs between 76 and 228 scth (2 to
6 m’/hr) at an output pressure of 218 psi (15 bar). This series unit is shown in figure 3.3. The purity
rate for both series is very high 99.9995 percent and would be applicable to fuel cell operation (ref. 6).
Presently a HOGEN 40 (S series) is in storage at NASA Glenn and would be available for use. The
available information from Proton Energy Systems about this electrolyzer indicates that it is
commercially available as both a stand-alone unit and integrated into a complete hydrogen fueling
station in partnership with Air Product Inc. However, no pricing information was available.

Figure 3.3.—Proton HOGEN H-Series
Electrolyzer Unit.
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Figure 3.4.—Teledyne TITAN HM Series Electrolyzer.

Teledyne TITAN Electrolyzer System

The Teledyne TITAN series of electrolyzers can produce hydrogen at a rate of up to 5297 scth
(150 m*/hr) at a pressure of 115 psi (8 bar). The purity of the output gas is very high, 99.9998 percent,
making it applicable for use with a fuel cell. The Teledyne HM series unit is shown in figure 3.4 (ref. 7).
A compression system would be needed to provide the higher pressure required for storage. The available
information from Teledyne about this electrolyzer indicates that it is commercially available. However,
no pricing information was available.

Treadwell Corporation PEM Electrolyzer System

Treadwell Corporation produces a line of electrolyzers that can produce hydrogen at a rate up to
10.2 m*/hr (360 scfh) and pressure of 1100 psi (76 bar). This higher-pressure output would reduce the
amount of compression needed for storage. Although not as high an output pressure as the Hamilton-
Standard unit, it still has significantly greater output pressure than the other available commercial PEM
units. A picture of a Treadwell Corporation electrolyzer unit is shown in figure 3.5 (ref. 8). Based on the
available information from Treadwell it is not clear if this unit is a prototype or commercially available.
No pricing information was available for the unit.
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Figure 3.5.—Treadwell Corporation PEM Electrolyzer Unit.

4. System Design

The electrolyzer system is designed to provide a source of hydrogen for use at the NASA GRC and to
provide a refueling station for hydrogen-powered vehicles. Ideally hydrogen will be produced through
renewable energy making it a truly environmentally clean source of fuel. Within the northern Ohio
environment the available renewable energy sources for the hydrogen production will be solar and wind.
The system will also need a form of energy storage to effectively operate as a fueling station. For this
initial system design the electrical grid will act as this energy storage mechanism. Because the output of
the renewable power sources is not constant and somewhat unpredictable, the grid connection would
ensure that sufficient hydrogen can be produced under all weather conditions and times of the year. Also
if excess power is being produced by the renewable sources, more than the hydrogen generation can
accommodate, then this excess power can be channeled to the grid. A schematic of the system showing
these main components is given in figure 4.1.

The two main renewable energy sources to power the electrolyzer will be a photovoltaic array and
wind turbine. These sources vary greatly in the amount of output power they can generate. Both sources
are highly environment driven in their output capability. Their output will continuously change
throughout the day, month and year. Therefore to design a system around these sources the total energy
produced must be considered. That energy must be captured when it is available to produce hydrogen,
which is then stored for future use. Since these are not “on-demand” power sources to successfully utilize
them in a system requires some means of energy storage. For the system being considered, the energy
storage is being accomplished through the production and storage capacity of the hydrogen gas as well as
the use of the electrical grid as a means of storing and recovering energy. The electrical grid can act like a
buffer for the system whereby excess power can be fed to the grid and supplemental power can be drawn
off of the grid if needed. By limiting the energy extracted from the grid to the amount previously
transferred to the grid the system effectively remains totally renewable.
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Figure 4.1.—Hydrogen Generation System Components.

Solar PV Array

An array field, shown in figure 4.2, exists at the NASA GRC. This field is located adjacent to
building 333. The location of this array field, which is near the proposed site for the electrolyzer, will
enable the integration and direct use of the available solar energy as a power source for the hydrogen
generation station. The array field is presently partially populated with Siemens M53 array panels. The
array field has the capacity to hold a total of 1729 panels. Of this total capacity 952 panels are presently
installed. A diagram of the array field is given in figure 4.3. Each sub-array, as shown in figure 4.4, holds
8 array panels. The blue sub-arrays on the diagram are presently installed with M53 panels. The red sub-
arrays have the support structure available but no array panels or frame for the panels is installed. The
yellow sub-arrays on the diagram indicate that the mounting footers are installed but no other support
structure is present and the green indicates that there is adequate space within the array field for these sub-
arrays but no support footing or array structure is present.
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Solar Array Field

® Blue Indicates Array Presetly In Place &?*
® Red Indicates Array Needs To Be Installed ~$
® Yellow Indicate Array Panels & Support

Structure Needs to be Installed
® Green Indicates Space Available for Arrays,

Footers, Support Structure & Array Needs to *

be Installed

Figure 4.3.—Array field installation status.
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Figure 4.4.—Eight-panel sub array in the present array field.

The photovoltaic array is used to collect sunlight and directly convert it into electricity. The amount
of power produced by the solar array is dependent on a number of factors such as time of year, weather
conditions and orientation of the array panel.

The following figures demonstrate how the output of the solar panel is affected by the variation in
some of these quantities. Figures 4.5 through 4.7 represent the solar output from 1 square meter of array.
These graphs show the effect that variation in time of year and array elevation angle have on the power
output of the array. It should be noted that the array angle is measured form the horizontal, so a 0° array
angle would be a horizontal array and a 90° array angle would be a vertically orientated array. The values
used to generate these curves were as follows:

e 800 W/m? incident solar radiation
14.2 percent efficient solar cells
e Location Cleveland, Ohio

Higher array angles can take better advantage of the morning and evening sun, while sacrificing some
of their midday performance. This can be seen in figures 4.5 and 4.6. As demonstrated in these figures the
best angle to place the array at is approximately 45° facing South. For the latitude of NASA GRC this
array angle will provide the most consistent output power throughout the year. Since the South facing
surroundings of the array field are relatively clear of any high structures or trees there is no issue with any
shadowing of the array.

Using direct and diffuse solar intensity data for the great lakes region of the US the total available
daily (24 hr period) energy that can be produced by the solar array was calculated. This is shown in
figure 4.8.
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The M53 panels that are presently installed should optimally be able to produce 43 W of power at
normal incidence (noon time) under standard operating conditions (25° C operating temperature and
1000 W/m? incident solar flux). Based on the number of panel presently in the array field, this translates
into a maximum output power of 40.936 kW. However, the actual maximum output of the array is closer
to 15 kW. This difference is due to a number of factors. First the maximum normal incidence on the array
is around 800 W/m?, which is well below the 1000 W/m? that the manufacturer rates them at. Second the
array field needs to be refurbished. A number of the panels are probably not operating at full capacity and
should be replaced. If the array panels that are presently installed were fully operational a maximum
output of approximately 30 kW would be achieved.

Also as shown by the figures above the maximum achievable output power will vary with the time of
day and date as well as with the environmental conditions such as temperature and cloud cover.

Since the M53 is no longer manufactured. The M55 panels can be used for upgrading the array and or
fully populating the array field. The M55 has the same geometry with more efficient solar cells. Therefore
it would minimize the modification needed to the array field. Figure 4.9 shows a current/voltage curve (I-
V curve) for a Siemens M55 array panel. As the load demand on the solar array increases, the output
voltage of the array panel will drop from a maximum of 21.7 V, in the no load or open circuit condition,
to 0 V, in the short circuit condition. The voltage range of the M55 panel as well as its optimum
operational output voltage of 17.4 V is the same as the M53 panels and therefore would enable the M55
panels to be easily integrated with the existing M53 panels.

In general a silicon solar cell will have a change in voltage of 2.2 mV/°C. So for the M55 panel the
output voltage will change by approximately 0.079 V/°C. During the summer months, when it is warm,
this will tend to degrade performance, and in the winter months, when it is colder, it will increase
performance. Under extreme operating conditions this can change the array performance by up to
20 percent.

The Siemens M55 solar array panels have 36 PowerMax® solar cells. The cells are square which
provides optimum cell coverage over the area of the panel. The front of the panel is covered with
tempered glass, which has excellent light transmitting properties, and protects the module against most
adverse environmental conditions such as hail or ice. The panel specifications are given below in
Table 4.1 and a photo of the panel is shown in figure 4.10.

TABLE 4.1.—SPECIFICATIONS FOR A SIEMENS M55
SOLAR ARRAY PANEL (REF. 10)

Solar cell type Single crystal silicon

Operating efficiency 14.2%
Short circuit current 335A
Open circuit voltage 217V
Maximum power current 3.05A
Maximum power voltage 174V
Solar cell area 0.4 m’
Panel height 1.28 m (50.9 in.)
Panel width 0.33 m (13 in.)
Panel depth 0.034 m (1.3 in.)
Panel mass (weight) 5.5kg (12 1b)
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Figure 4.9.—I-V curve for a Siemens M55 Panel (ref. 9).

Figure 4.10.—Siemens M55 Solar Panel (ref. 10).
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Figure 4.11.—Average array output power throughout the year for the various array upgrade options.

The average daily power output of the array throughout the year is given in figure 4.11. This figure
shows the output power of the array as it presently exists as well as with the various potential upgrades as
shown in figure 4.3. Since the power levels shown are for average power over the complete time period,
the actual output at any given time will vary considerably from this. For example during the nighttime
there will obviously be no output from the array and at noon there will be much greater output then the
average given in the figure. The average power however, is a good means of comparing the impact of the
various proposed improvements to the array field. Also the total energy represented by the area under the
curves can be utilized to determine the total energy available. This information would be needed if an
energy storage system is incorporated or if the electrolyzer is capable of operating over a range of input
power levels thereby fully utilizing the output capabilities of the solar array.

The present solar array and any additions to it will be designed to operate at or near the maximum
power output for the panels. As listed in table 4.1 this is approximately 17.4 V per panel. The panels are
wired in series in groups of 8. This grouping constitutes a sub-array. Each sub-array will produce a
maximum array output of 139 V and 2.65 A. The sub-arrays are combined in parallel to provide the total
array output. The connection of the array groupings will be made in a junction box near the array field.
An example of the wiring layout for the arrays is shown in figure 4.12.

Although the panels are insulated from their frames it is still a good safety precaution to provide a
ground wire to all the panel frames as well as the array support structure. A continuous grounding wire
can be placed on each sub-array assembly. This grounding wire will have a good electrical connection to
the frames of all 8 panels on the array as well as the array structure itself. The grounding wire from each
of the array assemblies will be run to a junction box from which a single grounding wire will be
connected to a grounding pole or other appropriate grounding source.

A summary of the operational characteristics of the solar array is given in table 4.2 for the various
installation options. Also included are the costs associated with the hardware and installation of the array
panels. It should be noted that the cost estimates in table 4.2 do not include any NASA overhead. Also it
is assumed that the installation would proceed sequentially from upgrading the existing array to installing
the red area arrays then the yellow and finally the green. The total summed cost is a sum of the cost for all
of the upgrades and installations sequentially from one stage to the next.
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TABLE 4.2.—ARRAY INSTALLATION AND PERFORMANCE SUMMARY

Array configuration Present Present array | Addition of red | Addition of yellow | Addition of green

configuration upgraded area panels area panels area panels
Average continuous output 2,822 W 6,773 W 11,323 W 13,551 W 15,780 W
Total yearly energy produced 90 GJ 212GJ 360 GJ 428 GJ 497 GJ
Maximum output power 17,724 W 56,715 W 85,905 W 100,206 W 114,504 W
Hardware costs $0 $90,000 $144,200 $74,200 $77,200
Installation costs $0 $51,848 $51,848 $51,848 $51,848
Total summed cost $0 $141,848 $337,896 $463,944 $592,992
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Upgrading the present array would include the following:

e Repairing the array structures, wiring and fuses

e Checking and replacing the array panels that are not fully functional. It is estimated that about
25 percent of the panels would need to be replaced. These would be replaced with the higher
output M55 panels.

e Hardware costs which would include purchasing the array panels (approximate cost $350 per
panel plus $7,000 for installation materials)

Adding the red area panels would include the following:

Building and installing the array frames and support structure.

Installing and wiring the new array panels

Wiring the arrays and incorporating the wiring into the system

Hardware costs which would include purchasing 392 array panels (approximate cost $350 per
panel plus $7,000 for installation materials)

Adding the yellow area panels would include the following:

Building and installing the array frames, support structure and wiring infrastructure.
Installing and wiring the new array panels

Wiring the arrays and incorporating the wiring into the system

Hardware costs which would include purchasing 192 array panels (approximate cost $350 per
panel plus $7,000 for installation materials)

Adding the green area panels would include the following:

¢ Installing the support footers, building and installing the array frames, support structure and
wiring infrastructure.
Installing and wiring the new array panels

e Wiring the arrays and incorporating the wiring into the system
Hardware costs which would include purchasing 192 array panels (approximate cost $350 per
panel plus $10,000 for installation materials)

Wind Turbine

Wind turbines or windmills convert wind energy to electricity by using aerodynamic forces to spin a
turbine that in turn spins a generator. Most wind turbines have three turbine blades. The size and shape of
the blades will determine how much power the windmill is capable of generating under various wind
conditions. Aside from the turbine size; the wind speed is the most important factor in determining how
much electrical power can be extracted from the wind. The power that can be extracted from the wind is
proportional to the cube of the wind velocity. This means that if the wind speed doubles the power output
goes up by a factor of eight. The height of the wind turbine is also important. Trees and the boundary
layer effect will tend to slow the wind down near the surface. To maximize the output of the wind turbine
it will need to be elevated to avoid these effects.

The required size of the wind turbine will be based on the power requirements of the hydrogen
generating station and the available average wind speed. The maximum power a wind turbine can extract
from the wind is given by the following equation. The power is dependent on the air density (p), the wind
velocity (V) and the circular area swept out by the turbine blades (4).
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P=0.593(1/2)p V3 4 (4.1)

As represented by this equation, the maximum percent of the total energy contained within the wind
that can be extracted is 59.3 percent. In practice however, the actual output of the wind turbine will be
less. Items such as the aecrodynamic efficiency of the blades and losses in the rotating machinery
(bearings, gears etc.) can bring the total output to less than half that calculated by the above equation. An
estimate of the overall operating efficiency of the wind turbine is around 30 percent (ref. 11). Figure 4.13
shows how the output for the wind turbine will vary with wind speed and turbine diameter. This graph
was generated for a 30 percent efficient wind turbine using standard atmospheric conditions (density of
1.225 kg/m’at sea level and 15 °C (59 °F) temperature). This density value will change with altitude and
temperature. This change is shown in figure 4.14. From this figure it can be seen that in the winter months
the output of the wind turbine can increase to upwards of 10 percent for a given wind speed due to the air
density increase with decreasing temperature.

Wind turbines are designed to operate most efficiently at one wind speed. This optimization is a
combination of blade design and generator characteristics. At the site of operation however, the wind
speed will vary greatly throughout any given day and more broadly over the entire year. There will be a
mean wind speed over a given period of time, such as a month or year. For Cleveland the mean and
maximum wind speed throughout the year is shown in figure 4.15. The mean wind speed, however, is not
necessarily the wind speed that should be chosen as the turbine design wind speed. As shown in figure
4.13 the output power of the turbine will increase greatly as wind speed increases. Therefore, based on the
wind distribution there will be a wind speed that provides the maximum output power over the year. To
determine this a typical wind speed distribution for a year period is used. Since we do not have wind data
available at the actual site for this period of time an approximation will be made. This approximation is
based on the mean wind speed for the area. A Rayleigh distribution is used to provide a statistical wind
speed profile for the year and is represented by equations (4.2) and (4.3). This wind distribution is based
on the mean wind speed (V,,) and is plotted as a function of wind velocity (V).
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Figure 4.13.—Wind turbine output versus wind speed and turbine diameter.
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T (hours per year) = 8760 (1/2) (V/V,% ) (e‘K ) 4.2)

K=(n/4)(V/V,, ) (4.3)

This distribution is shown in figure 4.16 for the yearly site mean wind speed of 4.7 m/s. Also shown
in this figure is the yearly available energy distribution (in W-hr per year) that is achievable with various
size wind turbines. As in figure 4.13 these curves represent a 30 percent efficient wind turbine at standard
atmospheric conditions.

The peak of this energy distribution curve is the optimal speed for the wind turbine. For this case the
optimal design speed is approximately 7.8 m/s. This means that to achieve the best yearly performance
out of the wind turbine its highest efficiency point should be when it is operating at that speed.

The height of the wind turbine will be dependent on the surrounding terrain. It was estimated that the
highest trees and buildings near the potential site of the wind turbine are approximately 22 m (72 ft) high.
The wind speeds will be significantly reduced below this tree line. This boundary layer region of reduced
wind speed will extend upward beyond the tree height. The mean wind speed given previously was for a
height of approximately 10 m (33 ft) at a clear location with little surrounding trees. To determine the
wind height profile a correction must be used to account for this boundary layer as well as taking into
account the surrounding tree height.

NASA/CR—2007-214682 26



25 ——Mean Wind Speed (m/s)

——Maximum Wind Speed
(m/s)
20 N I\\//
15
10
5 \——\-//—
0 T T T T T T
0 2 4 6 8 10 12 14

Month of the Year

Figure 4.15.—Mean and maximum wind speeds
throughout the year for Cleveland (ref. 12).

—=— Rayleigh Distribution

1500
.+
—g -KWH 2m dia
1200 .
— o -kWh 4 m dia
- -x--KWhr & m dia
E .
£ - +- - KWhr & m dia
@
2 aon
E f
s |
E AT +
“ '
1= + ¢ S :
]
g K ~
* ]
m . fl
5 600 ; i%
= S
= : \'.'
= - N
= : W
# 8
: II" - 3 - '.\
300 — = -
: Pt ™ R
.'ll 0/ \(} \'.\
po B S G -
Ay
‘ " N
L g — —_ - e
L ! gt
. B - i Goi T
0 z 4 ] g 10 12 14 16

Wind Speed (m/s)
Figure 4.16.—Wind speed distribution and available yearly energy.

NASA/CR—2007-214682 27

2000

H 4000

000

2000

1000

cieap 1ad ynn p AGraug pumy



First it is assumed that the boundary layer formation starts at the treetops. This height of 22 m (72 ft)
is therefore equivalent (from the boundary layer perspective) to the ground at the location where the mean
wind speed data was taken. The estimated friction coefficient for the tree top surface is 0.28. The
boundary layer profile above the tree line is determined from the following equation.

V =V (/)2 (4.4)

Where V is the velocity at a height above the treetops and V,, and is the mean velocity. The values h and
h,, are height correction factors, which can be determined from figure 4.17. For a height of 10 m (33 ft)
above the tree line the value of /4, will be approximately 1.01. Figure 4.17 shows the velocity profile
above the tree line based on equations (4.2) and (4.3) as well as the corresponding percent change in
output power of the wind turbine. Every ten meters in wind turbine height yields an increase in output
power of approximately 15 percent. Therefore the higher the wind turbine can be placed the better.
However there is a practical limit on the height at which the wind turbine can be placed. A practical limit
for the tower size at this site would be between 37 m (~120 ft) to 45m (~150 ft). This would provide an
increase in average output power, over that corresponding to the mean wind velocity listed above, of 7.5
to 20 percent.

Due to the estimated height of the wind turbine, the tower selection and installation is a critical part of
the system’s design. A complete understanding of the loads the tower will encounter is crucial to selecting
the best tower for this system. Wind gusts are potentially the most damaging environmental event that can
occur to both the wind turbine as well as the tower. The main approach for dealing with wind gusts is to
estimate the number and magnitude of the gusts that can be expected at the site and design the system to
withstand up to the 99™ percentile gusts.
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Figure 4.17.—Height correction factor for boundary layer velocity calculation.
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A safety issue for the complete system but especially the wind turbine is lighting strikes. The wind
turbine will be a prime target for lightning strikes since it will be the tallest metal object around. On
average the Cleveland area has about 35 days of the year in which thunderstorms will form (ref. 12).
Although this number is not that great, any individual lighting strike can be very destructive. The current
in an average lightning bolt typically peaks at around 20,000 A but can reach levels of 100,000 A. This is
more than capable of destroying the wind turbine as well as other parts of the system. The solution to this
problem is fairly simple. A lightning rod will need to be installed on the top of the tower, above the wind
turbine. This rod will need to be connected with heavy gauge wire to grounding rods that are 2.5 m (~8 ft)
to 3 m (~10 ft) in the ground.

The tower will also need to be positioned to minimize the danger if the tower collapsed or a blade
from the wind turbine broke off. This means placing the tower a minimum of one and a half times its
length away from any building or structure.

Based on the graphs presented in figures 4.13 through 4.18, a wind turbine can be selected that would
optimize the available wind resource at the site. The amount of power desired will dictate the wind
turbine size. Also, multiple lower power (smaller) turbines can be used to achieve a given power level. A
list of potential wind turbines and their manufacturers is given in Table 4.3. This table lists the
specifications of the best candidates.
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TABLE 4.3.—WIND TURBINE CHARACTERISTICS

Manufacturer Rotor Number of Output power @ rated Startup Max wind Mass,
(model) diameter blades wind speed wind speed speed weight

Atlantic Orient Corp. 3 wood 12kW at 11 m/s NA NA NA
(8/12 Geared) 8 m epoxy blades
Atlantic Orient Corp. 7m 3 fiber-glass 10 kW at 10.5 m/s NA NA NA
(Windlite) blades
Southwest S5m 2 blades 3.2kW at 12 m/s 3.1m/s NA 55kg
Windpower (175 1b)
(Whisper 175)
Southwest 3m 3 blades 1 kW at 10.5 m/s 3.1m/s NA 30 kg
Windpower (65 1b)
(Whisper H80)
Proven Engineering 55m 3 blades 6 kW at 10 m/s 2.5m/s > 70 m/s 204 kg
Products Ltd. (450 1b)
(WT6000)
Proven Engineering 35m 3 blades 2.5kW at 12 m/s 2.5m/s >70 m/s 86 kg
Products Ltd. (190 Ib)
(WT2500)
Bergey Windpower 7m 3 blades 10 kW at 13.8 m/s 3.4 m/s 54 m/s NA
(BWC Excel)
Bergey Windpower 3m 3 blades 1.5kW at 12.5 m/s 3.6 m/s 54 m/s NA
(BWC 1500)
Entegrity Wind 15m 3 blades 50 kW at 11.3 m/s 4.6 m/s 22.4 m/s 2,420 kg
Systems, EW15 (5,340 1b)
Wind Turbine 94 m 3 blades 20 kW at 12 m/s 3.6 m/s 54 m/s 1,136 kg
Industries, 31-20 (2500 1b)

Many of the wind turbine companies also manufacture towers that are designed for specific turbines.
Depending on the turbine or turbines that are ultimately chosen it may be possible to obtain the tower
from the same manufacturer. Based on the survey that was done the maximum tower height offered by
most manufacturers is around 36.5 m (120 ft). This is on the low end of the desired wind turbine range for
this site but should be sufficient for its operation. Due to the height of this tower it will need to be
professionally installed in order to ensure safe operation of the wind turbine.

The cost of the wind turbine, tower and installation will vary by manufacturer. As an example the cost
of a Wind Turbine Industries 31-20 wind turbine is given in table 4.4. The generator for this turbine is a
Brushless, synchronous 3-phase ac generator. The output voltage is within the range of 40 to 180 Vac.
The output power curve for this wind turbine is given in figure 4.19. From this figure it can be seen that
although the turbine is rated at 20 kW output this only occurs at wind speeds greater than 12 m/s (~27
mph). At the design wind speed for this system (7.8 m/s, ~18 mph) the wind turbine will deliver 7 kW.

TABLE 4.4—COST ESTIMATE FOR WIND TURBINE
SYSTEM INSTALLATION (REF. 13

Component Cost
31-20 wind turbine (20 kW rated) $26,000
36.5 m (120 ft) tower $14,500
Installation and misc. hardware $15,000
Total cost $55,500
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Figure 4.19.—Output power versus wind speed for the
Wind Turbine Industries 31-20 Wind Turbine (ref. 13)
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Figure 4.20.—Power management layout for the Hydrogen Generation System.

System Integration

In order for the Hamilton Standard electrolyzer to utilize the power produced by the array and wind
turbine it must be conditioned. The electrolyzer’s input power requirements are 3 phase, 440 V ac at
60 Hz so in order to achieve this a series of inverters and converters must be employed. A diagram of the
required power conditioning equipment is shown in figure 4.20.

The components of the power management system consist of dc to ac inverters and ac-to-ac
converters. The dc to ac inverters are used to convert the power from the PV array to the required 440 ac
power for the electrolyzer. The present system has an ABC 150 dc to ac inverter. This inverter can handle
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power levels up to 150 kW. (Two 75 kW dc power sources). This will be capable of handling the full
output power of the array if all the upgrades are performed. The dc input voltage for the inverter is 420 V
and the output is 3-phase, 480 V ac. In addition to the existing dc to ac inverter additional ac-to-ac
converters will be needed to convert the ac output voltage from the wind turbine to be compatible with the
electrolyzer and to convert the voltage to and from the grid. A summary of the components of the power
management system is given in table 4.5.

TABLE 4.5.—POWER MANAGEMENT EQUIPMENT

Component Manufacturer/model Specifications Price
ac to ac converter TEMCO Input: 120 V ac $1,900 each
T-3-53312-3S Output: 440 V ac
Power: 30 kW
ac to ac converter TEMCO Input: 120 V ac $3,500 each
T-3-53314-3S Output: 440 V ac
Power: 75 kW
ac to ac converter TEMCO Input: 440 V ac $3,500 each
T-3-53314-3S Output: 120 V ac
Power: 75 kW
Miscellaneous equipment: breaker Various Various $5,000 est.
switches, cabinets, wire, mounts and
control system (software and hardware)

Total for present array configuration $8,500
Total for array upgrade $8,500
Total for upgrade and red panels $8,500
Total for upgrade, red and yellow panels $8,500
Total for upgrade, red , yellow and green panels $8,500
Total for full array and wind turbine $10,400

Site Installation and Performance

There are a number of factors, which will influence the site selection for the electrolyzer. The main
issues are the distance from the renewable power source, the array field and wind turbine, and the
distance from a safe location to store the hydrogen gas. Based on these issues, the proposed site for the
electrolyzer is behind building 333 off of Guerin Road, next to the present hydrogen storage facility.
There are a number of benefits to the placement of the electrolyzer at this location. These include.

e The electrolyzer will be next to an already existing hydrogen storage facility, minimizing any
safety implications of storing the produced hydrogen.

o [t will be just off of Guerin Road providing easy access by vehicle as well as providing a means
of supporting a hydrogen refueling station.

e Itis relatively close to the array field, buildings 333 and 334.

To install the electrolyzer at this site a small shed or building will be needed. Also the power lines
from the renewable sources and grid will need to be brought to the building as well as a water supply line.
The building will need to be large enough to house the electrolyzer and some miscellaneous equipment as
well as enable personnel to walk into it for servicing and operation of the system. Heating and ventilation
will also need to be provided within the building.

A precast concrete building can be used to house the electrolyzer. These buildings come in various
sizes. For this application, a 10 ft by 12 ft (2.5 m by 3.0 m) building should be sufficient. An example of
this type of building is shown in figure 4.21.
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Along with the electrolyzer a water deionization system will be installed within the enclosure (also
shown in fig. 4.21). This water purification system will treat the incoming water to provide the purity
needed by the electrolyzer. The maximum rate of deionized water that will be required is 0.5 gpm.

To size the tank volume needed to store the hydrogen gas, an estimate for the hydrogen production

rate must be made. The maximum hydrogen volumetric production rate (¥, ) for the electrolyzer is 8.4 m’

(300 ft*/hr) hydrogen per hour at standard atmospheric conditions, of 1 atmosphere pressure (P,). The
output and therefore storage pressure (P) of the hydrogen gas from the electrolyzer is at 20.7 MPa

(3000 psi). The output volume per hour (¥) at this increased pressure is given by equation (4.5).

i Pa V,(0.99704 +(6.4149E —9)P)

4.5
P(0.99704 +(6.4149E —9)P, ) (4.5)

Assuming that the electrolyzer will only be operated off of the renewable power sources, the amount
of hydrogen produced can be calculated based on the total energy produced by the solar array and wind
turbine. For this hydrogen production calculation, it is assumed that the electrolyzer can utilize all of the
energy produced by the renewable sources. This cannot actually be achieved without some form of energy
storage. This is because the maximum power output from these sources will at times be greater then the
maximum input power for the electrolyzer. Therefore to totally utilize the energy produced, a storage
medium will be needed. For this analysis it is assumed that the electrical grid will act as the storage
medium. When more power is available from the renewable sources then the electrolyzer can handle,
either due to the maximum power limitation of the electrolyzer or the hydrogen storage capacity being
full, the excess power will be sent to the grid. Alternatively, when insufficient power is available from the
renewable sources the electrolyzer will draw off of the grid to produce hydrogen. The assumption being
made is that the total excess power being transferred to the grid throughout the year will equal the makeup
power extracted from the grid by the electrolyzer throughout the year. Based on this assumption, the total
energy output from the renewable sources can be utilized to size the hydrogen storage tanks.

Figure 4.21.—Precast concrete building for housing the electrolyzer and water deionization unit.
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Figure 4.22.—Hydrogen production per month for the
various upgrades of the renewable energy system.

Therefore, utilizing the energy output from the renewable sources and the power consumption and
hydrogen production rate of the electrolyzer, the total hydrogen production capability per month can be
calculated. This is shown in figure 4.22 for the various levels of renewable system installation.

The amount of storage needed will ultimately be determined by how quickly the hydrogen produced
is utilized. However, at this time the usage rate is not known. Therefore it will be assumed that a half
months worth of storage is required. To ensure that this can be accomplished the month with the highest
production rate (July) will be utilized. The estimated storage requirements based on the installed
renewable energy source are given in table 4.6.

TABLE 4.6.—HYDROGEN STORAGE REQUIREMENTS @ 3000 PSI
FOR THE VARIOUS RENEWABLE POWER SYSTEM UPGRADES

Renewable Energy System Storage requirement

(m’)
Existing system 1.2
Upgraded existing system 2.9
Upgraded system with addition of red panels 6.8
Upgraded system with addition of red and yellow panels 7.7
Upgraded system with addition of red, yellow and green panels 8.7
Full array with the addition of the wind turbine 8.9

The last component of the electrolyzer installation is a coolant chiller. This chiller will provide
coolant water to the electrolyzer through a closed loop cooling system. The water is recirculated through
the chiller to remove the added heat from the electrolyzer operation and then passed back through the
electrolyzer. The power required to operate the chiller will be provided by the renewable power sources.
The chiller will need to dissipate a maximum of around 25 kW of thermal power. This amount of heat
requires a fairly substantial chiller system. An example of a chiller that can meet these requirements is the
NesLab HX-750. This chiller is shown in figure 4.23.
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Figure 4.23.—NesLab HX-750 Recirculating Chiller.

The water purification system and coolant chiller will be installed in the building along with the
electrolyzer. The cost estimate for installing the electrolyzer is summarized in table 4.7.

The last component of the electrolyzer installation is a coolant chiller. This chiller will provide
coolant water to the electrolyzer through a closed loop cooling system. The water is recirculated through
the chiller to remove the added heat from the electrolyzer operation and then passed back through the
electrolyzer. The power required to operate the chiller will be provided by the renewable power sources.
The chiller will need to dissipate a maximum of around 25 kW of thermal power. This amount of heat
requires a fairly substantial chiller system. An example of a chiller that can meet these requirements is the
NesLab HX-750. This chiller is shown in figure 4.23.

The water purification system and coolant chiller will be installed in the building along with the
electrolyzer. The cost estimate for installing the electrolyzer is summarized in table 4.7.

TABLE 4.7.—COST ESTIMATE FOR ELECTROLYZER INSTALLATION

Item Manufacturer/model Estimate cost

Precast building: purchase and install building APS Concrete Products Inc. $15,000
Water supply: install waterline and purification equipment Big Brand Water Filter/CMP-800 $7,000
Power line: install power line to electrolyzer Various $5,000
Hydrogen storage: purchase and install hydrogen storage tanks and Various $15,000
dispensing system

Cooling system: purchase and install chiller system NesLab/HX-750 $8,900
Total $50,900
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