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EXECUTIVE SUMMARY

The Department of Energy (DOE) Multi-Year Research, Development and
Demonstration Pl 'ovefmlprograimyged)i&td eyvelop hydrogen
delivery technologies that enable the introduction and long-term viability of
hydrogen as an energy carrier for transportation and stationary power.
Concurrent Technologies Corporation (CTC) and the Resource Dynamics
Corporation (RDC) as well as other organizations are performing research and
development (R&D) and infrastructure development tasks in order to assist in
meeting this goal. The DOE MYRD&DP objectives applicable to the Hydrogen
Regional Infrastructure Program in Pennsylvania are:

! Reduce the cost of hydrogen to $2.00-$3.00/ gallon of gasoline equivalent
(gge) delivered at the pump

1 By 2012, reduce the cost of hydrogen transport from central and semi-
central production facilities to the gate of refueling stations and other end
users to <$0.90/gge of hydrogen

This hydrogen delivery tradeoff project represents Phase Il of the Hydrogen
Regional Infrastructure Program in Pennsylvania, focusing on the region
encompassing Northeastern Interstate 95 (hereafter referred to as 1-95 Corridor).
The Phase | deliverable identified and qualified the most important tradeoffs
among alternative hydrogen delivery approaches for the State of Pennsylvania®.
Phase | work identified, among other findings, the need to evaluate hydrogen
economic tradeoffs on a regional basis focusing on the most transportation

dense region encompassing P edalphs.yThe B9 i

Corridor includes Philadelphia as well as other major population centers along
the east coast of the United States (U.S.). This study identifies and qualifies the
most important tradeoffs among alternative hydrogen production and delivery
approaches for the 1-95 Corridor.

The 1-95 Corridor from Washington DC to Boston MA is a very important market
for hydrogen and hydrogen analysis because it contains ten closely-tied
metropolitan statistical areas (MSAs)?, wi th f our agestdtibseas
well as a variety of potential feedstocks and delivery infrastructures. This allows
for a structured analysis of a variety of meaningful alternative production and
delivery tradeoff scenarios reflective of many of the challenges the nation faces
in moving towards a hydrogen economy.

! Hydrogen, Fuel Cells & Infrastructure Technologies Progkéutti-Year Research, Development
and Demonstration Plan, US Department of Energy, October 2007.

2 Concurrent Technologies Corporatiand Resource Dynamics Corporati@tonomic Tradeoffs for
Hydrogen Infrastructure Development in Pennsylvaridbmitted to DOE undeoaotract DEFC36
04G014229July2006.

nat

% From South to North: Washington DC, Baltimore, Philadelphia, Trenton, New York, Bridgeport, New

Haven, Hartford, Providence, and Boston
iX
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Hydrogen Pathways and Tradeoffs

There are many pathways for hydrogen to be produced and delivered to a fueling
station. Each of these different production and transport methods will require
different infrastructures, including production, handling, transportation, and
dispensing technologies. Those that are deemed conventional technology are
listed in Table ES-1.

For each of these pathways, both delivered hydrogen cost and total capital
investment were estimated using an analysis that employed the DOE H2A model
and considered feedstock cost, labor and materials, operating and maintenance,
and energy cost, as well as recovery of capital.

The key tradeoffs analyzed were:

1 Plant Size. Plant size has a major impact on production cost as it
decreases hydrogen production cost as the plant size increases,
otherwise referred to as economies of scale. Comparing few large central
station plants with their economies of scale but longer distances from the
fueling stations (i.e., serving combinations of 1-95 Corridor MSAS) versus
several smaller central plants which tend to be more expensive to operate
but closer to delivery locations (i.e., serving individual MSAs along the 1-95
Corridor), and considering distributed production as well where no
hydrogen delivery is required,

1 FEeedstock and Technology Options. Comparing the relatively high cost of
natural gas versus coal, biomass or other options, considering both the
capital required to invest in the technology as well as the operating costs
that include the purchase of feedstocks; and

1 Delivery Methods. Evaluating compressed gas truck transport, liquid truck
transport, or pipeline delivery options for each plant size and feedstock
option. Pitted against these options, in terms of delivered cost, was
distributed production which does not require delivery but tends to have a
higher production cost.

Each of these tradeoffs was evaluated for three progressive demand scenarios to
assess whether specific pathways made more economic sense early or late in
the development of a hydrogen economy.

Tradeoff Analysis of Hydrogen Costs

Hydrogen is expensive to produce and distribute in small volumes, relative to
gasoline costs. Currently, U.S. gasoline prices are at or near all-time highs,
around $4/gallon, and many project that these prices will not decrease
significantly. This would suggest that the DOE goal of $3/gge may be too high,
and a goal of $4/gge untaxed may be sufficient to make hydrogen competitive.
The hydrogen costs presented are expressed in $/kilogram (kg), which is based

X
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on the fact that a kilogram of hydrogen contains roughly the same amount of
energy as a gallon of gasoline. Therefore, it is appropriate to compare the costs
of a kilogram of hydrogen to a gallon of gasoline.

For the 1 percent demand scenario, accounting for the costs required to produce
and deliver hydrogen from a central plant using lower-priced feedstocks such as
coal, delivered costs were over $9/kg. Distributed production produces hydrogen
in smaller quantities with natural gas directly at the fueling stations, and avoids
the costs of delivery. Using this method, hydrogen costs were lower, around
$7/kg. These costs are significantly higher than the DOE goal of $3/kg, and
current gasoline prices.

Table ES - 1. List of Hydrogen Production and Delivery Pathways

Primary Hydrogen Production

Feedstock Technology Delivery Technology

Pipeline

Cryogenic Liquid Tanker

Electricity Electrolysis : :
High Pressure Tube Trailer

Distributed
Pipeline

Cryogenic Liquid Tanker

Natural Gas Steam Reformation : :
High Pressure Tube Trailer

Distributed
Pipeline

Coal Gasification Cryogenic Liquid Tanker

High Pressure Tube Trailer

Pipeline

Biomass Gasification Cryogenic Liquid Tanker

High Pressure Tube Trailer

When demand builds to more modest levels, delivered costs approach the $3/kg
DOE goal and compare with current gasoline prices. For the scenario where ten
percent of light duty vehicles along the 1-95 Corridor require hydrogen, stations
can handle larger volumes of hydrogen and costs drop. Distributed production at
just above $4/kg was seen as the preferable method, given that 45 percent more
capital investment ($4.3 billion vs. $3.0 billion) would be required to establish the
central plants and delivery infrastructure. This becomes even more pronounced
with carbon regulation affecting central station coal plants, as distributed
production is more cost effective unless biomass central plants are cost effective
to produce hydrogen.

Xi
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Central plant production is more competitive at the 30 percent demand scenario,
when carbon regulations are considered, and delivered hydrogen costs average
$4.00/kg. With distributed production at $4.22/kg, the transition to central plants
would be likely done on a MSA by MSA basis, and depend on a number of
additional factors including current natural gas pricing, required capital
investment, and assuming carbon regulations apply to larger central stations and
not to smaller distributed production sites.

Recommendations

With hydrogen costs approaching the DOE cost target in the long term but still
high in the near-term, the focus of the study recommendations was on the near
term cost reductions. Opportunities to improve upon the near-term hydrogen
costs using conventional technology center on two potential improvements:

1. Increase Hydrogen Production Volume. While the report focused solely
on the demand for hydrogen for transportation applications, there could be
significant opportunities to site refueling stations where there are
additional hydrogen demands. These opportunities may increase
hydrogen demand by sitting at or near:

a. Forklifts in warehouse, replacing battery usage,

b. Premium power and backup power installations with hydrogen fuel
cells provide the power,

c. Transmission load pockets where hydrogen can provide local
power generation, reducing the demand on constrained local utility
transmission and distribution facilities,

d. Fleets as a first adopter of hydrogen vehicles,

e. Airports, looking at hydrogen tugs and other hydrogen vehicles ,
and

f. Military installations and their possible need for hydrogen.

In doing so, lower initial hydrogen costs may be attained as the on-site
production volumes would be appreciably higher and economies of scale
more favorable. A Phase Il effort is planned to assess these additional
demand options, initially by screening all options to focus on those with
the highest potential impact and data availability. This analysis will be
used to focus efforts on a limited number of options, either by application,
geography, or a combination thereof.

2. Decrease Feedstock Costs. Some portions of the [-95 Corridor are rich in
indigenous energy resources which could be used to supplement or
replace natural gas in certain areas. This recommendation places an
emphasis on renewable feedstocks for hydrogen, since many such
sources are deemed renewable in many states, and include landfill gas

Xl
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and digester gas from farms or wastewater treatment plants. It is
recommended that Phase Il apply lessons learned from the FY05 work on
indigenous energy within the State of Pennsylvania be refined using
specific supply and pricing information on these indigenous feedstocks to
determine whether there are regions of the [-95 Corridor can produce
hydrogen at a lower cost.

These two recommendations would support sev
that of developing low-cost, highly efficient hydrogen production technologies

from diverse, domestic sources, including natural gas and renewable sources, as

well as that of developing hydrogen delivery technologies that enable the

introduction and long-term viability of hydrogen as an energy carrier for

transportation.

Xiii
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1.0 INTRODUCTION

The Department of Energy (DOE) Multi-Year Research, Development and
Demonstration PIl*‘avwedlsprograhygBaDi&td eeyelop hydrogen
delivery technologies that enable the introduction and long-term viability of
hydrogen as an energy carrier for transportation and stationary power.
Concurrent Technologies Corporation (CTC) and the Resource Dynamics
Corporation (RDC) as well as other organizations are performing research and
development (R&D) and infrastructure development tasks in order to assist in
meeting this goal. The DOE MYRD&DP objectives applicable to the Hydrogen
Regional Infrastructure Program in Pennsylvania are:

! Reduce the cost of hydrogen to $2.00-$3.00/ gallon of gasoline equivalent
(gge) delivered at the pump

1 By 2012, reduce the cost of hydrogen transport from central and semi-
central production facilities to the gate of refueling stations and other end
users to <$0.90/gge of hydrogen

Initial work developed in the project related to hydrogen delivery tradeoffs
focused on the State of Pennsylvania. The Phase | deliverable identified and
qualified the most important tradeoffs among alternative hydrogen delivery
approaches for the State of Pennsylvania®. Phase | work identified, among other
findings, the need to evaluate hydrogen economic tradeoffs on a regional basis
focusing on the most transportation dense region encompassing Pennsylvaniad s
largest city Philadelphia.

This hydrogen delivery tradeoff project represents Phase Il of the Hydrogen
Regional Infrastructure Program in Pennsylvania, focusing on the region
encompassing Northeastern Interstate 95 (hereafter referred to as 1-95 Corridor).
The 1-95 Corridor includes Philadelphia as well as other major population centers
along the east coast of the U.S. This study identifies and qualifies the most
important tradeoffs among alternative hydrogen production and delivery
approaches for the 1-95 Corridor.

The 1-95 Corridor from Washington DC to Boston MA is a very important market
for hydrogen and hydrogen analysis because it contains ten closely-tied
metropolitan statistical areas (MSAs)®, withfourof t he nati onéss | ar ge s
well as a variety of potential feedstocks and delivery infrastructures. This allows

* Hydrogen, Fuel Cells & Infrastructure Technologies Progkéutti-Year ReseargtDevelopment

and Demonstration Plan, US Department of Energy, October 2007.

® Concurrent Technologies Corporatiand Resource Dynamics Corporati@tonomic Tradeoffs for
Hydrogen Infrastructure Development in Pennsylvasidomitted to DOE under conttdeE-FC36
04G014229July2006.

® From South to North: Washington DC, Baltimore, Philadelphia, Trenton, New York, Bridgeport, New
Haven, Hartford, Providence, and Boston

1
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for a structured analysis of a variety of meaningful alternative production and
delivery tradeoff scenarios reflective of many of the challenges the nation faces
in moving towards a hydrogen economy.

1.1. The Challenges and Drivers of the Hydrogen Economy

With the relatively recent price increases and volatility in global petroleum

mar kets, our Nat i on orssoudcespepetbleumasebecormngf or ei g
more apparent. The risks of continuing to depend largely on a petroleum-based

economy to support our transportation infrastructure are becoming increasingly

clear as global demands for petroleum are competing with those from the United

States (U.S.). The increase in global energy demand from countries including

China and India is stressing global supplies and is only expected to become

more intense. The implication to our natior
U.S. prepares for the next decades of higher energy prices and growing

uncertainty.

Despite our dependence on foreign oil, the U.S. has adequate reserves of fuel to
supply domestic energy needs while curbing our reliance on petroleum. But our
coal and renewable energy sources like solar, wind and biomass are currently
not developed enough to backstop our growing demand for petroleum. Now,
more than ever, we need to develop alternative fuels to satisfy our demand for
petroleum, which is the primary fuel for the transportation sector.

These issues have brought to the forefront much debate centering on the need
for a new energy infrastructure that will allow our Nation to move into the future
without dependence on foreign sources of energy while fostering a clean
environment for future generations. Concerns over climate change have
heightened, and our petroleum-based transportation sector is a major contributor
to U.S. greenhouse gas emissions. The development of a hydrogen economy is
the path that many believe will lead to sustainable, climate-friendly transportation.

Globally, much R&D has gone towards developing the technology to produce,

distribute, and employ hydrogen as an energy carrier. Hydrogenods pri
benefits are clear, in that it can be made from a wide range of raw materials

including petroleum, natural gas, coal, electricity, and biomass. In addition, when

used with current technology such as the internal combustion engines employed

by automobiles, hydrogen can produce lower nitrogen oxide emissions.

Hydrogen also will enable emerging technology such as fuel cells to be

incorporated into future automobiles resulting in zero emissions from the vehicle.

Hydrogen has the potential to increase energy independence and to allow

economic growth without a significant degradation of air quality.

The development of a hydrogen economy is not without significant roadblocks
that must be overcome. The infrastructure to produce and distribute hydrogen is

2
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currently limited to satisfying the needs of a number of industrial firms such as
large refineries and is nowhere near capable of serving even one percent of our
transportation needs. Such infrastructure would require significant investment in
production facilities and in distribution and dispensing infrastructure. Secondly,
the technology required to reduce the cost and increase the efficiency of
hydrogen vehicles is still under development, and will continue to need much
investment. In short, the road to the hydrogen economy will be costly and will
require careful planning to ensure that risks are managed without placing too
much burden on our economy.

1.2. Project Objectives and Approach

The study objectives were to show the lowest cost solution for hydrogen
production and delivery methods, and the tradeoffs between these methods. The
study approach was designed to use a scenario-based methodology, mirroring
the approach used in the Phase | study which focused on the entire State of
Pennsylvania. Three hydrogen demand scenarios were constructed and
analyzed focusing on a percentage of the light-duty vehicles (LDVSs) that reside in
the ten MSAs along the [-95 Corridor. These three scenarios were an initial
scenario focusing on 1 percent of LDVs fueled by hydrogen, 10 percent of LDVs,
and 30 percent. These parameters in turn defined the buildup of hydrogen
demand within a framework that could be analyzed economically, and a variety of
different production and distribution options could be evaluated with the various
tradeoffs identified.

For each scenario, the parameters needed for lowest delivered cost and for
lowest infrastructure investment were identified using a lifecycle cost analysis.
The DOE H2A model was used to conduct the analysis. The sensitivity analysis
examined the potential for the lowest cost options to change, based on
alternative assumptions and the key tradeoffs.

1.3. Report Organization

The findings of the study research and analysis are incorporated into this report,
which points out for the 1-95 Corridor infrastructure what energy sources and
technologies should be used to produce hydrogen economically, and how the
hydrogen should be transported. This report is organized in the following
sections:

1. Introduction. This section presents the background, including the drivers
and challenges that the nation faces in developing the hydrogen economy.
It also describes the project objectives and approach.

2. The 1-95 Corridor Demand Centers and State Support. This section
describes the use of demand scenarios and the comparison with other
hydrogen baseline studies that have been published. It presents the key
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hydrogen demand assumptions, including those regarding hydrogen
fueled vehicles, fuel consumption, and refueling stations. It also describes
how the demand centers were constructed, using population data and
data on low density vehicle use. Finally, it reviews State programs and
incentives that may support the development of hydrogen infrastructure
along the 1-95 Corridor.

3. Hydrogen Pathways. This section describes the key assumptions behind
the production and delivery analysis, including the issue of central plants
vs. distributed production, economies of scale, and availability of
feedstocks from in-state resources. It also reviews the process and cost
and performance of each of the major production options. In addition, this
section describes the key assumptions behind the delivery analysis and
reviews each of the major delivery options, including truck versus pipeline
distribution.

4. Analysis Of Hydrogen Production and Delivery Tradeoffs. This section
presents the lifecycle cost analysis of delivered cost and required
infrastructure investment. Results are presented for each of the three
demand scenarios. Findings include the tradeoffs between cost and
investment, distance and production volume, and implications for
resources and technology choices.

5. Recommendations. This section discussed recommendations for follow
on analysis or research highlighting areas that need to be explored in
more detalil.

Finally, details of the analysis are provided in the appendices.

4
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2.0 1-95 CORRIDOR DEMAND CENTERS AND STATE SUPPORT

Assessing delivery tradeoffs reflective of a potential hydrogen economy is a
highly complex undertaking. Many assumptions must be made to simplify the
analysis to focus on the major tradeoffs that must be considered. For example,
there is great uncertainty as to when the hydrogen economy will emerge at a
significant level. Concerns over energy security, air quality, and global climate
change are expected to continue to heighten interest in hydrogen, but the need
for intensive infrastructure investment as well as improvement in fuel cell
technology will serve to temper these pressures. As a result of this uncertainty,
this report does not address specific timetables for the emerging hydrogen
economy.

The challenges that a developing hydrogen economy faces can be examined
with some degree of clarity at given demand levels. The cost of delivered
hydrogen and its infrastructure requirements depend on the level of demand, as
well as distance from production sources to the major markets. This report seeks
to examine these relationships in detail, and explore potential production sites
along the 1-95 Corridor.

2.1. Hydrogen Demand Scenarios

This effort is structured around the evaluation of hydrogen production and
delivery with three progressive demand scenarios. Hydrogen demand
represented by 1 percent, 10 percent, and 30 percent of LDV miles driven have
each been given a distinct demand scenario. These scenarios have been
adopted to be consistent with the initial phases of hydrogen economy analysis
that have been established by work that has gone into the development of the
H2A Model (Ogden 2004, Ogden, Mintz, and Ringer 2004). Similarly, a study of
delivered hydrogen costs for the state of Ohio (Ogden, Yang, Johnson, Ni, and
Lin 2005) examined 10 percent and 50 percent scenarios. As a result, the
findings of the work presented here should be readily compared with other
efforts.

As shown in Table 1, several studies have used demand scenarios to project key
phases in the development of a hydrogen economy. The National Academy of
Sciences (NAS) study’, vetted by substantial stakeholder involvement, projected
timeframes associated with the introduction of a hydrogen infrastructure.
Similarly, the California Hydrogen Blueprint Plan projected an initial emergence
of critical fueling stations by 2015, with later points of development not
associated with specific timeframes. Again, stakeholder input was critical in the
California plan. Finally, the H2A model, which provides a framework for DOE
sponsored analysis, cited the 1, 10 and 30 percent demand scenarios but does

" National Academy of ScienceBhe Hydrogen Economy: Opportunities, Costs, Barriemg, R&D Needs
Washington DC, 2004.

5

Economic Tradeoffs for Hydrogen Infrastructure Development Along Northeastern 1-95 Corridor



not go as far as specifying timeframes. The conclusion here is that the
timeframes are best left to decisions made with intensive stakeholder
involvement. As the development of this report did not include a robust
stakeholder component, timeframes have been omitted.

Table 1. Demand Scenarios in Hydrogen Studies

Phase of Hydrogen Economy

Region Source
Initial Second Third

H2 fuels 1% of
National NAS 2004 vehicle miles in 10% by 2027 | 30% by 2032
2016

50-100 fueling

California gﬁ;ﬁim stations, 2,000 | 250 stations, | 250 stations,
Plan, 2005 hydrogen LDVs | 10,000 LDVs | 20,000 LDVs

by 2010

H2A Delivery 1% of LDV miles
National Base Cases, fueled by 10% 30%
2005 hydrogen

The value of the use of demand scenarios is that the economic tradeoffs in
developing a hydrogen economy at early levels of demand can be compared with
those tradeoffs at higher levels. In other words, if it appears that hydrogen
production from natural gas is most economic at lower demand levels, but
biomass is more economic at higher levels of demand, one or more States along
the 1-95 Corridor may establish policies that encourage investment in biomass-
based hydrogen production or remove barriers to biomass feedstock supplies.
The major drawback of the demand scenario approach is the issue of managing
the transitions from one key demand level to another. The implications of serving
a 1 percent demand for hydrogen are very different from those of a 10 percent
demand, when ten times the hydrogen is required. The transition from one
demand scenario to another should be carefully considered as well. These
issues should be examined in later efforts as the reality of a hydrogen economy
grows nearer.
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2.2. The I-95 Corridor Metropolitan Statistical Areas

The 1-95 Corridor represents a daunting challenge to transition from its existing
petroleum-based infrastructure to one compatible with a hydrogen economy.
While the long-term infrastructure requirements may appear overwhelming, the
fact that the 1-95 Corridor is nearly continuous in high-density population has
advantages. All of the cities are connected through 1-95 and its major arteries,
with most of the MSAs directly adjacent to others.

The transition for a highly populated stretch of highway avoids the challenge
faced by an entire state, where large rural areas typically separate the major
population centers and would require some form of hydrogen supply despite lack
of demand. Furthermore, most agree that the transition to hydrogen fuels will
occur first in the major metropolitan areas where even small penetration of
hydrogen vehicles could create demand for an initial refueling infrastructure.
Smal | Aclusterso of hydrogen refueling stat
where hydrogen infrastructure can serve early adopters as well as other users,
such as industrial users or fleet hydrogen vehicles. This infrastructure could later
spread throughout the urban area as more hydrogen vehicles are purchased,
and eventually out to rural areas only after it has been established in the urban
markets.

Figure 1 is a map that highlights the 1-95 Corridor MSAs that are analyzed in this
report. The counties belonging to the MSAs are shaded with the actual 1-95
highway routing shown by the line that travels through these areas. This
illustrates that the 1-95 Corridor MSAs occupy nearly the entire 1-95 Corridor, with
the exception of the two counties in Western Connecticut that lie outside of any
of the ten MSAs.
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Interstate 95 (1-95)

Figure 1. MSAs Along the I-95 Corridor
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The 1-95 Corridor encompasses a nearly contiguous region of high density
metropolitan areas. It includes the largest MSA (New York City) in the U.S. and
four of the top 11 MSAs (see Table 2). The 1-95 Corridor concentrates 14
percent of the U.S. population in less than 1 percent of the U.S. land, and
includes 15 percent of o uFigure2tillusoates the
nearly contiguous population centers along the 1-95 Corridor, with the diameter of
the circles representing the relative population of the MSA (New York, NY being
noticeably larger than Trenton, NJ).

Interestingly, the four larger MSAs have lower LDV shares per capita than the
smallest six MSAs, which make sense in that the larger cities have more mass
transit and less available parking, making vehicle ownership more expensive and
inconvenient. New York is a particular outlier, at just 50 percent LDV per capita,
whi ch i s mostly due to the | ack of
ownership is very expensive and mass transit much more convenient and

economic.

The New York MSA, nevertheless, has over twice the base of
vehicles within its boundary than Philadelphia, the second largest MSA.

Table 2. 1-95 Corridor and Major Metropolitan Statistical Areas

Includes

Population
(million)

Area
(mi®)

Density

(people/
mi?

Light Duty
Vehicles
(1,000

LDVs)

Washington, | DC, Northern 1,157 , 2,690 13,500
DC Virginia, Maryland

suburbs
Baltimore, Baltimore and 2.1 683 3,000 1,420 | 68% | 13,500
MD surrounding

suburbs
Philadelphia, | Philly, Wilmington, 5.1 1,800 2,900 3,310 | 64% | 11,200
PA PA/DE/MD/NJ

suburbs
Trenton, City of Trenton, 0.3 92 2,900 200 | 74% | 12,000
NJ surrounding areas
New York, NYC, Newark, 17.8 3,353 5,300 8,980 | 50% | 11,100
NY NY/NJ/CT suburbs
Bridgeport, Bridgeport, 0.9 465 1,900 680 | 76% | 12,000
CT Stamford, CT and

NY suburbs
New Haven, | New Haven, 0.5 285 1,900 400 | 76% | 12,000
CT surrounding areas
Hartford, Hartford and 0.9 469 1,800 670 | 79% | 13,500
CT surrounding

suburbs
Providence, Providence and 1.2 504 2,300 870 | 74% | 11,300
RI surrounding RI/MA

suburbs
Boston, Boston and MA, 4.0 1,736 2,300 2,650 | 66% | 11,900
MA Rl and NH

suburbs
Total I-95 Corridor 36.7 | 10,544 3,500 21,870 | 60%
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Hartford, CT

New York, NY

\

Providence, RI

New Haven,CT

Bridgeport, CT

Trenton, NJ

Baltimore, MD Philadelphia, PA

Washington, DC

Figure 2. Relative Size of the 1-95 Corridor Population Centers

Demand levels for the three demand scenario were constructed by applying the
MSA averages of LDV per capita to the | percent of the population and
determining where the highest demand would result (see Table 3 for example
calculation for New York MSA)

Table 3. Calculation of New York MSA Hydrogen Demand, Based on 1 Percent Demand

Value Description

17,800,000 Population of New York

9,000,000 Number of LDVs, based on .50 per capita

90,000 1 pct of LDVs

997,000,000 Miles driven annually, based on 11,100 miles per year

16,730,000 kg H2 needed annually, based on 57.5 miles per kg

46,000 kg/day needed

658 Fueling stations based on 70 kg/day average station utilization
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Table 4. 1-95 Demand Centers for the Three Demand Scenarios

1 Percent 10 Percent 30 Percent

H, H, Demand H, H, Demand H, H, Demand

Stations (kg/day) Stations (kg/day) Stations (kg/day)

Washington DC 240 16,800 240 166,680 478 500,041
Baltimore 127 8,890 127 87,975 253 263,926
Philadelphia 246 17,220 246 170,881 491 512,643
Trenton 16 1,120 16 10,988 32 32,963
New York 658 46,060 658 458,290 1,316 1,374,871
Bridgeport 54 3,780 54 37,360 108 112,081
New Haven 33 2,310 33 22,331 65 66,994
Hartford 60 4,200 60 41,542 120 124,626
Providence 65 4,550 65 45,013 130 135,040
Boston 209 14,630 209 144,960 417 434,880
All Individual MSAs 1708 119,560 1708 1,186,020 3,410 3,558,065
DC/Baltimore 366 25,620 366 254,656 732 763,967
Philly/Trenton 262 18,340 262 182,095 524 546,283
New York 658 46,060 658 458,290 1,316 1,374,871
Connecticut MSAs 143 10,010 143 100,505 300 301,515
Providence/Boston 272 19,040 272 191,234 550 573,702

This process resulted in ten demand centers, shown in Table 4, that represent

much of the 1-95 Corridor between Washington, DC and Boston, MA. By limiting

refueling stations to these areas, 15 percent of the population can be served by

only covering 1 percent of the U.S. in terms of area. The number of stations

required for each demand center was determined by assuming 1 percent
hydrogen LDV penetration for each area. This created a demand for 1708

refueling stations. This approach of targeting the high demand areas was seen

as the most effective way of reaching a c
minimizing new investment required.

2.3. State Support for Hydrogen Vehicles and Infrastructure

Several states have instituted incentives or mandates for purchasing hydrogen-
fueled vehicles and encouraging infrastructure growth, particularly in California
and in states along the 1-95 Corridor. Many of these incentives or rebates are
generally applicable to alternative fueled vehicles (AFVs), which may include
hydrogen. In addition, a number of these same states have developed hydrogen
plans or roadmaps. All state program information presented in this section was
obtaine8d from the U.S. DOEG s erAdtive Fuels and Advanced Vehicles Data
Center".

8 U.S. Department of Energy. Energy Efficiency and Renewable Energy. Alternative Fuels and Advanced
Vehicles Data Centethttp://www.eere.energy.govkid/incentives laws.html
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While California is widely recognized as the leader in hydrogen mandates and
incentives, several states along the 1-95 Corridor have hydrogen on their radar
screen. Table 5 shows that both NY and CT have developed hydrogen
roadmaps, with NY also passing a zero emission vehicle (ZEV) mandate and
hosting hydrogen fueling stations (in White Plains, with other stations planned).
NY, NJ, and CT have incentives that apply to hydrogen vehicles, while MA has
ZEV acquisition requirements for State vehicles. DC, while lacking any
mandates or incentives, hosts a hydrogen refueling dispenser at the Shell-owned
Benning Road gas station.

2.3.1. State Hydrogen Energy Plans

Several states have developed plans for the first stages of building a hydrogen
refueling infrastructure. These plans are intended to encourage the use of
hydrogen vehicles throughout the state as a viable means of transportation, with
available commercial vehicles and refueling stations, to facilitate the
development of a hydrogen economy. In Connecticut, the Hydrogen Energy Plan
developed by The Department of Economic and Community Development
established an eight step plan for the economic development of fuel cell vehicles
in the state. New York has also published a hydrogen roadmap, which details
plans for the State to develop its hydrogen economy.

2.3.2. Zero Emission Vehicle Production Requirements

Some states have implemented ZEV requirements, most basing their
requirement on mandates passed in California. ZEVs consist of fully electric cars
and hydrogen-fueled cars, and the requirements call for manufacturers to
produce a certain percentage of ZEVs each model year. Automobile

manufacturers initially opposed Calgyforni abo:

and financial constraints, which led to the deadlines being pushed back on
several occasions.’ However, manufacturers are finally reaching the point where
these vehicles can be produced economically, and two other states (Washington

and New York)haveo f f i ci al ly adopted Californi

New England states Massachusetts, Vermont, and Maine were considering
adopting these requirements in the year 2000*°, but ultimately the states decided
to use other means to promote the adoption of hydrogen vehicles. In New York,

the requirements called for each original

passenger cars and light-duty trucks produced and delivered for sale in the State
must be made up of at least the same percentage of ZEVs as California.

Bedsworth, Louise and Tayl or, MaissipoaVehitle.Prograne ar ni ng

aods

California Economic Policy. Volume 3, Number 4, September 2007. Public Policy Institute of California.

19 Maine Department of Bsironmental Protection, Bureau of Air Quality. Zero Emission Vehicle Study.

January 2000.
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Some states with alternative vehicle incentives have developed requirements for
state agencies to purchase a certain amount of AFVs in the future, typically 75%
of new on-road vehicles. However, this most often applies to ethanol, biodiesel
and natural gas powered vehicles. Some states may require a smaller
percentage of new on-road vehicles to be ZEVs, which would help to encourage
hydrogen vehicles specifically. In Massachusetts, 10 percent of vehicles
purchased by the Massachusetts Department of Procurement and General
Services must be zero emission vehicles.

2.3.3. Hydrogen Vehicle Sales Tax and Fuel Tax Exemptions

Several states offer sales tax exemptions for alternative fuel vehicles and/or zero

emission vehicles, including those fueled by hydrogen. In Connecticut, the

Alternative Fuel Vehicle Tax Exemption makes hydrogen vehicles exempt from

sales tax. Similarly, New Jerseyobds Zer o Emi
hydrogen vehicles exempt from sales tax. New York has taken a different

approach, and their fuel tax exemption makes hydrogen used exclusively to

operate a motor vehicle exempt from state sales and use taxes.

2.3.4. Hydrogen Vehicle Rebates and Infrastructure Rebates

A few states have begun offering income tax credits for those who purchase an
AFV, including those fueled by hydrogen. New Jersey, the only state along the I-
95 Corridor with a hydrogen vehicle rebate, entitles owners of light-duty hydrogen
vehicles to a $4,000 rebate, medium-duty vehicles $7,000, and heavy-duty
vehicles $12,000.

Some states give rebates or tax credits to those constructing and installing
alternative fuel production facilities, which could encourage the development of
hydrogen production centers and fueling stations, giving hydrogen fueled
vehicles the necessary infrastructure to become a viable mode of transportation.
Again, New Jersey is the only state along the 1-95 Corridor with an alternative
fuel infrastructure rebate, and their Alternative Fuel Infrastructure Program will
reimburse 50 percent of the cost of purchasing and installing refueling
infrastructure for hydrogen fuels, with up to $50,000 available per applicant.
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Table 5. State Plans, Mandates and Incentives for Hydrogen Along 1-95 Corridor

Hydrogen ZEV H2 Vehicle H2 Fuel H2 Vehicle Infrastructure
ZEV s Current H2
Energy Acquisition Sales Tax Sales Tax Rebates/ Rebates/ .
Mandates Stations

Plan Requirements Exemption Exemption Credits Credits

MD

PA

NJ X X X

NY X X X X
CT X X

RI

MA X

2.4. Need for Convenient Hydrogen Refueling Stations

One issue that requires some examination is the convenience of fueling with
hydrogen. This relates to the number of hydrogen fueling stations versus
gasoline fueling stations. According to the aforementioned hydrogen study for
Ohio (Ogden et. al. 2005), it appears that customer convenience comparable to
that of gasoline today could be experienced if hydrogen were offered at 10-30
percent of the existing gasoline stations. This is an issue that warrants further
investigation as the reality of a State hydrogen economy nears. GM™ has cited
12,000 hydrogen refueling stations as being necessary nationwide to establish
adequate consumer convenience. This equates to 9.9 percent of the 121,000
gasoline station in the U.S. as of 2002*?, and confirms that 10 percent of existing
gasoline stations is believed to be the minimum level of hydrogen refueling
stations to achieve consumer convenience.

Table 6 shows that the number of fueling stations allocated to the 1-95 Corridor in
this study, starts at 15 percent of the existing gas stations at the 1 percent
scenario. These are all the smaller, 100 kg/day station capacities, as indicated
by analysis performed using the H2A Delivery Scenario Analysis Model
(HDSAM)®. At the 10 percent scenario, the number of stations is kept constant
but the capacity is increased for a number of stations to 1,500 kg/day. This
becomes particularly important when costs of producing hydrogen on-site are
presented, which due to economies of scale decrease substantially for larger
stations. In the 30 percent demand scenario, all of the stations are anticipated to
be 1,500 kg/day stations.

" Gross, B., Sutherland, I., and Mooiweer, Hydrogen Fueling Infrastructure Assessméit) Research
and Development Center, December 11, 2007.

12.S. Departmendf the Census2002 Economic Census, Retail Trade Subject Sahashington DC,
November 2005.

13U.S. Department of Energi{2A Delivery Scenario Analysis Model Version 1.0 (HDSANP6
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Table 6. Allocation of Fueling Stations by Capacity, Along 1-95 Corridor

Proposed Hydrogen Stations

Scenario Stations 100kg/day 1500 kg/day H2 Station
Percentage
1 Percent 10,937 1,708 0 15.6%
10 Percent 10,937 620 1,088 15.6%
30 Percent 10,937 0 3,410 31.2%

This information presented here on the number and size of the demand centers,
as well as the number of refueling stations will be drawn upon to conduct the
economic analysis presented in Section 4, Analysis of Hydrogen Production and
Delivery Tradeoffs.
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3.0 HYDROGEN PATHWAYS

Many pathways exist for hydrogen to be produced and delivered. This section
reviews the various production, handling, transportation, and dispensing
technologies that are deemed conventional technology. They are assumed to be
available today, either as existing technology or technology that could be
developed without extensive research and development. This work did not
consider novel technologies or research areas.

Many sources of energy, or feedstocks, can be used to produce hydrogen (see
Figure 3), including electricity, natural gas, coal, or biomass. Currently, most
hydrogen is produced from natural gas using steam reforming. Figure 3 shows
that electricity is used regardless of the feedstock, for processes such as
compression or liquification of the hydrogen, in preparation for transport and for
dispensing into vehicles.

Production plants that require transporting hydrogen to fueling stations are also
known as central production facilities, whereas hydrogen production located at
fueling stations is known as distributed production. Central production facilities
can range from around 20,000 kg/day to over 1,000,000 kg/day. The economies
of scale present in the larger size plants are important to driving down the cost of
the produced hydrogen. In this section, information is presented for central
plants ranging in size from around 100,000-400,000 kg/day. In Section 4, the
economic analysis will employ an economy-of-scale factor to increase unit costs
(on a dollars per plant output basis) for smaller-sized plants. The plant cost data
shown in this section are primarily from the H2A model case studies and are for
the largest-size plant that can be constructed.

To serve smaller hydrogen demands, or as an alternative to central plants
altogether, distributed hydrogen production plants that are located at fueling
stations will likely range from around 100 to 1,500 kg/day. These are sometimes
referred to as forecourt plants. Of the options shown in Figure 3, electricity and
natural gas are suitable for distributed production, with coal and biomass
technology not yet practical in the distributed size range. Methanol and gasoline,
while technically possible feedstocks for distributed production, were not
analyzed due to their high cost and origin being petroleum based.

Furthermore, Figure 3 shows that each method of transport requires different
handling. For injection into a pipeline, hydrogen will be compressed to about
1,000 pounds per square inch, gauge (psig). Conversely, transport via high
pressure tube trailers requires a much higher pressure of about 7,000 psig** or
even higher. This higher pressure requires about 3 times more electricity, and

4 There is some debate within the hydrogen community that highesysess of over 10,000 psi (700 bar)
are necessary to achieve the vehicle range needed by the consumer. It is assumed here, however, that
vehicles are refueled at 6,250 psi.
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more expensive compressors, and thus the handling cost is higher. While
requiring lower compression energy, liquefaction requires about 5 times more
electricity than handling for tube trailers. These costs need to be accounted for

when comparing delivered hydrogen costs.
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Figure 3. Hydrogen Production and Delivery Pathways
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A major determinant of hydrogen production cost is feedstock pricing. Studies
(including the earlier Phase | work for Pennsylvania) suggest that early hydrogen
production will employ natural gas, with lower cost feedstocks such as coal or
biomass could emerge as the volume of hydrogen increases and as
sequestration™® becomes economically viable'®. Figure 4 illustrates that natural
gas is available along the 1-95 Corridor, albeit at prices much greater than coal or
biomass, when compared on a $/ Million British Thermal Units (MMBtu) basis.
Rhode Island has by far the highest natural gas prices, at $13/MMBtu.
Pennsylvania, the focus of earlier work in Phase |, offers the lowest coal prices in
the region due in large part to the availability of coal within the State.

DC

Maryland
Pennsylvania
New Jersey

B Natural Gas

New York ® Biomass

Coal
Connecticut

Rhode Island

Massachusetts

$0 $2 $4 $6 $8 $10 $12 $14
Average Price, $/MMBtu

Figure 4. Feedstock Pricing Along I-95 Corridor

Source: Oak Ridge National Laboratory (for biomass), Energy Information
Administration (all other feedstock pricing). See Table 7 for more details.

Since feedstock costs and other economic variables are regionally different, the
future hydrogen economy will likely use multiple pathways, like most sectors of
our economy. There are many tradeoffs between the different production and
delivery methods. The level of hydrogen demand, distance the hydrogen must
travel to get from central production to end-use, and local feedstock prices will
impact how hydrogen is produced and delivered.

5 The H2A model incorporates sequestration in terms of collecting the carbodedand pressurizing it

to the level of compression necessary for injection into underground geological formations. It does not
include the transportation necessary to reach these formations, nor any other costs.

16 GM Research and Development Cenktydrogen Fueling Infrastructure Assessmebécember 2007
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One key issue to consider however is, how higher demand levels (i.e. 30 percent
LDV demand) of hydrogen will impact the State energy resources along the 1-95
Corridor. Table 7 provides a comparison between the feedstocks required to
produce enough hydrogen for 30 percent LDV consumption and current levels of
State production or demand. This analysis is somewhat simplified, presenting
impacts on current feedstock levels assuming all hydrogen is produced using that
feedstock. More likely, hydrogen will be produced using two or more feedstocks,
and thus limiting its impact on any given feedstock. It also compares the State
consumption, which includes other areas outside of the 1-95 Corridor, with the
LDV consumption from hydrogen that would result along the 1-95 Corridor, so it
understates LDV demand if the entire region adopts hydrogen vehicles.

Table 7. of I-95 Corridor Feedstocks: Impact of Hydrogen Demand

Current State
Consumption (Trillion

30% H2 Demand (I-95

MSAs, Trillion Btu/yr)
Natural

Gas

Btu/yr)

Coal | Biomass Natural

Natural .
Biomass
Gas

Gas Coal

Coal

Percent Increase in State
Consumption

Biomass

\é"gs(ggg)’m” 34 1 1 30| 41 44|  87% | 4099% | 4385%
(B,\jl';i)more 212 | 329 34 16| 22 23 % 7% 68%
(P;ﬂ;"de'phia 719 | 1,491 85 30| 42 45 | 4% 3% 53%
(TI{I‘E;“O” 626 | 125 33 2 3 3 0% 2% 9%
?‘Ne\‘;‘; York 1,108 | 257 136 81| 113 121 % | 44% 89%
%Tse?(t:i%t 172 | 42 38 18| 25 27| 10%|  59% 70%
E’F;?)"idence 84 0 1 8| 11 12|  10% | 11071% | 1184%
?'\‘jzt)on 385 | 119 54 26| 36 38 7% | 30% 71%
Totals 3340 | 2364 382 | 210| 292 312 6% |  12% 82%

Note: Each feedstock evaluated independently.
Source: Feedstock data from EIA (2005). Hydrogen production efficiencies from H2A case studies and SFA

Pacific (2002) (pipeline transport). Hydrogen demand for electricity includes electrolysis and compression, and

for biomass includes feedstock use for drying feedstock input to gasifier.

Nevertheless, this data shows that natural gas is the best positioned feedstock to
fuel the hydrogen economy along the 1-95 Corridor. This does not account for
increased production that could be called upon, such as that being developed in
Pennsylvania, although at least some of this will be necessary just to supply non-
hydrogen demand increases. Coal, while constrained in parts of the [-95
Corridor, is well positioned for the areas neighboring Pennsylvania, including
Baltimore, Philadelphia, and Trenton. In other areas, including Washington, DC
20
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and New York, and north of New York, coal would have to be transported in
much larger quantities than is currently being shipped.

Electricity, while potentially constrained by transmission or distribution in portions
of the State, is provided by the three independent system operators (ISOs) along
the 1-95 Corridor: the Pennsylvania-Jersey-Maryland (PJM) Interconnection, the
New York ISO, and the ISO New England. Each of these entities generally
manages their power markets with 15 percent or more reserves and could be
built up as hydrogen demand increases. Finally, biomass availability is
somewhat limited based on current stocks, but more aggressive harvesting as
well as dedicated energy crops could substantially boost availability of this
renewable resource. Of the feedstock options, natural gas appears to be the
most constrained based on this cursory review of the 30 percent LDV level.

3.1. Hydrogen Production Technologies

To develop an effective and insightful analysis of the economic tradeoffs
amongst the various hydrogen delivery methods, an extensive set of data on the
costs and energy requirements for delivered hydrogen was required. This data
needed to include all of the conventional technology options that are being
explored, including both production and delivery. Initially, the research team
conducted a literature search to locate relevant published studies that contained
useful cost information. While wealth of studies were identified, almost all did not
present an entire, consistent set of data on hydrogen production and delivery
technology cost and performance.

The DOE6s H2A models provide a consi
production, delivery and dispensing technologies. The H2A models employed in
this effort were the Production Analysis (Central Production Modeling Tool,
Forecourt Production Modeling Tool, and technology case studies) and Delivery
Analysis (H2A Delivery Components Model and H2A Delivery Scenario Model).
There were a few production technologies not included in the H2A case studies.

For the production technologies not covered by H2A (central station electrolysis
using grid electricity, which could be nuclear generation, and distributed
production using methanol and gasoline), a study conducted in 2002 by SFA
Pacific for the International Hydrogen Infrastructure Group (IHIG), supported by
DOE and National Renewable Energy Laboratory (NREL)', was used. The SFA
Pacific study presented consistent and transparent infrastructure cost modules
for producing, handling, distributing, and dispensing hydrogen for a central plant
and distributed production at a fueling station. The SFA Pacific study results
have been verified with Air Products, BOC, Praxair, and hydrogen equipment
vendors. The research team did an independent evaluation of the capital cost

17 SFA Pacific,Hydrogen Supply: Cost Estimate for Hydrogen Pathwa$soping AnalysisNREL,
Golden CO, 2002.

21

Economic Tradeoffs for Hydrogen Infrastructure Development Along Northeastern 1-95 Corridor

stent

a



estimates with those in the Ford Motor study'® prepared for DOE, and found
them to be comparable. As a result, the cost and performance data for hydrogen
production and delivery from H2A and the SFA Pacific study are referenced
throughout this study.

A brief description of each hydrogen production technology is provided, along
with the cost and performance data used to evaluate these technologies for the I-
95 Corridor.

3.1.1. Electrolysis of Water

Electrolysis is defined as the producing of chemical changes by the passage of
an electric current through an electrolyte. Electrolysis of water produces oxygen
and hydrogen by using an electrolyte such as liquid alkaline or a polymer
electrolyte membrane. Electrolysis of water (in a system called an electrolyzer)
is a very electricity-intensive process.

Today, two types of electrolyzers are used for the commercial production of
hydrogend alkaline and proton exchange membranes. These approaches are
almost always more expensive than producing hydrogen by natural gas steam
reforming. Reduced capital cost and increased system efficiency of electrolyzer
systems will be required for commercial viability of large scale hydrogen
production. Advanced electrolyzers designed to operate at high pressure and at
high temperature could make these systems more cost-effective by eliminating
the need for a compressor and reducing the electricity required to drive the
electrolysis process.

High temperature electrolysis may take place through integrated co-production of
electricity and hydrogen (see sidebar on high temperature electrolysis).

18 Ford Motor CompanyRirect-HydrogenFueled ProtosExchangeMembrane Fuel Cell System for
Transportation Application4).S. Department of Energy, Washington DC, 1997.
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High-Temperature Electrolysis. Promising new hydrogen production technologies
take advantage of the high temperatures generated in some of the advanced high-
temperature nuclear reactors. These advanced reactors will be able to provide the
low-cost heat necessary for these processes to economically produce hydrogen, and
are being developed by DOE®6s Generatio

Six technologies are being pursued. The sizes range from 150 to 1500 MWe (or
equivalent thermal). Temperatures range from 510°C to 1,000°C, compared with
less than 330°C for today's light water reactors.

Four of the higher-temperature technologies are better suited for thermochemical
hydrogen production, but all can be used like conventional nuclear reactors for
hydrogen production by: 1) electrolysis of water, using off-peak capacity, 2) use of
nuclear heat to assist steam reforming of natural gas, and 3) high-temperature
electrolysis of steam, using heat and electricity from nuclear reactors.

At least four of the systems have significant operating experience already in most
respects of their design, which may mean that they can be in commercial operation
well before 2030. Although the technologies used for co-production of hydrogen and
electricity are still in the early research and development phase, they may mature to
be the least expensive way to produce large quantities of hydrogen.

Electrolysis is a well-understood and currently available way to make hydrogen.
It is primarily used to make small quantities of hydrogen for specialized end-uses,
removing the need to deliver and store hydrogen produced in central station
plants.

Table 8 summarizes the cost and performance inputs used to analyze
electrolysis of water as an option for producing hydrogen along the 1-95 Corridor.
Both central production and distributed plant options are presented, with
corresponding capital and operating costs, as well as feedstock consumption and
other inputs (chiefly electricity).
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Table 8. Cost and Feedstock Inputs for Electrolysis of Water

Cost and Feedstock Input Data

Item Central Production  Distributed
Production Capacity (kg/day) 150,000 1,500
Capacity Factor (percent) 90 70
Capital Cost (including engineering, permitting, $524,000,000 | $4,400,000
contingencies, land, and working capital)
Annual O&M Cost (fixed) $26,100,000 $20,000
(variable) $5,200,000 $290,000

Feedstock Inputs

Fuel NA NA

Electricity (kW/kg)* 58.6 55.0
Other Significant Inputs/Outputs:

Oxygen by-product sales ($/kg) 0.08 NA

Source: SFA Pacific, 2002, (central) and H2A Model Case Studies, 2006, (distributed).
*Note: The SFA study is more conservative with efficiency estimates.

3.1.2. Natural Gas Steam Reformation

Steam reformation currently accounts for most of the global hydrogen production.
Currently, steam methane reforming is generally the least expensive way to
make large quantities of hydrogen. It is a well-understood, commercially
available technology being used around the world.

Steam reforming is an endothermic reaction conducted under high pressure and
heat. Natural gas is steam heated to 700-1,000°C over a metal-based catalyst
bed, which yields a mixture of Carbon Monoxide (CO) and Water (H,O). The
mixture is then cooled and catalyzed with steam again to form hydrogen and
Carbon Dioxide (CO,). The unwanted carbon dioxide is then removed from the
mixture using adsorption or membrane separation and can be sequestered, and
the final result is pure hydrogen. Apart from using natural gas as a feedstock,
the process also requires an additional 10-30% natural gas that is used as
thermal energy to fuel the reaction.

Table 9 summarizes the cost and performance inputs used to analyze steam
reformation of natural gas as an option for producing hydrogen along the 1-95
Corridor. Both central production and distributed plant options are presented,
with corresponding capital and operating costs, as well as feedstock
consumption (natural gas) and other inputs (chiefly natural gas for heating plus
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electricity for compression). The distributed production costs include capital and
operating costs for dispensing.

Table 9 also shows hydrogen production with carbon sequestration. After a
pressure swing adsorption process is used for hydrogen purification, an amine-
based process is used to remove and recover 99 percent of the CO, from the
syngas stream. The gas is passed through an amine tower where it is contacts a
counter-current stream of lean aqueous amine solution. The rich amine from the
absorber is then sent to a stripper column where the amine is regenerated with a
steam reboiler to remove the CO; by fractionation. The regenerated CO, stream
is recovered and compressed to be sent off-site. To reach 90 percent CO;
removal, a secondary treatment process is installed on the reformer stack.

Table 9. Cost and Feedstock Inputs for Steam Reformation of Natural Gas

Cost and Feedstock Input Data

Central Central Distributed
Station Station w/
Sequest.

Production Capacity (kg/day) 379,387 379,387 1,500 100
Capacity Factor (percent) 90 90 70 70
Capital Cost (, including $181,000,000 | $226,000,000 | $3,200,000 | $473,000

engineering, permitting,
contingencies, land, and working

capital)
Annual O&M Cost (fixed) $6,700,000 $8,700,000 $220,000 | $48,000
(variable) $4,200,000 | $10,800,000 $10,000 $900
Feedstock Inputs
Fuel (Nm®/kg) 4.50 4.49 4.57 4.87
Electricity (kwh/kg) NA NA NA NA
Other Significant Inputs/Outputs:
Electricity (kWh/kg) 0.6 1.74 3.73 4.63

Source: DOE H2A Production Model and H2A Model Case Studies, 2006.
NA=Not Applicable.

Both gasoline and methanol can be converted to hydrogen using a reforming
process, but are not included in the analysis since they result in higher
production costs than natural gas, based on prevailing gasoline and methanol
prices, and since these feedstocks are petroleum based.
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3.1.3. Biomass and Coal Gasification

Gasification is the process where fuel (biomass, coal, residual oil, or petroleum
coke) is reacted with sub-stoichiometric quantities of air and oxygen under high
pressure and temperature along with moisture to produce gas which contains
hydrogen, methane (CH,), carbon monoxide, nitrogen, water and carbon dioxide.
Secondary processes such as feed preparation, hydrocracking, hydrocarbon
reforming, water-gas shift reactions, reforming, and scrubbing are required as
well.

For biomass gasification, biomass such as forestry byproducts, straw, municipal
solid waste or sewage is heated at high temperatures in a reactor where the
bonds in the molecules forming the biomass are broken. This creates gas
consisting mainly of hydrogen, carbon monoxide, and methane. Normally, part of
this gas is used to provide the heat. Using the steam reformation process
previously described for natural gas, the methane is converted into hydrogen and
carbon dioxide. Other technologies are used to clean-up and purify the
hydrogen.

Coal gasification begins with converting the coal into a gaseous state by heating
the coal in a reactor at very high temperatures. The gaseous coal is then treated
with steam and oxygen and the result is the formation of hydrogen gas, carbon
monoxide, and carbon dioxide. The unwanted carbon monoxide and carbon
dioxide is then removed from the mixture using absorption or membrane
separation. The gas is also cleaned by conventional technologies to recover
sulfur. The final result is pure hydrogen.

Hydrogen is currently being produced at integrated gasification combined cycle
(IGCC) power plants using a similar process; the hydrogen is used primarily by
refineries and is not as pure as what is generally considered acceptable for fuel
cell use.

Tables 10 and 11 summarize the cost and performance inputs used to analyze
coal and biomass gasification as an option for producing hydrogen along the 1-95
Corridor. Central production plant options for both fuels are presented, with
corresponding capital and operating costs, as well as feedstock consumption
(coal or natural gas) and other inputs (chiefly electricity).

Coal gasification with carbon sequestration is listed as a pathway in Table 10. A
two-stage Selexol process is used to remove CO,. The Selexol process
separates certain gases from the gas stream by physical absorption and
regeneration. The Selexol process, in two stages, separates hydrogen sulfide (a
source of SOy emission), CO, and hydrogen from the gases. The hydrogen
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sulfide is usually sent for sulfur removal and recovery, and the CO; is
compressed to 2,200 psig for sequestration.

Carbon sequestration is not required with biomass-based hydrogen production
because it is considered fAcarbon neutralo.
concentration in the atmosphere because biomass removes carbon dioxide from
the atmosphere while growing, and this carbon dioxide is subsequently released
during the gasification/ reforming process, only to be re-absorbed by growing
biomass.
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Table 10. Cost and Feedstock Inputs for Gasification of Coal

Cost and Feedstock Input Data

Central Station Central
Station w/
Sequest.
Production Capacity (kg/day) 283,830 307,673
Capacity Factor (percent) 90 90
Capital Cost (including engineering, permitting, $436,000,000 | $546,000,000
contingencies, land, and working capital)
Annual O&M Cost (fixed) $23,100,000 $25,700,000
(variable) $3,900,000 $7,500,000
Feedstock Inputs
Fuel (kg/kg hydrogen) 8.51 7.85
Electricity (kwh/kg) NA NA
Other Significant Inputs/Outputs:
Electricity Sales (kWh/kg) 3.2 NA
Electricity (kWh/kg) NA 0.27

Table 11. Cost and Feedstock Inputs for Gasification of Biomass

Cost and Feedstock

Iltem Input Data
Central Station
Production Capacity (kg/day) 155,236
Capacity Factor (percent) 90
Capital Cost (including engineering, permitting, $149,000,000
contingencies, land, and working capital)
Annual O&M Cost (fixed) $10,100,000
(variable) $9,500,000

Feedstock Inputs

Fuel (kg/kg hydrogen) 13.6

Electricity (kwWh/kg) NA
Other Significant Inputs/Outputs:

Electricity (kWh/kg) 1.6

Source: DOE H2A Production Model and H2A Model Case Studies, 2006.
NA=Not Applicable.
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3.2. Hydrogen Handling and Storage

Given its low energy density at atmospheric pressures, hydrogen needs to be
transported either as a compressed gas or a liquid to be a practical alternative to
conventional transportation fuels*®. Hydrogen can be stored in a variety of ways,
each with specific advantages and disadvantages. The overall criteria for
choosing a storage method should be safety, ease of use, and economics.
Listed below are the different storage methods available today. A brief
discussion is provided for some techniques that are still in the research and
development stage. Costs for the handling of hydrogen is included under
storage technology (compression or liquefaction equipment) and costs for the
storage of hydrogen under the storage and dispensing technology (storage
equipment).

3.2.1. Compressed Hydrogen

Hydrogen can be compressed into high-pressure tanks, into a pipeline, or into
geological formations that maybe used in conjunction with a pipeline. The
compression process requires energy, and the storage requirements that the
compressed gas occupies is usually quite large resulting in a lower energy
density when compared to a traditional gasoline. For pipeline delivery, pressures
are lower, around 1,000 psig or below, than other transport methods. For truck
or rail transport, high-pressure tanks used for tube trailers require pressures of
around 7,000 psig. In addition, high pressure storage will be located at fueling
stations and in the vehicles themselves. These high-pressure tanks store
hydrogen at pressures of around 6,000 psig or higher. As a result of safety
concerns, all high-pressure vessels must be periodically tested and inspected to
ensure their integrity.

3.2.2. Liquid Hydrogen

Hydrogen does exist in a liquid state, but only at extremely cold temperatures.
Liquid hydrogen typically has to be stored at 20 Kelvin or -253° C. The
temperature requirements for liquid hydrogen storage necessitate expending
energy to compress and chill the hydrogen into its liquid state. The energy
requirement for hydrogen liquefaction is high; typically 30% of the heating value
of hydrogen is required for liqguefaction. In addition, hydrogen boil-off (hydrogen
loss) is a potential problem with liquid hydrogen storage. The storage tanks are
insulated, to preserve temperature and reinforced to store the hydrogen under
pressure and maintain its liquid state.

¥ There is research being conducted to develop novel carriers for hydrogen that would be more cost
effective, such as storing hydrogen within a metal alloys such as metal hyatrictemmical compounds
and later releasing the hydrogen at or near the point of use. These methods, giventbeinpeecial
status, are not considered within the analysis in this study.
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The margin of safety concerning liquid hydrogen storage is a function of
maintaining tank integrity and the low temperature that liquid hydrogen requires.
Research in the field of liquid hydrogen storage centers around the development
of composite tank materials, resulting in lighter, stronger tanks, and improved
methods for liquefying hydrogen.

3.2.3. Metal Hydride Tanks

Metal hydrides are specific combinations of metallic alloys that act similar to a
sponge soaking up water. Metal hydrides posses the unique ability to absorb
hydrogen and release it later, either at room temperature or through heating of
the tank. The total amount of hydrogen absorbed is generally 1% - 2% of the
total weight of the tank. Some metal hydrides are capable of storing 5% - 7% of
their own weight, but can only release hydrogen when heated to temperatures of
150-250° C or higher. Because this technology is not predicted to be
commercially available in the near future, it is not included in the analysis section
of this report or in any of the hydrogen pathways. In addition, future work would
be required to determine how best to incorporate metal hydride tanks into a
feasible (low time requirement) fuel delivery scenario.

3.3. Hydrogen Delivery Technology

Transporting hydrogen from the production site to the fueling station is a key part
of the hydrogen economy and important in economic analysis of the hydrogen
infrastructure. Hydrogen is one of the more difficult fuels to transport T it is very
flammable, has a high diffusivity, and as a gas or a liquid has a low heating value
density. Existing research shows the following commercial or near-term methods
to transport hydrogen:

1 Dedicated hydrogen pipeline or co-transport using natural gas pipelines
1 Cryogenic liquid via truck
1 High pressure gas via truck
Other technologies, such as hydrogen that is absorbed in a metallic alloy matrix

or hydrogen adsorbed in chemical hydrides, have been proposed, but these are
seen as long-term options and thus beyond the range of this study.

A brief description of each hydrogen delivery technology is provided in the
following sections.
3.3.1. Dedicated Hydrogen Pipeline

In general, pipelines are the most economical way to transport large volumes of
gases. Dedicated hydrogen pipelines will likely follow the natural gas pipeline
rights-of-way. Hydrogen pipelines could also be placed beside sewer line or
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along electricity transmission of distribution line right-of-ways. In the distant
future, existing natural gas pipelines could be converted to transport hydrogen.

Pipelines have relatively high capital costs but relatively low operating costs. For
the purposes of this study, it is assumed that the hydrogen pipeline follows
existing rights-of-way from the central production facility to the fueling stations.

Table 12 summarizes cost and performance inputs used to analyze dedicated
hydrogen pipeline as an option for delivering hydrogen along the 1-95 Corridor.
The hydrogen is assumed to be compressed near the production facility. The
hydrogen leaves the production process at 300 psig. The hydrogen is then
compressed to 1,000 psig before entering the pipeline, with delivery pressures at
the fueling station at a lower pressure, depending location along the pipeline.
Between the first compressors and the delivery station, based on the H2A model
convention, is geological storage.

Pipeline delivery consists of three types of pipeline. The transmission pipeline,
the largest diameter pipe, extends from the production facility to a geologic
storage site, then to the edge of the city. The diameter of this pipeline is a
function of its length, the hydrogen demand, and the pressure differential
between the pipeline inlet at the production end and the pipeline outlet at the city
gate. The costs shown in Table 12 are representative of 60 miles of transmission
pipeline.

An intermediate diameter Atrunko pipeline

lines create rings within an urban area where they carry hydrogen from the
transmission line, which terminates at the city gate, to the individual service
pipelines (the third type of pipeline) that connect to the refueling stations.
Depending on the size of the urban area, there may be either one or two trunk
lines.
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Table 12. Cost Inputs for Dedicated Hydrogen Pipeline

Cost and Feedstock

Input Data
Central Station
Production Capacity (kg/day) 155,236
Capacity Factor (percent) 90
Capital Cost (including engineering, permitting, $149,000,000
contingencies, land, and working capital)
Annual O&M Cost (fixed) $10,100,000
(variable) $9,500,000

Feedstock Inputs

Fuel (kg/kg hydrogen) 13.6

Electricity (kwh/kg) NA
Other Significant Inputs/Outputs:

Electricity (kWh/kg) 1.6

Source: H2A Components Model, 2006.

*Delivery distance from production plant to city gate. Installed cost also includes trunk and
distribution lines which are not included in the delivery distance quoted. Installed costs do not
include right-of-way costs, which are assumed to be negligible based on the assumption that the
hydrogen pipeline would use existing rights-or-way, such as those used for natural gas pipelines.

3.3.2. Pipeline Co-Transportation with Natural Gas

Currently there is a large existing infrastructure to transport natural gas via
pipelines. Transmission and distribution pipelines carry natural gas from wells or
liquefied natural gas (LNG) terminals to end-uses or storage. There has been
some discussion of the prospects of using these pipelines to transport a mixture
of hydrogen and natural gas. The concept is to inject enough hydrogen for the
fueling stations downstream, including losses, and to separate the hydrogen from
the mixture using gas separation technology such as pressure swing adsorption,
membranes, or some combination thereof.

While this option has some significant benefits, in terms of limiting new
infrastructure, it has a number of constraints. The mixture of hydrogen and
natural gas that passes on to natural gas end-users such as homes or
businesses cannot exceed certain levels. These levels are dictated primarily by
two concerns: 1) flame tip limitations, and 2) tariff limitations. Each of these
options was explored in more detail (CTC 2005), and it was found that the
limiting factor for flame stability was around 22 percent and for tariff limitations
was lower at 11 percent. Any mixture of natural gas and hydrogen that had
higher concentrations than 22 percent would, it was determined, create a
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potential safety hazard unless significant modifications to all end-use equipment
were undertaken. As a result of these limitations, co-transport was not seen as a
primary delivery option, but was evaluated for a specific case in the sensitivity
analysis in Phase | work focusing on Pennsylvania but was not evaluated for this
Phase Il work.

3.3.3. Cryogenic Liquid via Truck

In this scenario, trucks are used to transport cryogenic (refrigerated liquid)
hydrogen. Hydrogen is liquefied at or near the central production facility, at a
liquefaction facility with a terminal, then dispensed into tanker trucks, and
transported to the fueling station. Table 12 summarizes the cost and
performance inputs used to analyze liquid hydrogen transport as an option for
delivering hydrogen along the 1-95 Corridor. As noted in the table, the liquid
trucks have a capacity of 3,653 kg per load and require 4 hours to load and
unload.

Table 13. Cost Input Data for Cryogenic Liquid Truck Transport of Hydrogen

Item ‘ Cost Input Data

Distribution Capacity (kg/day) 100,000
60 miles delivery distance*

Truck Capacity (net delivery, kg
hydrogen) 3,653
Capital Cost ($/truck)

Tractor Truck Cab

$100,000 (per cab)

Tank Trailer $625,000 (per trailer)

Annual O&M (including fuel and | $164,000 (per cab + tank trailer)
labor)**

Liquefier*** Installed Cost $200,000,000

Annual O&M Cost $37,700,000

Efficiency 34.4%

Terminal Installed Cost $37,000,000

Annual O&M Cost $2,100,000

Bulk Storage Installed Cost $32,400,000

Annual O&M Cost $1,300,000

Source: H2A Components Model, 2006.

*Delivery distance from production plant to edge of city.

**Varies depending on delivery route and station locations. Labor and applicable overhead/G&A
account for $129,000 of this amount.

***The liquefier has a considerable economy-of-scale, especially regarding efficiency. For the
purpose of this analysis, the maximum liquefier capacity is 300,000 kg/day, corresponding to the
largest central production plants considered.

3.3.4. High Pressure Gas via Truck
This process involves pressuring hydrogen produced at a central production

facility, storing it in high pressure tubularst or age tanks (Atubeso),
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the tubes to the fueling station. While different concepts have been envisioned,
this analysis assumes that the tubes are left at the fueling station until they have
been fully discharged. In this fashion, they serve as storage for the fueling
station and remain there until a replacement tube trailer is delivered.

Table 14 summarizes the cost and performance inputs used to analyze high
pressure hydrogen transport as an option for delivering hydrogen along the 1-95
Corridor. The hydrogen leaves the production facility at 300 psig and is
compressed to 7,000 psig into the tube truck. As noted in the table, the
pressurized gas tube trucks have a capacity of 657 kg. They require 2 hours to
load and unload at the production facility, and have the same cab and
undercarriage cost of liquid transport, with a less expensive storage module.

Table 14. Input Data for High Pressure Tube Truck Transport of Hydrogen

ltem Cost Input Data

Distribution Capacity (kg/day) 100,000
60 miles delivery distance

Truck Capacity (net delivery, kg hydrogen 657
Capital Cost ($ /truck)

Tractor Truck Cab

Tube Tank Trailer $100,000 (per tractor)

Annual O&M (including fuel and labor)* $350,000 (per trailer)

$186,000 (per cab + multiple tube tank

trailer combination)

Terminal Installed Cost $139,000,000

Annual O&M Cost $19,500,000

Storage Tubes Installed Cost $38,500,000
Annual O&M Cost $1,500,000

Source: H2A Components Model, 2006.
**Varies depending on delivery route and station locations. Labor and applicable overhead/G&A
account for $138,000 of this amount.

3.4. Hydrogen Dispensing Technology

In the final stage of hydrogen delivery from the production plant to the vehicle
tank, dispensing is required at the fueling station. It is assumed that 3 hours of
buffer storage will be adequate per dispenser. Each dispenser is sized at 500
kg/day capacity, with a 70 percent load factor delivering 350 kg/day on average.
Each 1,050 kg/day fueling station includes three dispensers, capable of filling 5
vehicles per hour at 4.2 kg/tank.

For compressed hydrogen, this configuration re-compresses the hydrogen from

either a pipeline (at 300 psig) or tube truck (which starts at 7,000 psig but as the

hydrogen is used up, the pressure reduces) to 6,250 psig into a buffer storage
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tank for dispensing. For liquid dispensing, the configuration pressurizes liquid
hydrogen from storage up to 6,250 psig with positive displacement pumps. All
vaporizing occurs with ambient air and condenser water, avoiding additional
electricity costs, and the hydrogen is pumped into the buffer storage for
dispensing. Capital costs of the forecourt stations with liquid stations are roughly
one-third of the cost of gaseous station, and are shown in Table 15.

Table 15. Cost Input Data for Forecourt Stations i With Central Production

Cost Input Data

Gaseous

Capacity (kg/day) 100 1,500 100 1,500
Capacity Factor 0.70 0.70 0.70 0.70
Capital Cost $147,000 $354,000 $818,000 $1,000,000
Annual O&M Costs $34,000 $37,000 $97,000 $155,000

Source: H2A Components Model, 2006.

Distributed production of hydrogen requires a compressor, storage, and
dispensers to fuel vehicles. Table 16 shows capital costs and annual O&M costs
for these technologies, which total about one-half of the capital cost of the liquid
station above. These costs are included in the capital and operating costs of
distributed production shown in Table 9.
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Table 16. Cost Input Data for Forecourt Stations i With Distributed Production

Iltem Cost Input Data
Capacity (kg/day) 100 1,500
Capacity Factor 0.70 0.70
Compressor
Installed Cost $48,000 $705,000
Annual O&M Cost $43,000 $142,000
Storage
Installed Cost $79,000 $707,000
Annual O&M Cost $9,000 $34,000
Dispensers
Installed Cost $33,000 $99,000
Annual O&M Cost $2,700 $5,400
Total
Installed Cost $160,000 $1,511,000
Annual O&M Cost $54,700 $181,400

Source: H2A Components Model, 2006.

3.5.  Summary of Hydrogen Production and Delivery Pathways

As described in this section, there are many pathways for hydrogen to be
produced and delivered to a fueling station. Each of these different production
and transport methods will require different infrastructures, including production,
handling, transportation, and dispensing technologies. Those that are deemed
conventional technology are listed in Table 17. In the next Section, each of these
options will be analyzed using the cost and performance data presented in this
section, to determine delivered hydrogen cost and required infrastructure

investment.
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Table 17. List of Hydrogen Production and Delivery Pathways

Primary Feedstock Production Technology Delivery Technology

Pipeline

Cryogenic Liquid Tanker

Electricity Electrolysis
High Pressure Tube Trailer

Distributed

Pipeline

Cryogenic Liquid Tanker

Natural Gas Steam Reformation
High Pressure Tube Trailer

Distributed

Pipeline

Coal Gasification Cryogenic Liquid Tanker

High Pressure Tube Trailer

Pipeline

Biomass Gasification Cryogenic Liquid Tanker

High Pressure Tube Trailer
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4.0 ANALYSIS OF HYDROGEN PRODUCTION AND DELIVERY
TRADEOFFS

In the previous Section, 14 different pathways were described for hydrogen to be
produced and delivered to a fueling station (see Table 17). Each of these
pathways will employ different production and/or transport methods, and will
require different infrastructures. This section analyzes each of these pathways
within the context of the demand scenarios and ten MSA markets identified in
Section 2. Both delivered hydrogen cost and total capital investment were
estimated using an analysis that employs the DOE H2A model and takes into
account feedstock cost, labor and materials, operating and maintenance, and
energy cost as well as recovery of capital. The key tradeoffs to be analyzed
were:

1 Plant Size. Plant size has a major impact on production cost as it
decreases hydrogen production cost as the plant size increases,
otherwise referred to as economies of scale. Comparing few large central
station plants with their economies of scale but longer distances from the
fueling stations (i.e., serving combinations of 1-95 Corridor MSAS) versus
several smaller central plants which tend to be more expensive to operate
but closer to delivery locations (i.e., serving individual MSAs along the 1-95
Corridor) , and considering distributed production as well where no
hydrogen delivery is required;

1 FEeedstock and Technology Options. Comparing the relatively high cost of
natural gas versus coal, biomass or other options, considering both the
capital required to invest in the technology as well as the operating costs
that include the purchase of feedstocks; and

1 Delivery Methods. Evaluating compressed gas truck transport, liquid truck
transport, or pipeline delivery options for each of the plant sizes and
feedstock options. Pitted against these options, in terms of delivered cost,
was distributed production which does not require delivery but tends to
have a higher production cost.

Each of these tradeoffs was to be evaluated for each of the three demand
scenarios to gauge whether specific pathways made more economic sense early
or late in the development of a hydrogen economy. Phase | work focusing on the
State of Pennsylvania® revealed that the most promising feedstocks for large-
scale hydrogen production using current technology are coal, biomass and
natural gas. The other feedstocks (electricity, gasoline, and methanol) were
simply not cost effective at producing hydrogen. Furthermore, it was determined
that natural gas is the most economic feedstock for distributed hydrogen

20 Concurrent Technologies Corporatiand Resource Dynamics Corption, Economic Tradeoffs for
Hydrogen Infrastructure Development in Pennsylvasidomitted to DOE under contract 36
04G014229July2006.
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production. As a result, this analysis only considers natural gas, coal and
biomass for central station hydrogen production, and natural gas for distributed
production.

It should be noted that a parallel task for Phase Il focusing on indigenous energy
feedstocks (including various waste products as well as local biomass) for
hydrogen production in the State of Pennsylvania may yield additional economic
feedstock choices that may be evaluated for the [-95 Corridor in the Phase llI
work.

The research team employed the DOE H2A model, which was developed by
DOE to establish a consistent framework for hydrogen analyses. The two H2A
models employed in this effort were the Production Analysis (Central Production
Modeling Tool, Forecourt Production Modeling Tool, and technology case
studies) and Delivery Analysis (H2A Delivery Components Model and H2A
Delivery Scenario Model).

Table 18 provides the key feedstock inputs used in the analysis. Although
electrolysis is not considered a viable central plant production option, electricity
still enables a number of the production processes, providing compression
among other end-uses. The price of coal is higher than biomass in most of these
states, and when converted to $/British thermal unit (Btu), natural gas is
invariably the most expensive of the three fuels. The more costly feedstocks will
have to make up for their higher prices with less capital-intensive production
equipment to remain competitive.

Table 18. Key Feedstock Inputs for Analysis

Feedstock Phila- New

Input DC Baltimore : Trenton Connecticut Providence Boston
- delphia York

(units)

gfk‘c&'ﬁ)'ty $0.0730 | $0.078 | $0.066 | $0.087 | $0.097 | $0.124 $0.120 | $0.121
(C$‘7f‘o'n) $56.10 | $56.10 | $38.77 | $67.55 | $54.94 | $56.10 $56.10 | $56.10
gﬁgqna;ss $45.01 | $46.59 | $47.45 | $35.46 | $45.06 | $39.35 $37.85 | $38.39
Natural

Gas

(811,000 $9.26 $9.26 | $9.47 | $9.63 | $8.57 $8.61 $12.99 | $10.00
ft)

Sources: Energy Information Administration, Oak Ridge National Laboratory

4.1. Hydrogen Production Costs

For each of the central plant and distributed production options, hydrogen
production costs were calculated using the H2A Production Model case studies.
Each of the case studies was configured for the plant capacities described in
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Section 2 and using the inputs shown in Table 18. The costs presented are
expressed in $/kg, which is based on the fact that a kilogram of hydrogen
contains roughly the same amount of energy as a gallon of gasoline. Therefore,
it is appropriate to compare the costs of a kilogram of hydrogen to a gallon of
gasoline on an equal basis. Some reports even go so far as to price the
hydrogen on a $ per gallon of gasoline equivalent ($/gge) which is essentially the
same as $/kg hydrogen.

Currently, U.S. gasoline prices are at or near all-time highs, around $4/gallon,
and many project that these prices will not decrease significantly. This would
suggest that the DOE goal of $3/gge is high and a goal of $4/gge (assuming
hydrogen is not taxed) may be sufficient to make hydrogen competitive.

41.1. One Percent Demand Scenario

Figure 5 illustrates hydrogen production costs for the 1 percent demand scenario.
Natural gas is the only option for most of these plants, since those smaller than
40,000 kg/day (all but New York) do not have sufficient hydrogen demand to
consider coal or biomass gasification. The H2A model limits scaling down past
this limit, because the capital costs for gasification are prohibitive. Coal and
biomass gasification are better suited for large-scale production facilities, such as
those encountered in the 10 and 30 percent demand scenarios.

Boston
Providence [
Hartford r—
New Haven e
Bridgeport r— m Natural Gas
NG
New York m NG wseq
Coal
Trenton
m Coal w seq
Philadelphia m Biomass
Baltimore
DC

$0.00 $1.00 $2.00 $3.00 $4.00 $5.00
Production Cost ($/kg)

Figure 5. Central Station Hydrogen Production Costs for the 1 Percent Demand Scenario
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In general, hydrogen production at this scale in the 1 percent demand scenario
would cost $2.50-$3.50/kg using natural gas without sequestration, increasing to
just over $4.00/kg with the low-carbon sequestration option. For the larger New
York MSA (45,829 kg/day), production costs are in the range of just over $2.00
up to $2.70/kg, with a variety of feedstock options, led by biomass at $2.07/kg.
Once the delivery costs are incorporated, it will be determined whether or not
these central plant production methods can compete with distributed natural gas
production, which typically costs $7.00-$8.00/kg when serving smaller refueling
stations.

Some of the MSAs can be combined into a single, larger urban area
(DC/Baltimore, Philadelphia/Trenton, the = Connecticut MSAs, and
Providence/Boston) for purposes of analysis. This assumes that a single, larger
central plant would be sited between the MSAs being combined to realize
production economies of scale. However, even when MSAs are combined, the
hydrogen demand does not reach the threshold of 40,000 kg/day required for
biomass and coal gasification for the one percent demand scenario. Still, the
economies of scale help bring down the costs for natural gas central plant
hydrogen production. The results are shown in Figure 6.

Providence/Boston

Connecticut MSAs

= Natural Gas
New York B NG w seq
Coal

Philly/Trenton m Coal w seq

m Biomass

DC/Baltimore

$0.00 $0.50 $1.00 $1.50 $2.00 $2.50 $3.00 $3.50
Production Cost ($/kg)

Figure 6. Central Station Hydrogen Production Costs for the 1 Percent Demand Scenario,
using Grouped MSAs

By comparing Figure 5 and Figure 6, it is evident that economies of scale would

lower production costs for the combined MSAs. The total average production

cost was lowered by about 12 cents per kg. For the 1 percent demand scenario,
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grouping together nearby MSAs is an effective strategy to reduce production
costs. However, if delivery costs are higher than $5.00/kg, small-scale
distributed production using natural gas at individual refueling stations could still
be the least expensive option.

41.2. Ten Percent Demand Scenario

With the 10 percent demand scenario, central production costs become
significantly lower as economies of scale begin to emerge. With the ten-fold
increase in demand, noting exceptions for Trenton and New Haven, there is no
limitation for production via biomass and coal gasification, and these two
feedstocks are generally more cost-effective than natural gas at producing
hydrogen on a large scale. The local costs of feedstocks, and electricity to some
degree, play a large part in determining which production method is most
economical.

For the major MSAs with largest populations (Washington DC, Philadelphia, New
York and Boston), it may prove difficult to procure locally the amount of biomass
required at the average delivered price in the state (Virginia is the source of
biomass for Washing t o n dn&\&is). It is likely that the biomass feedstocks
would have to be transported man ysupply
their urban population centers. Therefore, for these states, an additional $10/ton
is added to the cost of biomass, assuming that the feedstocks on average must
travel an additional 100 miles, as opposed to 50 miles.
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The same MSAs and MSA groupings used in the 1 percent scenario were
evaluated using the H2A production model and 10 percent demand levels. The
results are shown in Figure 7.

Boston
Providence
Hartford
New Haven
Bridgeport u Natural Gas
m NG w se
New York wseq
m Coal
Trenton
m Coal w seq
Philadelphia m Biomass

Baltimore

DC

$0.00 $0.50 $1.00 $1.50 $2.00 $2.50 $3.00 $3.50

Production Cost ($/kg)

Figure 7. Central Station Hydrogen Production Costs for the 10 Percent Demand Scenario

With the exceptions of Trenton and New Haven, which require natural-gas-based
hydrogen production because of their smaller demand levels®, the competition
for the least costly feedstock in the 10 percent demand scenario is between coal
and biomass. At this stage in the hydrogen
tends to be the least costly feedstock option, except for MSAs with more local
access to coal (Philadelphia) or with a large enough demand to make coal
gasification economical (New York). In either case, the two feedstocks are close
in terms of their hydrogen production cost and both options should be more
extensively evaluated prior to making a plant investment. If delivery prices are
low enough, central station production could begin to overtake distributed
production as the method of choice for most MSAs in the 10 percent demand
scenario.

When MSA groupings are used, there are no longer any limitations on coal and
biomass gasification, so natural gas, typically the most expensive option, is

econom

effectively eliminated as too costly. The addition of Trent on

2 The lower limit for H2A Model gasification systems is 40,000 kg/day. Hydrogen demand at Bridgeport
at 10% LDV is only 37,360 kg/day, but it is close enough to assume that a 40,000 kg/day plant would not

be underutilized.
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MSA does | ittl e t o ecohonity but proliides muthe lbweh i a 6 s
cost hydrogen for Trenton. Similarly, the Connecticut MSAs are capable of much

lower cost hydrogen production than they are as separate entities. Instead of
biomass, coal becomes the least costly option for Washington DC and Baltimore,

as well as Providence and Boston, when they are combined. However, if carbon
sequestration were required for fossil fuels, these areas would choose biomass

on an economic basis, and Philadelphia/Trenton and New York would be the only

two areas where coal is the least costly option. The results using MSA groupings

are shown in Figure 8.

Providence/Boston

Connecticut MSAs

= Natural Gas

New York % NG w seq
Coal

Philly/Trenton m Coal w seq

® Biomass

DC/Baltimore

$0.00 $0.50 $1.00 $1.50 $2.00 $2.50 $3.00

Production Cost ($/kg)

Figure 8. Central Station Hydrogen Production Costs for the 10 Percent Demand Scenario
for Combined MSAs

Combining MSAs continues to provide a reduction in overall production costs, but
with diminishing significance. When averaged, costs were lowered by 8 cents
per kg, or 6 cents per kg with sequestration. Again, depending on delivery costs,
these central station production costs may be low enough to unseat distributed
production as the most cost effective option for delivered hydrogen.

4.1.3. Thirty Percent Demand Scenario

When light duty vehicle penetration levels for hydrogen vehicles in the major
MSAs reach 30 percent, the economies of scale for hydrogen production begin to
plateau. The H2A model for natural gas and coal has economy of scale limits
around 300,000 kg/day, while the H2A model for biomass was limited to about
200,000 kg/day. Beyond these production capacities, it is assumed that the cost
per kg does not decrease further.
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Both coal and biomass are competitive for a number of MSAs. Since coal
gasification tends to provide the best economics at the higher production levels
assuming no carbon regulations, this is the feedstock that larger MSAs will favor
economically for the 30 percent scenario. Smaller MSAs like Trenton,
Providence, and those in Connecticut have not yet reached these production
levels, and still favor biomass. The larger MSAs and MSA groupings will favor
coal, especially when no sequestration is required. With carbon regulation, the
difference between coal and biomass narrows for the larger MSAs, with biomass
becoming more cost effective in Boston but competitive in New York and
Washington, DC. The results for central station hydrogen production in the 30
percent demand scenario are illustrated in Figure 9.

Boston
Providence r—
Hartford
New Haven
Bridgeport u Natural Gas
m NG w se
New York wseq
m Coal
Trenton -
m Coal w seq
Philadelphia m Biomass

Baltimore

DC

$0.00 $0.50 $1.00 $1.50 $2.00 $2.50 $3.00 $3.50

Production Cost ($/kg)
Figure 9. Central Station Hydrogen Production Costs for the 30 Percent Demand Scenario
The change in production costs from the 10 to the 30 percent demand scenario is

not as dramatic as seen from the 1 to the 10 percent demand scenario.
Production costs have settled into the range of $1.50- $2.00/kg, using biomass or

coal . Phil adel phi a, wiesetvesRepreserdsytielowesti a 0 s Vv a s
production cost, at $1.45/kg (although this rises to $1.74/kg if carbon is
sequestered). With these low production costs, and increasingly low delivery
costs, distributed production will be challenged to compete with central
productonat t hi s point in trawrthydr ogen economy?o6s
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The changes seen in the 30 percent demand scenario from grouping MSAs
together are not as pronounced as in the lesser demand scenarios, since
economies of scale are beginning to plateau. The results for grouped MSAs are
shown in Figure 10.

Providence/Boston

Connecticut MSAs<

= Natural Gas
New York u NG w seq
= Coal
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m Biomass

DC/Baltimore
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Production Cost ($/kg)

Figure 10. Central Station Hydrogen Production Costs for the 30 Percent Demand
Scenario for Combined MSAs

With the combined MSAs, coal is the low cost option, unless sequestration is
required, then biomass is cheaper for the New England MSAs and coal prevails
elsewhere. Overall, however, the average cost is only reduced by 1-2 cents per
kg when compared to individual MSAs and thus is insignificant in terms of an
economic advantage.

4.1.4. Production Cost Summary

Tables 19 through 22 summarize hydrogen production costs for each demand
scenario, giving the lowest cost central plant option for each individual and
combined MSA, both with and without carbon regulation. These production costs
are then combined with the delivery costs that are reviewed in the next section,
and compared to the distributed production costs, to determine the lowest total
delivered cost for each MSA, in each demand scenario.
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Table 19. Summary of Hydrogen Production Costs, for Each Demand Scenario, No Carbon Regulation

Table 20. Summary of Hydrogen Production Costs for Grouped MSAs, for Each Demand Scenario, No Carbon Regulation
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