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Preface:

The following essay pertains to the first annual competition organized by the National
Hydrogen Association of America, as a student element for their April 2004 National

Conference in Los Angeles, California.

The scope of the competition was to design a Hydrogen Fuelling Station.

The Waterloo team comprised of a supervising chemical engineering faculty member, Dr.
Michael Fowler, four engineering students and two architecture students. The team was
lead by Erik Wilhelm, in association with Jamie Fairles, Sumit Kundu, Benjamin Shin,

Aaron Holmes and myself.

The extensiveness of the competition covered technical design of the fuel generation,
dispensing and storage processes, through to the aesthetic design of the components,
station and site.

A business plan was also created to offer expansion opportunities stemming from our

initial, chosen site in Rochester, New York.

My purpose on the competition team was to undertake a site visit with Aaron Holmes at
the start of the project, organize all documents, record minutes of each online meeting,
and construct a digital 3D model of the design. | had minimal involvement on the actual
design aspect of the technical or architectural elements. Therefore this article attempts to
outline that which | was able to observe, and in turn address the role tradition plays in the

conception, design, and construction of fuelling stations.
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Form from function: a fuelling station

Mark A. Longo
#20103726

Fuelling stations are elements of society which serve a functional purpose, and lack the
need for any aesthetic consideration. Conceptually they are a means of attaining a source
of energy which allows us to function daily in a fuel-dependant society. Physically they
are a convenience placed on major arterial roads. Architecturally they are an eye sore.
Tradition plays only a small role in the design of such an element of the societal
landscape. The bare elements of this type include a pump, two nozzles, and a booth or
building with a cash register. Anything extra such as a canopy, snacks, cigarettes,
washrooms and a debit machine are at the discretion of the fuel company’s designer, to
provide convenience, and are modes of enhancing the consumer experience. Its form is
contemporary and created out of the site conditions found there, function, construction,
material and methods of manufacture. The fuelling station discards tradition, “it discards
»i

the ornamental facade, and develops its forms from [its function].

And as Gropius commented on the modern movement,

“The forms of the New Architecture differ
fundamentally...from those of old, they are...simply the
inevitable, logical product of the intellectual, social and
technical conditions of our age.”

The construction, material and methods of manufacture are the main technical conditions
which influence the station’s design. Through modularity, prefabrication and a
conservative material palette, the station could easily be replicated in various locations,
depending on the site specifications and requirements. The fuelling station is simply a
series of compartments, covered or uncovered, enclosed or not along its perimeter, and as
primary and secondary forms of use. For example, the car wash is an add-on feature. The

housing yard for the hydrogen reformer™ is only for principle fuelling locations, as a
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source of production for other satellite stations in a specified mile-radius. The canopy and
pumps could be multiplied and placed in adjacency to each other, depending on the
consumer demand at the site. Therefore, as seen in the plan appendixed to this article, the
station can transform from a polygonal feature at the corner of Lake Ave. and Ridge Rd.
to a simple trapezoidal shape at a satellite location, depending on the inherent needs of

the area it serves."

The material palette is modest and includes precast concrete panels for the retail store,
modular metal fence screens/sections for the reformer yard, roof and canopy cover, steel
for the structural elements, and glass undoubtedly for the glazing. If there is any
traditional echo of aesthetic sensibility, it exists in the precast concrete forms, which
mirror Ron Tom’s treatment of the poured concrete cladding for his design at Trent
University in Peterborough, Ontario. Rough saw-cut lumber forms are used in the factory,
to create the slight front-and-back alternating depth of the precast facade. Whether the
choices were based on economy of material, ease of fabrication and assembly, or
modularity, a common influence stems from contemporary observations of fuelling

stations, factories, and institutions seen throughout New York State, and Ontario.

The placement of the station’s components was driven by the required efficiency needed
for the production, storage and dispensation processes. The competition required a
minimum set of components for the station. The programmatic/intellectual arrangement,
such as additions and modifications of the components were left to the discretion of the
student design teams. Therefore, the engineering aspect provided the function of the
building, in turn influencing the architectural form. On the production side, the natural
gas is transformed by the reformer into hydrogen, then piped to the storage tanks and
finally dispensed via the distribution pumps. The piping system links these various
components.” Exposing this process as much as possible, guided the placement of the
station’s components, and the decisions whether to expose, enclose, elevate or bury

certain elements.
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The program of the station itself simply focuses on customer arrival, dispensation of the
product, payments and departure. The treatment of these main components produces the
raw form for the station, which then provides opportunity for a more detailed approach to
its design. A carwash, a convenience section, washrooms, a canopy, etc. are methods for
marketing, as well as improving the user experience. Though these elements are
extraneous when it concerns the fundamental function of the station, they are elements
observed, learned and borrowed from contemporary retail and station designs, as
encountered in the Mobil petrol station on the opposite end of the intersection.” Since the
fuelling station is becoming more and more the one-stop-shop along any route of travel,
these conveniences become a necessity for the economic success of the station. Thus they
become an integral part of the programmatic influence on the building’s form. And where
economy is the underlying decision maker, ornament is discarded, and only raw form

remains.

In addition, as the developer is concerned with minimizing cost, maximizing economy
and profit, the architect and engineer have responsibilities to the environment and site.
The technological enhancements are derived from this responsibility and lead to the
inclusion environmentally sustainable elements such as safety sensors and a building
management system (BMS). Guidance on safety sensors were given by experts in the
field, whereas the BMS, overhangs, low-e glazing and stack ventilation were observed
from projects learned in the scholastic setting, as well as those specifically undertaken by

Mountain Equipment Co-op throughout Canada.

The technical and intellectual/programmatic aspects of the fuelling station only go so far
as to describe the contemporary influences which inspired the decisions behind the
building’s design. What remains last for discussion in this article, but is considered first
in any design process is the site — the social interaction of the building with the
community. Rochester was chosen as the host city for our first station due to its central
location in northern New York State. It would also act as the link between Canada’s
future Toronto hydrogen village, and the north-western United States via the fast ferry
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service. The vision was not only to create a fuelling station at a principle intersection, but
rather expand the idea into a research, education and practical centre, the first of its kind

in North America.

On a macro level, as Kodak was the symbol and support for the City of Rochester during
its development and growth in the last Century, the Hydrogen Research and Fuelling
Centre would have acted as the new attracting gem at the turn of this Century. The traffic
volume was an influential factor in choosing the site, due to the site’s location along the
interstate Highway 96 and Lake Ave, an arterial road running from the lakefront ferry
terminal straight into the downtown core of Rochester. Its location across the street from
the Kodak plant, and on the property of a General Motors dealership would have
reflected an old industry with a new one. Partnership with General Motors was important
since their alternative fuel research labs are located just outside of Rochester, in
Honeyone Falls.

On a physical and much more concentrated note, the site is mainly flat. The dealership
was selling a section off to the city and State for realignment of the interstate highway at
that intersection. In turn, an efficient entry and exit point were made for the station,
taking shape from the momentum of the interstate highway’s curve as it approached the
intersection. Orientation of the main facade in a south-westerly placement addressed the

corner of the intersection frontally.

As Vittorio Grigotti outlined in his address to the New York Architectural League in
1983:

“The worst enemy of modern architecture is the idea of
space considered solely in terms of its economic and

»Vi

technical exigencies indifferent to the ideas of the site.

Tradition only sets precedence for a fuelling station design with respect to maintaining

efficient circulation, dispensation of fuel and customer service at the site as seen in
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contemporary fuelling stations. The task will remain the same: cars pull up on either side
of a pump, the cars are filled, the customers pay, the cars leave. Grigotti outlined
earnestly how the site can easily be ignored if all focus is placed on economic and
technical requirements. As noted in this competition, all the deciding factors for choosing
Lake Ave. and Interstate 96 were economic based. The concept was traditional, the only
change attempted through this competition was to incorporate a new resource into the
traditional routine. This building type of fuelling stations therefore, is set apart from all
other architecture that Grigotti speaks about. It is part of an architectural type which
manifests form through function; through its components based upon the most efficient

sequence of events.

The aim in designing the fuelling station is to take the basic elements of its type, and to
build upon that base through the conditions of circumstance which influence it, such as
locality and specific building task. In the words of Louis Kahn, “What does the building
want to be?” one can argue that the fuelling station in raw form, is a compartmentalized
entity, organized according to open and closed spaces, clusters and groups, disciplined
symmetrically and/or asymmetrically, all jumbled together due to intellectual, social and
technical conditions of our age. The underlying theme of functional economy refers to the
condition of how it can serve the people in the most efficient way possible, but at the
same time provides the greatest return at the lowest cost. Through clarity, simplicity, and
bare bone nature in construction, materiality and methods of manufacturing, fuelling
stations do not appear beautiful from afar or even up close. Yet, its beauty lies within its
function. A heart in a surgeon’s hand is grotesque at initial sight, but if the thought of its
function is considered rather than the image that remains imprinted on our minds, in turn
it is beautiful, for the simple fact that it is the entity which sustains human life. A fuelling
station in its rawest form holds an important position in our society due to the
dependency we have placed on our raw materials. It is the end means through which our
main dependable resource is acquired. Without it, much would cease to function and so

its type and form remain the same for as long as its function remains unchanged.
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Hydrogen Filling Station Project description

Filling stations do not seem like a likely target for architects. Their bland practicality and
numbing ubiquity make them and their dirty little secret glaringly invisible to public eyes.

It is hard, on that note, to imagine a more public architecture. It is possible to make a life
for yourself in Toronto, for example, without ever visiting Toronto's City Hall. It is
possible to live in Bilbao without visiting the Guggenheim. But It is nearly impossible to
exist anywhere in urban North America, without making routine trips to the filling
station.

Even though they are used by all, they barely register on the radar of public
consciousness except as a place where they can gas up 'n go, preferably for a tenth of a
cent lower than the one across the street.

Chex0 is different. Instead of existing unnoticed like every other gas station, it will
command attention because of the change of mentality that allows it to exist. You see
Chex0, which stands for "Canadian Hydrogen EXample Zero" is a Hydrogen filling
station.

Its purpose is to build a bridge from oil to clean hydrogen. Currently, it is expensive to
make Hydrogen in large quantities from renewable energy, however the problem is that
without economies of scale, it will never get cheaper. We are addicted to the automobile
and the oil that powers it, and without a change in our method of fueling them, we will
succumb to the poison in our atmosphere as surely as smoking catches up with a smoker.

Addictions wouldn't be called addictions if they were easy to break. Same story with oil.
As much as we tried to run the station on hydroelectricity and electrolysis (the generation
of H2 from water-like the science experiment seen in many high schools), we could not
do this with any measure of economic efficiency. The energy costs do this are still too
high. With the looming democratization of energy which will be made possible through
distributed electrical generation and the internet, hydrogen will be playing a major part in
the future. The bridge to the future is a filling station slated for a site in Rochester.

Aside from not requiring leaky subterranean gasoline tanks, the station has several
features which make it worth consideration for the Energy & Design award.

Heat gain:
Windows - are highly efficient, with a low emissivity coating and a low U-Value.

Sunshades - The horizontal sunshades on the south facing windows block unwanted sun
during the summer and allow the sun to stream in during the winter. The east sun is
blocked with a wall (the simplest shading device known). As for the west sun, it is more
difficult to shade but the canopy blocks it during the summer afternoons, with the
exception of about half an hour in the middle of the afternoon.

Appendix
Page 2 of 50



Stack effect ventilation - As heat builds up in the building cool air can be drawn in from
low windows, and operable and electronically controlled clerestory windows allow for
exhaust ventilation. They also serve double duty, daylighting the deeper public parts of
the store.

The reformer which generates the hydrogen for the fueling station is located on the north
side of the building. Though it generates a great deal of heat, it is naturally ventilated,
which saves us the energy to mechanically cool it. A series of fixed louvres on the
perimeter of the reformer compound, block view and access to the mechanical
equipment, but does not restrict air flow. The excess heat from the reformer, will be
captured via snaking heat recovery tubes along its exposed surface area, similar to an
underground heat pump system, absorbing the heat via radiation, and transferring it to the
car wash, and other building services.

During the winter, excess heat from the reformer will be used in a hot water radiant floor
heat system, which will be supported by a small furnace which we hope we will not have
to use. During the summer, the concrete's thermal mass will absorb some of the heat that
would have gone into the room, and will release it back to the air through night flush
cooling. In this way, we hope to avoid mechanical air conditioning all together. The
exposed concrete flooring also eliminates the use of additional flooring treatments and
finishes.

The green roof will help reduce heat gain in the summer, and will provide increased
insulation values in the winter. It also reduces the impact of the heat-island effect caused
by the the site treatment, which is unavoidably mostly paved.

We hope to avoid the need for mechanical air conditioning in summer, and make use of
waste heat from the reformer to heat the building in the winter.

Lighting:

Sensors connected to a computerized building management system monitor not only the
temperature, humidity and ventilation, but also the lighting levels. During the day, when
the space is lit by the windows, the sensors keep track of the light levels, and the lights
are turned off when they are not necessary, rather than leaving them on all day long,
further reducing our energy consumption. Also, occupancy sensors which control the
lights are installed in the office, storage, utility room, locker room and washrooms.

Materials:
Given the fact that the station would be located in place of an existing Jaguar dealership,

an analysis would be completed prior to demolition, to determine how much of the
original materials could be salvaged in the construction of the new building.
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The site is designed based on the changes to Rochester's Lake Ave & Ridge Road
intersection which will be made in 2005. This changes the site dimensions and road paths
slightly, and only allow a right turn in off of Ridge Road traveling west. The rest of the
access is from the Lake Avenue Side, and on exiting, you circle around behind the station,
and past the car wash to return to the road.

The design is expected to work in concert with Piehler Pontiac, a GM dealer who allowed
us to use the site for our competition entry. Specifically, once GM begins selling Fuel
Cell cars, having the station nearby would make it a plausible alternative to gasoline
vehicles.

The green aspects of the design were driven by a desire to make the ubiquitous gas
station both economically and environmentally efficient, while simultaneously providing
a bright space for customers. Future plans of development for the station include
incorporating a photo-voltaic system into the dispensing canopy and Piehler buildings,
and the installation of a 'speedpass' system, where people can fill up their cars and go
without having to go inside.

Tomorrows possibilities depend on today's vision. Given adequate support, a project such
as this could be realized. Even if this particular Hydrogen Station in New York is not
built, the research and design work that into making this competition entry will be useful
to Dr. Fowler, who has expressed interest in building a Hydrogen Filling Station on
campus as part of his fuel cell and alternative fuel research activities. Changes like this
are possible. The world will kick its oil aggeetion, either by choice, or later, when we
have no choice. The sooner we start the' §¥itHID a hydrogen fueled future, the less
painful the switch will be.
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1°* Annual University Student Design Contest: Hydrogen Fuelling Station
University of Waterloo

1.0 Introduction

In the last decade, global trendsetters in industry, government and academia have been
supporting the development of hydrogen-fuelled energy systems to replace the current fossil-fuel
energy economy. The main reasons for the push to adopt hydrogen technologies are economic
and environmental. Hydrogen energy systems using renewable energy sources delocalize global
energy production and storage, creating energy self-sufficiencies where unprofitable energy
import dependencies presently exist. This has many positive economic results, ranging from job
creation to the establishment of a more sophisticated energy-trade economy. The environmental
benefits of hydrogen energy technology are fully realized when renewable energy sources are
used in the hydrogen production process. In this case, hydrogen can be used in a closed-loop
system, generating no waste materials. The use of fossil fuels as an energy source for hydrogen
production is an appropriate and economically viable transition technology, providing a bridge to
future clean-energy technologies.

One of the most promising applications of hydrogen technologies is in the personal
transportation sector. From the sheer volume of cars on today’s roads, and the quantity of exhaust
gasses that they produce, application of closed-loop energy systems to automobile technology
promises vast environmental and economic benefits. The replacement of 50 standard
automobiles with fuel cell powered cars will save over 383600 kg CO, per year. CO; is a
greenhouse gas responsible for global warming, a natural phenomenon by which the earth’s
surface temperature increases. Through the influx of man-made greenhouse gasses such as CO,
this natural process is accelerated, wreaking havoc on local ecosystems and weather patterns.
The use of hydrogen as an energy vector in urban environments improves local air quality, and
thus the general health of the population. Selling locally produced hydrogen to the transportation
market will create jobs and stimulate local economic development.

A significant impediment to the widespread introduction of fuel cell-powered cars is the
lack of a fuelling infrastructure. Without a sufficient quantity of hydrogen fuelling stations, car
drivers will continue to buy gasoline-fuelled cars. It is a challenging “chicken and egg” type
problem facing the proponents of hydrogen energy. One of the possible solutions is to design
low-cost hydrogen refueling stations that can be built along major commuter and transport
arteries. These stations would not only sell hydrogen, but also promote the safe, clean and
efficient image that hydrogen should posses.

It is the objective of this report to propose a design for a near-term hydrogen refueling
station that accommodates both current energy market, technical, and cost realities, while
promoting the transition to a hydrogen economy.

2.0 Background

Innovative and effective solutions to the lack of a hydrogen-fueling infrastructure are
being proposed by teams of students competing in a design competition run by the National
Hydrogen Association (NHA). The report examines the technological, economic and social
challenges facing hydrogen-fueling stations.

The University of Waterloo NHA Design Competition team consists of students from
several disciplines. Engineering and architecture strengths are complimented by solid training in
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economic principles and environmental awareness. We are drawn together by a common passion
for elegant design solutions and a clear vision of the tomorrow we wish to share with out
children.

3.0 Rochester NY- Station Location

Important cities for the emerging hydrogen economy are cities that stand along major
transportation arteries. Hydrogen fuelling infrastructure built in such cities will be a frontier for
H,-powered transportation that will spread across North America.

Rochester, New York, was chosen as the site for the hydrogen refueling station “Chex0”.
This was based on its proximity to a major transportation artery, the 1-90, which runs from
Boston to Buffalo and links the eastern US to Canada. It is also located in an area that is being
developed for wind power, and receives some electrical energy from the hydro power plant at
Niagara Falls. There are also smaller hydroelectric installations (1) in the area that could be used
to generate electricity for the electrolysis of water into hydrogen and oxygen. Significant interest
in hydrogen energy projects has already been shown in Rochester, including an October 2003
feasibility study by Deloitte and Touche (1). A fast-ferry between Rochester and Toronto is
being implemented, linking two cities active in building up hydrogen infrastructure. The
proximity to the GM hydrogen fuel cell research center in Honeyone Falls makes Rochester a
good candidate for early hydrogen technology introduction. Rochester is also considered to be a
mid-sized city, which simplifies scaling the design to suit other locations.

The Lake Avenue and Ridge Road intersection in Rochester, New York, was selected as
the location for the “Chex0” hydrogen filling Station. It has a strong combination of attractive
features, including a very high traffic volume of 63,750 cars per day (Average Annual Daily
Traffic - 2001 study), location on the Ridge Road, leading to the fast-ferry entrance, and next to a
GM dealership that intends to sell fuel cell cars in the near future. The land upon which the
station would be built will be reconstructed in 2005, which coincides perfectly with the plans for
a new station there.

4.0 Technical Design

The hydrogen refueling station design consists of four sub-systems: production, storage,
distribution and safety. Several alternative technologies exist for the four major systems, each
with its own strengths and weaknesses. The system options and design considerations are
outlined in each of the following subsections.

4.1 Hydrogen production

Hydrogen production can either take place on-site, or in a centralized production facility.
Centralized production makes economic sense when there is a great demand for hydrogen within
a reasonable shipping distance by tanker truck or by pipeline. On-site production is economically
viable during the initial phases of the transition to a hydrogen economy when hydrogen transit
corridors are being established, and a minimum number of fuelling stations exist.
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Hydrogen production can be accomplished thermochemically, by steam reforming of
natural gas, chemically, by complex catalytic and biological reactions, or electrochemically by
water electrolysis. For 2006 consumer retail hydrogen, the most technologically viable methods
are either electrolysis or steam reforming. Catalytic and biological methods are still under
experimental development and therefore not capable of large-scale production. Electrolysis is
well coupled with renewable energy sources, particularly with hydro/wind electrical energy. It is
decidedly energy-inefficient to produce electrolytic hydrogen from electricity generated by fossil
fuel combustion. In this case, it is more efficient to use steam reforming to separate hydrogen
from both methane and water. A disadvantage of steam reforming is that it produces CO; in an
exhaust stream.

For the design outlined in this proposal, hydrogen production was chosen to occur on-site,
using steam methane reforming technology. The main motivation for on-site production was that
the competition request for proposal was for one station only, to be opened March 2006 (4).
Selecting a centralized productions scheme within this time frame would require too much
speculation on future market conditions to be economically viable. In order to justify the capital
investment in a centralized production scheme, a request for proposal for more than one station in
the region must exist. Based on an early cost comparison outlined in Table 4.1, the decision to
use steam reforming to produce hydrogen for the station was made (please note that these
numbers are not the final costs, they simply provide a costing approximation). This calculation
assumes that the only difference between an electrolyzer and reformer system is the energy and
capital costs. In practice, many major station components would depend on the system selected.

Table 4.1: Comparison of capital and operating costs for steam reforming and water electrolysis.[
] Source: Rochester Gas & Electric, Hydrogenics Corporation

Energy (USD/year) Total (USD/kg)
Electrolyzer 1682083.52 5,55
Reformer 10674.56 1,6

The calculations made assume that the cost of energy will be reasonably constant over the
next twenty-year period. According to the US Energy Information Administration office, this is a
safe assumption for both natural gas and electricity (5). Without any changes in the price of
energy over the next 20 years, hydrogen produced from natural gas should remain a more
economically attractive source of hydrogen for the 20-year period discussed. The primary source
for electricity in Monroe County is coal combustion, however 'green power' packages are
available from the utility at premium prices. Calculations show that the use of grid electricity to
produce the hydrogen from electrolysis in 2006 would not provide any economic, or
environmental advantage.

The cost of global warming caused by the release of the greenhouse gas CO; is not
factored into the figures discussed, but it was not overlooked in the decision making process. The
choice of steam reforming for the station was justified by viewing it as a short-term solution to
encourage rapid market acceptance of hydrogen. A station designed for the 2006 North
American market based on renewable energy-powered water electrolysis would sell hydrogen at
a price beyond the reach of many consumers. This would harm the long-term prospects of a
renewable energy-based hydrogen economy, no matter how environmentally benign the station
would be.
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4.2 Hydrogen storage

There are many options for storing hydrogen. It can be stored as a cryogenic liquid, a compressed
gas, or in a multitude of chemically bonded forms. Hydrogen liquefaction is a very energy-
intensive process, requiring, in some cases, half of the energy content of the fuel for the
liquefaction process. Compressed gas storage is less energy intensive; however it requires larger
vessels than liquid storage. Hydrogen can be physio-chemically bonded to metals such as Mg-
MH (magnesium metal-hydride), or converted into a storage compound such as sodium
borohydrate. This method is rather expensive, and is better suited to vehicular storage.

For the “Chex0” station, high-pressure gaseous storage technology was chosen for its simplicity,
cost-effectiveness, and wide availability. As per the RFP, hydrogen is delivered to the customers
as a pressurized gas. On-site storage density is not a major concern, due to the ample lands
afforded to the station. Considering these factors, the cheap, simple, compressed gas tank system
is an attractive choice. Compressed gas is also the standard storage method for gaseous hydrogen
in industry, making the selection of supplier of H, storage tanks relatively broad.

4.3 Hydrogen distribution

Distribution systems are highly dependent on the type of production and storage systems
applied in the station, and on the form of the hydrogen being delivered to the customer. Cost,
filling time, and filling nozzle-compatibility are the major factors to be considered.

After calculating that the maximum filling time allowed per vehicle during the peak
period is 3 minutes for a single pump-single nozzle arrangement, it was decided to design for two
pump heads, with two filling nozzles per head. With this arrangement four cars can fill
simultaneously increasing the maximum filling times at the station to 12 minutes. Standard
gasoline filling stations are designed for a shorter filling time, so customer satisfaction is assured.

4.4 Safety system

The safe operation of the fuelling station is of paramount concern. The public perception
of the Hydrogen Economy will be governed by the safety of these early retail stations.
Compressed hydrogen presents both flammability/explosion and pressure-burst danger. As a
result, state-of-the-art fire detection and hydrogen sensors must be used to ensure safe operation
of the station.

A full section of this report is dedicated to the safety system designed for this station.
4.5 Specific system components

The proposed hydrogen refueling station was designed to service 50 cars per day with a
one-hour peak of 20 kg H; (roughly 7 cars). The number of cars that visit the station in any hour
is crucial to the design and sizing of the reformer and storage system. The proposed customer
distribution consists of a small peak early in the morning (representing those who fill up before
going to work) with associated build-up and tail-off. Another small peak is seen at 12:00 PM with
the largest peak at 5:00 PM. This type of distribution was modeled after the one used in a 1997
DOE report (7). A full bill of materials can be found in Appendix A.
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Figure 4.1: Customer distribution for the proposed refueling station, based on 50 cars total.

Figure 4.1 aided in the design of the filling algorithm, as well as serving as a guideline for the
number of filling nozzles, pump heads and several other components.

All components in the design of the system are available either on the open market, or through
contracts with established companies. All systems have been field-tested and most are already
operating in various installations around the world. Please not that the standards to which the
components adhere are all located in the Safety section.

4.6 CNG Reformer

A request for proposal for a natural gas reformer system was submitted to Hydrogenics
Corporation. Hydrogenics offers a wide range of energy system solutions, and were able to meet
the requested design requirements with pre-built and field tested systems. The key features of the
reformer are:

 Fail-safe integrated safety system with remote status monitoring via a LAN or telephone
connection

o Maximum hydrogen output pressure of 6000 psig

« Maximum hydrogen output rate of 2600 standard cubic feet per hour (6,25 kg per hour) of
99.9% pure hydrogen

« Required city gas feed of 1350 standard cubic feet per hour city gas

o Required municipal water feed of 6 US gallons per hour nominal, 10 USGPH maximum

« 5 year extended warranty coverage

An edited quote from Hydrogenics for the reformer containing a complete listing of the
technical specifications can be found in Appendix B. Pricing has been removed fore reasons of
confidentiality. The use of actual supplier quotes in this report guarantees the functionality of the
technology, and therefore represents significant progress towards the achievement of a functional
station.
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The reformer would be ordered in October 2004. The lead time for the reformer is 12
months, which means it would be delivered October 2005, allowing 4 months installation and
integration time.

4.7 Storage Tanks

CPI supplies the stations’ compressed hydrogen storage tanks, using standard designs and
materials. The storage system used in this station is composed of six tanks, each with a volume of
1038 L, which can hold 35 kg of H; at its design pressure of 6000 psi. The tanks are manifolded
in pairs to make three larger hydrogen storage banks. An excerpt form the CP Industry quote can
be found in Appendix B. The valves used in the storage tank to distribution system are all piston
valves. They were selected over solenoid valves because they are actuated with compressed air
and thus represent no significant fire risk. Detailed renderings of the connections between the
tanks and the other components can be found in Appendix C. Further a full process flow diagram
can be found in Appendix D.

There were three reasons for choosing multiple independent storage banks. First, when in
use, a tank cannot be refilled by the reformer. Having three tanks allows two tanks to be used
during a fill while the third accepts hydrogen from the reformer. Secondly, there is a requirement
to fill to a pressure of 5000 psi. If only one tank was used for filling cars, once the tank pressure
falls below 5000 psi it could no longer be used, and the remaining hydrogen in the tank becomes
useless. With two tanks, when the first tank drops below 5000 psi it can still be used for a low
pressure fill after which point the second tank can “top-off” the cars to the required 5000 psi.
Finally, the use of multiple tanks also reduces the amount of dead hydrogen (hydrogen that is
used to keep the pressure in the storage tanks high, but will otherwise not be used) onsite as well
as improves reliability in the overall design.

The critical time of day for the storage tanks is the 5:00 PM to 7:00 PM peak time where
there is almost a steady stream of cars. In the worst-case scenario, cars come one after another,
leaving the high-pressure tank little chance to refill. Therefore there must be enough hydrogen in
the tank to sustain a pressure above 5000 psi until the heavy rush is over.

In order to minimize the amount of hydrogen stored on site while still being able to meet
the worst case filling scenario the following criteria were set for the operation of the station.

1) At least one of the tanks available for filling must have at pressure above 5000 psi.

2) When the storage pressure of a tank drops below 4000 psi, it goes offline to accept
hydrogen from the reformer (this ensure that the tank can be refilled to base pressure
in a reasonable amount of time).

3) From 5:00 to 7:00 PM storage refilling priority is given to the tank with the highest
pressure

Appendix E outlines the control strategy of the tanks. Figure 4.2 illustrates the pressure in each
bank over the period of one day. The actions taken in each step are identified in the Figure.
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Figure 4.2: Daily variation of storage bank pressures

4.8 Distribution system

The distribution system chosen for the “Chex0” station is designed and manufactured by
FTI of Concord, Ontario. The distribution system contains control electronics and algorithms, as
well as the complete interface for the control of the filling tank actuators. Although these
features are integrated into the distribution system proposed by FTI, an algorithm was developed
in order to ensure that the system operates according to the performance specifications outlined in
the contest RFP. Some of the features of the distribution system are highlighted below:

Maximum meter flow rate of 20 kg per minute

Maximum working pressure of 447 bar (6483 psi)

Dual filling hoses

Operating temperature ranges from —40 °F to +160 °F

Electronic computer displaying sale volume and price, in backlit, intrinsically safe,
displays.

Fully grounded, preventing unsafe static build-up

e Vehicle communication and interfacing electronics match the California Fuel Cell
Partnership Interface Specification

The distribution system has been tested and evaluated at Thousand Palms, California,
among several other locations. The system is sold modularly, allowing for the selection of
different components at future sites.

From the system operating data provided by FTI and the station system characteristics, a
fill time of 0.9 minutes, or 54 seconds, for 3 kg of hydrogen was calculated. This figure was
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confirmed by the FTI, and represents a significant filling-time improvement over gasoline filling
systems.

Customer billing is performed on a mass basis. FTI refueling pumps calculate the mass of
hydrogen distributed to the customer, and communicate this information to a sales computer.
Optional “electronic payment” may be easily integrated in the future.

4.9 Architectural Building Design

The fueling station is designed to be safe. The canopy design includes lightning rods on
top of the supports to direct lightning-strikes away from the Hydrogen tanks. The canopy has
vents at the apex of its ridge to keep Hydrogen from collecting there, as well as sensors to detect
unsafe hydrogen levels. The hydrogen tanks are located on the roof, so that in the case of an
accident such as a major leak or explosion, the hydrogen will disperse or burn upwards leaving
the station and customers unharmed. The ceiling inside the building is slightly sloped towards the
clerestory windows which open to allow natural exhaust of possibly accumulated hydrogen by
the stack effect. Even when closed, a hydrogen sensor located in the trigger alarms before the
hydrogen levels become dangerous.

The building is organized so that customers have the option to either pay for their fill
immeadiately and leave, or make purchases from the convenience store or peruse the hydrogen
literature before continuing on their way. The shaded clerestory lights allow diffuse light in the
summer and direct light in the winter, brightening up the station so that electric lights are only
necessary at night. Clerk and office manager sight lines were designed to discourage theft, and a
one-way mirror is installed in the cashier center. Detailed site and building plans can be found in
Appendix F and G respectively. The site was selected by visiting Rochester to look for available
locations in high traffic areas of the city.

The reformer is housed outside, out of direct sunlight for most of the day, in order to
prevent overheating. The piping to the roof, and then from the roof to the tanks is as direct as
possible to help eliminate potential leak points and minimize pumping losses. There are lightning
rods on the roof of the station which protect the tanks from being struck by lightning.

The station has several modules that make it easily adaptable to other sites in New York
and across the United States. The canopy is self supporting, and defines a four car filling area. If
more capacity is required, another canopy can be easily added beside the first. The car wash is
not integral to the station, and may be easily removed from the plan for an installation if site or
economic circumstances do not favour it.

All of the components of the station structure are currently available on the open market.
The lighting system is intrinsically safe, and is designed for operation in explosive-gas

environments.

Renderings of the station are shown in Figures 4.3, 4.4 and 4.5.
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Figure E.3: Angled street level view of station
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5.0 Safety Analysis

Safe operation of the hydrogen fueling station is crucially important in establishing
confidence in hydrogen as a fuel for the future, therefore safety in the design of the proposed
hydrogen retail station was given careful consideration. The design of the station was assessed
using a modified Hazop-type process which helped to identify risks, their overall hazard level,
and to identify appropriate design strategies to mitigate them [9].

In order to perform a safety assessment on the station, it was separated into several
different nodes as shown in Figure 5.1:

Node 1: Natural Gas Node 2: Natural Node 3: Gas Storage
Feed Reformer

Node 6: Control Node 5: Piping Node 4: Dispensing
System

Figure 5.1: The different nodes for analysis.

This section will outline the different safety codes and standards that were used in this
station as well as specific hazards and their mitigation strategies.

5.1 Standards

Standards for the hydrogen fueling industry are still far from being complete. Some
standards do exist, and those of close relatives such as natural gas can be used in certain
situations as general guidelines. Wherever possible in the design of this station, existing standards
were taken into account by the design team as well as the original equipment manufacturers. In
most cases, manufacturers that adhered to the most current and appropriate safety standards
supply the component systems that make up the station. This includes items such as the reformer,
storage tanks, and dispensers. The components as well as the standards to which they were built
can be found in Table 5.1 [10,11,12]:

Table 5.1: Code compliance of retail station equipment

Component | Specification

Reformer | ASME Certified to Process Pressure Piping: ASME B31.3 Electrical Location
classified as: Class 1, Division 2, Groups B & D Electrical Supply: 575V, 60 Hz,
3 phase

Vessels: ASME VIII Div 1, cyclic stress standards to BS5500 for 200,000 hours
operation NFPA 50A: Standard for Gaseous Hydrogen Systems at Consumer
Sites

NFPA 54: National Fuel Gas Code CSA B-51 part 2, NGV2-2000: Basic
Requirements for Compressed Natural Gas Vehicle (NGV) Fuel Containers
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Storage ASME UPV Code Section VIII, Division 1, Appendix 22, Safety Factor 3:1 for
dry gas, non-corrosive service. Design temperature -20 °F to +200 °F. Vessel
material is SA372 Grade J Class 70.

Dispenser | NEC for Class 1, Division 2, Group B Hazardous Location
ASME B31.3

The planning process will follow a standard construction permitting and licensing process.
In addition an ‘environmental impact assessment’ will be conducted which will include public
meetings and information sessions. Construction, pressure vessel, and electrical advisors, as well
as the fire inspector will be involved throughout the final design and licensing process. The
reformer will have all appropriate air permitting and emission monitoring provisions. This
analysis will includes consideration of low potential ‘catastrophic’ risks such as security (e.g.
vandalism, sabotage, terrorist activities, explosives) as well as large vehicle collisions.

The overall design of the station was done consulting the Canadian National Fire Code, which is
consistent with American codes. Special attention was paid to the sections regarding chemical
reactors. By locating the station components outdoors the station conforms to NFPA 50A siting
conditions. The materials of construction will be chosen such that relevant sections are made of
non-flammable material. Some of the other important standards that future design iterations
would include are listed below [13]:

ASME Boiler and Pressure Vessel Code (BPVC)

ASME B31.3 (2002) Process Piping

CGA C-7 (2000) Guide to Preparation of Precautionary Labeling and Marking of Compressed
Gas Containers

CGA G-5 (2002) Hydrogen Physical Properties,

CGA G-5.4 (2001) Standard for Hydrogen Piping Systems at Consumer Locations ,

CGA G-5.5 (1996) Hydrogen Vent Systems ,

CGA S-1.1 (1994) Pressure Relief Device Standards-Part 1-Cylinders for Compressed Gases ,
CGA S-1.3 (1995) Pressure Relief Device Standards-Part 3-Stationary Storage Containers for
Compressed Gases ,

ANSI/CSA NGV2 (2000) Basic Requirements for Compressed Natural Gas Vehicle (NGV) Fuel
Containers ,

DOTn 49 CFR, Parts 171-180 Regulations for Transportation Equipment and the Transport of
Hazardous Materials ,

2003 International Building Code (IBC) ,

2003 ICC Electrical Code™ (ICC EC),

2003 International Fire Code (IFC),

2003 International Fuel Gas Code (IFGC) ,

2003 International Mechanical Code (IMC) ,

2003 International Residential Code (IRC) ,

2002 National Electric Code (NFPA 70),

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

1999 NFPA 50A — Gaseous Hydrogen Systems at Consumer Sites,

2002 NFPA 52 — Compressed Natural Gas (CNG) Vehicular Fuel Systems ,

2002 NFPA 54 - National Fuel Gas Code Natural Gas Systems ,

2003 NFPA 5000 Building Construction and Safety Code
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5.2 Hazardous Operation (Hazop) Analysis

A hazop analysis was done on each of the identified nodes. Table 5.2 summarizes some of

the hazards and their implications as well as overall hazard.

Table 5.2: Modified Hazop analysis of proposed hydrogen retail station

Deviation Failure Mode Result Action H
Control
No Power Power Failure systems fail, Fail to a safe position B
safety
compromised
Leak in the Leak detection, maintenance and
. ) C
storage tanks inspection program, IR fire
No Hydrogen Fire/explosion detectors, remove all ignition
in the tanks Leak in the hazard sources, use appropriate seals D
Piping and gaskets
No Dispenser Car has Ignition of Barriers and curbs, dispensers A
P Rammed into it hydrogen with automatic isolation. ERAP.
No Dispenser | Car has driven May cause a Use hoses /that la re detatghgble,
Hose away with it hydrogen leak customer/employee training,, A
) clear instructions ERAP.
Mav 20 past Pressure relief valves,
More yEoPp Ensure that the tanks can handle
. the design . .
pressure in . a wide range of pressures with
Due to heating | pressure. Cause .
the tanks . some over design C
in the sun stresses on .
(past 6000 tank, may Have a good maintenance and
psi) cause leaks inspection program
Movement of May build up Ensure that the car and
gasses and enough voltage i
. ot ) ispensers (as well as other
Static friction against to cause the .
- . equipment) are grounded D
Electricity pipes and such hydrogen to Iv (throuch th 1
Lightning ignite properly (t rough the nozz e),
’ use a lightning rod, ERAP.
Have sufficient leak detection,
Strong maintenance and
Leak in the Fire/explosion inspection program, IR fire D
Less mass piping hazard detectors, remove ignition
flow to the sources
car
Hose 1s not . H2 leak ’ Customer Training, Software
hooked up Fire/explosion . . D
control, unique Nozzle design
properly hazard
Compromised
Station Act of God _Station ERAP, Isolation of all systems,
Collapses (e.g. integrity, leaks, improved station construction A
P Earthquake) fire/explosion P
hazard
S = Severity, P = probability (Scale 1 — 4, very — not very),
H = Hazard (A — D, Acceptable risk — Unacceptable Risk)
02.03.04 L ppendn 12
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Three broad areas of risk from Table 5.2 are identified as being particularly significant.
They can be put in the following categories in order of decreasing risk.

1. Customer error resulting in accidents (all nodes)
2. Loss of integrity of system compounds, resulting in leaks and fires (piping node)
3. Ignition from static, lightning, and stray currents

Other failure modes include

Over pressure of system lines and vessels (including onboard storage)
Loss of power

Corrosion of the storage tanks (resulting in loss of integrity)
Reformer meltdown

Acts of God

i B

5.3 Customer Error

Customer will be a major source of hazard, because this error includes a wide variety of
failures. Such failures include accidents between customer vehicles and the station, improper use
of the station equipment when refueling, and filling leaking or faulty vehicle storage tanks.
Though no one deviation caused by customer error has a very high hazard rating, the shear
number of incidents that can be caused by customers warrants this error to be ranked as the
highest hazard.

In order to prevent customers from hitting any of the components, barriers have been put
in place around the dispensers (NFPA 50A, 5000). The design of the station also follows a
natural flow that resembles a normal gas station. The reformer and the storage tanks have been
located away from traffic zones. The reformer is located in a walled enclosure and the storage
tanks are located on a roof section accessible only to employees and inspectors. Dispensing
procedures should be composed in accordance with NFPA 52 [14]. These include items such as
prohibiting smoking on site as well as filling a vehicle that is experiencing leaks. Informing the
customer of, and enforcing the rules is the duty of well-placed signs and station employees.

Immediately following the station opening, the customer may not completely know how
to use the equipment. It is the intention that the station be self-service, therefore the risk that the
customer may use the equipment improperly exists. The FTI hydrogen dispensers are able to
communicate with the fuel cell vehicles. As such, the dispenser will not fill the car unless the car
is completely ready. Filling of a running car will be locked out by control electronics.
Nevertheless, for the first year of station operation, as well as whenever called upon, special-duty
station employees will be required to train drivers on how to use the station filling equipment.
These additional employees are part of the education and awareness program. The use of
additional special-duty employees at the station helps to educate the public as well as trains an
new workforce for future stations.

In the case of an accident, emergency response action plan (ERAP) are in place to ensure that
the situation can be dealt with. The document will touch on the following subjects [14]:
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How to identify the emergency
What actions need to be taken
Who to notify

Evacuation procedures

Safety systems

5.4 Loss of integrity resulting in accidents

In addition to customer errors that can result in accidents, there is also the regular usage
wear on the station that will eventually result in hydrogen leaks. This is especially important in
the system piping. It runs overall throughout the station, thus has the highest probability of being
near an ignition sourc