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Executive Summary

The United States (U.S.) Department of Energy’s (DOE’s) Hydrogen and Fuel Cells Program—
which is coordinated across the Department and includes activities in the Offices of Energy
Efficiency and Renewable Energy (EERE), Science, Nuclear Energy, and Fossil Energy—has
identified a need to understand the cost, energy use, and emissions tradeoffs of various hydrogen
production, delivery, distribution and use options under consideration for fuel cell vehicles. The
Fuel Cell Technologies Office (FCTO) within EERE has been researching and developing
hydrogen and fuel cell technologies because they have the potential to reduce U.S. dependence
on foreign crude oil, diversify energy sources, decrease greenhouse gas (GHG) emissions, and
provide domestic economic growth.

This report describes a life-cycle assessment conducted by the National Renewable Energy
Laboratory (NREL) of 10 hydrogen production, delivery, dispensing, and use pathways that were
evaluated for cost, energy use, and GHG emissions (see Table ES.1). This evaluation updates
and expands on a previous assessment of seven pathways conducted in 2009 (Ruth, Laffen and
Timbario 2009). The evaluation takes a life-cycle approach, addressing both the “well-to-
wheels” (WTW) transportation fuel cycle and also the portion of the vehicle cycle that considers
the manufacturing of a fuel cell electric vehicle (FCEV) and the decommissioning and
disposal/recycling of the FCEV. This study summarizes key results, parameters, and sensitivities
to those parameters for the 10 hydrogen pathways, reporting on the levelized cost of hydrogen in
2007 U.S. dollars as well as life-cycle energy use and GHG emissions associated with the
pathways.1 The results from this assessment aid in understanding and evaluating technology
needs and progress, potential environmental impacts, and the energy-related economic benefits
of various hydrogen production, delivery, and dispensing options.

Table ES.1. Ten Hydrogen Production, Delivery, and Distribution Pathways

Feedstock Central or Carbon Delivery Hydrogen
Distributed Capture and Method Distribution
Production Sequestration
1 Natural Gas Distributed No Not applicable 700 bar, gaseous
2% Ethanol Distributed No Not applicable 700 bar, gaseous
3 Grid Electricity  Distributed No Not applicable 700 bar, gaseous
4 Biomass Central No Gaseous H, in 700 bar, gaseous
pipelines
5%  Biomass Central No Gaseous H, truck 700 bar, gaseous
6 Biomass Central No Liquid H, truck 700 bar, gaseous
7% Biomass Central No Liquid H, truck Cryo-compressed
8 Natural Gas Central No Gaseous H, in 700 bar, gaseous
pipelines
9 Wind Central No Gaseous H, in 700 bar, gaseous
Electricity pipelines
10 Coal Central Yes Gaseous H, in 700 bar, gaseous
pipelines

*Newly analyzed pathways

' This analysis does not attempt to evaluate the selling price of hydrogen, which will depend on market factors.
Instead, results are discussed in terms of levelized cost, which is the resulting break-even cost of hydrogen
calculated on a net present value basis to cover all capital, operating, and maintenance costs including a set internal
rate of return on expenditures.

vii



The pathways evaluated in this study represent currently available hydrogen production,
delivery, and dispensing technologies, projected to a commercialized scale. Plausible production
scenarios for mature hydrogen transportation-fuel markets combined with market penetration of
hydrogen fuel cell vehicles were used in this analysis. This study does not evaluate transition
scenarios where equipment may not be fully utilized. The assumptions used in the analysis
reflect current technology: technology that has been developed to the bench scale (at a minimum)
but has not necessarily been demonstrated at commercial scales. All the technology options have
potential for research and development (R&D) improvements.

For the evaluation, FCEVs were assumed to have an on-road fuel economy of 48 miles per
gallon gasoline equivalent (mpgge). The 48 mpgge assumption is consistent with NREL’s
analysis of on-road FCEV fuel economy data from the Hydrogen Fleet and Infrastructure
Demonstration and Validation Project (Wipke et al. 2012) and also reflects modeling of FCEV
fuel economy by Argonne using its Autonomie model, based on Argonne’s modeling
assumptions and information from original equipment manufacturers (Rousseau 2012). Because
fuel economy is likely to improve with fuel cell research and development advances, a sensitivity
analysis was also performed for an assumed fuel economy of 68 mpgge. This higher end fuel
economy was chosen as it represents the average fuel economy of a Toyota fuel cell vehicle in
on-road testing conducted in California in 2009 (Wipke, Anton and Sprik 2009).

The hydrogen Macro-System Model (MSM) was used to analyze the pathways by linking the
H2A Production models, the Hydrogen Delivery Scenario Analysis Model (HDSAM), the
Greenhouse Gas, Regulated Emission, and Energy for Transportation (GREET) Model, and the
Cost-per-Mile (CPM) Tool.? The MSM links those models so they can be executed concurrently,
utilizing the capabilities of each and ensuring consistency among them. Also, the MSM is
available to the public and enables users to analyze pathways and complete sensitivity analyses
that are not reported in this document. Consistent with the standard employed by the H2A
Production model and HDSAM, costs are presented in 2007 U.S. dollars.

The analysis has been reviewed by the U.S. DRIVE Partnership’s Fuel Pathway Integration
Technical Team, which includes members from DOE, national laboratories, and energy
companies (Phillips 66, Chevron Corporation, Shell, and ExxonMobil Corporation).

Figure ES.1 depicts the performance of the 10 hydrogen fuel pathways, comparing pathway
hydrogen fuel cost on a $/mile basis to fuel-cycle WTW GHG emissions on a gram CO,-
equivalent per mile basis. As seen in the figure, the levelized cost of hydrogen on a per mile
basis (assuming a 48 mpgge fuel economy) ranges from $0.10/mile for the distributed natural gas
production pathway to $0.18/mile for the distributed ethanol-reforming pathway (compared to
gasoline costs of about $0.13/mile for a conventional gasoline vehicle). Figure ES.2 provides
more detail on the WTW greenhouse gas emissions, showing total GHG emissions on a gram
CO,-equivalent per mile basis for the 48 to 68 mpgge fuel economy range. The figure illustrates
that all of the pathways except for the distributed electrolysis pathway result in GHG emissions

* This analysis uses a version of the MSM that incorporates H2A Version 3 (2012), HDSAM Version 2.3 (2012),
GREET 1 (2011, rev. 1) and GREET 2 (version 2.7). The versions of H2A, HDSAM, and GREET used were current
at the time this life-cycle evaluation began. As of the publication of this report, H2A Version 3 and HDSAM
Version 2.3 are still current, but more recent updates of the GREET 1 and GREET 2 models were made available in
late 2012.
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lower than 400 g/mile, based on a fuel economy of 48 mpgge. When a higher fuel economy of 68
mpgge is considered, all of the pathways except distributed electrolysis result in GHG emissions
lower than 250 g/mile.
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Figure ES.1. Comparison of pathways’ levelized costs and GHG emissions

Distributed electrolysis has high GHG emissions when compared to the other hydrogen pathways
because of the assumed electricity grid mix (the U.S. average grid mix is assumed, with coal
production accounting for 44% of electricity generation). The pathways that use natural gas as a
feedstock use little petroleum but have high GHG emissions compared to most of the other
pathways due to the GHG emissions associated with producing hydrogen from natural gas. The
coal pathway has slightly lower GHG emissions than the natural gas pathways do because of the
efficient carbon-sequestration system that is assumed; no other pathways assume the use of a
carbon sequestration system. The biomass and ethanol pathways have higher petroleum use than
all but the distributed electrolysis pathway because the biomass and ethanol feedstocks are
delivered using trucks.

Of the four options for delivering hydrogen from a centralized production plant, pipeline delivery
has the lowest GHG emissions and lowest petroleum use. The two liquid truck delivery options
have higher GHG emissions because of the high electricity consumption of the liquefaction
process (the U.S. average grid mix is assumed). The GHG emissions for hydrogen dispensed as a
cryo-compressed liquid are slightly lower than those for hydrogen dispensed as a gas because the
liquid pump requires less electricity than the compressor necessary for delivering 700 bar
gaseous hydrogen. Hydrogen delivered in a gas truck has low GHG emissions but a high
petroleum use because each truckload only carries 520 kg of hydrogen.
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Figure ES.2. WTW GHG emissions for 10 hydrogen pathways

Figure ES.3 shows the levelized cost of hydrogen for the 10 pathways, breaking out hydrogen
production costs, delivery costs, dispensing station costs (also known as CSD costs—station
compression, storage, and dispensing costs), and the share of hydrogen levelized cost associated
with pathway hydrogen losses. As seen in the figure, hydrogen production, delivery, and
dispensing costs range from $4.60/kg H, to almost $9.00/kg H,. Hydrogen production costs are
at or near DOE’s $2.00/kg target for four of the production pathways (representing 7 of the total
10 overall pathways evaluated). Station CSD costs range from about $1.00/kg to $2.50/kg,
showing the need for R&D advancements to lower the cost of dispensed hydrogen.



Levelized Cost($/kg)

$10.00
BCSD Share ($/GGE)
$9.00 DOPathway Losses Share ($/GGE)
ODelivery Share ($/GGE)
$8.00 DOProduction Share ($/GGE)
$7.00
$6.00
$5.00 .
$4.00 - -
$3.00 A -
$2.00 -
$1.00 A -
$0.00 T T T T T T T T T
Distributed Distributed Distributed Central Central Central Central Central Central Central
Natural Gas  Ethanol  Electrolysis  Biomass Biomass Biomass Biomass Natural  Electrolysis Coal
Reforming Reforming (U.S. Grid Liquid Cryo- Gas Trucks  Pipelines Gas (Wind Gasification
Mix) Trucks  compressed Reforming Generation) ~ w/CCS

Pipelines Pipelines Pipelines

Figure ES.3. Hydrogen production levelized costs for 10 pathways
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1 Introduction

1.1 Document’s Intent

The United States (U.S.) Department of Energy (DOE) has identified a need to understand the
life-cycle cost, energy use, and emissions tradeoffs of various hydrogen production, delivery, and
use pathways under consideration to enable a transition from a hydrocarbon-based economy to a
hydrogen-and-electricity-based economy. In 2009 the National Renewable Energy Laboratory
(NREL) addressed this need by analyzing and reporting on a life-cycle cost, energy use, and
emissions evaluation of seven hydrogen production, delivery, and use pathways (Ruth, Laffen
and Timbario 2009). The present analysis updates and expands on the 2009 evaluation, assessing
life-cycle costs, energy use, and emissions of a set of hydrogen pathways using updated costs
and technology assumptions. This report contains the results of the updated life-cycle evaluation,
including the updated cost of delivered hydrogen for the seven hydrogen production, delivery,
and use pathways previously studied using the Macro-System Model (MSM), as well as three
additional potential hydrogen production, delivery, and use pathways. The report also provides
the results of sensitivity evaluations of the cost of delivered hydrogen to varying assumptions
regarding feedstock cost, capital cost, plant capacity, and utility cost.

This analysis will aid in understanding and assessing technology needs and progress, potential
environmental impacts, and the energy-related economic benefits of various hydrogen supply
and demand pathways.

The MSM was used to analyze the pathways by linking the H2A Production Model, the
Hydrogen Delivery Scenario Analysis Model (HDSAM), the Greenhouse Gas, Regulated
Emission, and Energy for Transportation (GREET) Model, and the Cost-per-Mile (CPM) Tool.
The MSM links those models so they can be executed concurrently, utilizing the capabilities of
each and ensuring consistency among them. Also, the MSM is available to the public and
enables users to analyze pathways and complete sensitivity analyses that are not reported in this
document. Consistent with the standard employed by the H2A Production model and HDSAM,
costs are presented in 2007 U.S. dollars.

The primary differences between the 2009 report and this report are that the current study:

e Analyzed three additional pathways: distributed ethanol reforming, central biomass
reforming with delivery in gaseous hydrogen trucks, and central biomass reforming with
delivery in liquid hydrogen trucks with cryo-compressed dispensing.

e Added vehicle costs and vehicle-cycle energy use and emissions to calculate overall
ownership costs and fuel-plus-vehicle-cycle energy use and emissions. The vehicle is
assumed to be owned for 5 years and be driven 15,000 miles per year and sold in good
condition at the end of that period. Energy use and emissions are averaged over a vehicle
lifetime of 160,000 miles.



e Used H2A Version 3, HDSAM Version 2.3, GREET 1 2011, GREET 2.7, and the CPM
Tool within the MSM.? (The central coal with carbon-capture and sequestration [CCS]
case still uses H2A Version 2.1.1, which is the most recent H2A version of this case.)

e Updated energy prices from the Energy Information Administration’s Annual Energy
Outlook 2009.

e Updated cost of delivered hydrogen in 2007 dollars from 2005 dollars (except for the
central coal with CCS pathway).

e Reduced vehicle penetration rate from 50% to 15%.

e Increased vehicle fuel economy from 45 to 48 miles per gallon gasoline equivalent
(mpgge). Additional sensitivity analyses using 68 mpgge were also performed.

e Increased hydrogen dispensing pressure from 5,000 psi (350 bar) to 10,000 psi (700 bar).

This document reports a greater level of detail than analyses that show only the full pathway
results (or maybe have a single break-point in the pathway), but it reports little information at the
unit-operation level. Parameters that are expected to have major effects on the results are
reported at the unit-operation level.

1.2 Hypothetical Market State and Technology Development
Assumptions

The pathways analyzed are intended to be plausible production scenarios for mature technologies
with full deployment of a regional hydrogen fueling network. They are not transition scenarios
where equipment may not be utilized fully, nor are they technology validation activities where
production, delivery, and vehicle costs are higher due to first-of-a-kind plants and low
production levels of vehicles. Specifically, today’s technical status is extrapolated to a scenario
where 15% of the vehicles are fueled by hydrogen in a city with the area (553 mi”) and
population (1,247,364) of Indianapolis, Indiana, and all equipment is fully utilized for its
lifetime. Production facilities are not scaled to meet demand; instead, necessary demand from
other nearby communities is assumed available so the facilities are kept at the H2A-defined
natural scale.

Costs, energy use, and emissions estimates in this study are based on current technologies, and
costs are reported in 2007 U.S. dollars (except where noted). In this analysis, “current
technology” refers to technology that is available currently at the bench scale—not necessarily
technology that has been demonstrated at production scales. Thus, assumptions about larger-
scale performance and equipment requirements and costs are necessary.

Designs and costs in this analysis do not include additional requirements of first-of-a-kind or
one-of-a-kind technologies. In many cases, first-of-a-kind technologies require safety factors,
instrumentation, and contingencies that are not necessary later in the development process. Those
additional costs are not included in this analysis because they are difficult to account for and
because they are not well understood. Instead, technology designs and costs are based on “nth

? The versions of H2A, HDSAM, and GREET used were current at the time this life-cycle evaluation began. As of
the publication of this report, H2A Version 3 and HDSAM Version 2.3 are still current, but more recent updates of
the GREET | and GREET 2 models were made available in late 2012.



plant” techniques (techniques that inherently assume that the technology is mature and do not
include additional contingency, capital costs, and yield loss necessary for first-of-a-kind plant
cost estimation).

1.3 Analysis Boundaries

The “well-to-wheels” (WTW) energy use and emissions are assessed for each pathway using the
GREET 1 fuel-cycle model. Included in the assessment are feedstock recovery, transportation,
and storage; fuel production, transportation, storage, and distribution; and vehicle production,
maintenance, operation, and disposal. The reported energy use includes both direct and indirect
use of raw materials (natural gas, coal, and petroleum). For feedstock recovery, direct use of raw
materials involves those used to recover and refine the feedstock, and indirect use of raw
materials involves those needed to produce electricity and materials that are used directly. In
addition to WTW analyses, life-cycle energy use and emissions are assessed for each pathway by
combining the fuel-cycle WTW assessment from GREET 1 with the vehicle-cycle assessment
from GREET 2.

Energy used and emissions generated to produce the equipment required to recover the
feedstock, produce the fuel, produce the vehicles, and so on, are not included.

1.4 Pathways
The 10 pathways included in this analysis are shown in Table 1.4.1.

Table 1.4.1. Ten Hydrogen Production, Delivery, and Distribution Pathways

Feedstock Central or Carbon Delivery Hydrogen
Distributed Capture and Method Distribution
Production Sequestration
1 Natural Gas Distributed No Not applicable 700 bar, gaseous
2%  Ethanol Distributed No Not applicable 700 bar, gaseous
3 Grid Electricity  Distributed No Not applicable 700 bar, gaseous
4 Biomass Central No Gaseous H, in 700 bar, gaseous
pipelines
5% Biomass Central No Gaseous H, truck 700 bar, gaseous
6 Biomass Central No Liquid H, truck 700 bar, gaseous
7% Biomass Central No Liquid H, truck Cryo-compressed
8 Natural Gas Central No Gaseous H, in 700 bar, gaseous
pipelines
9 Wind Central No Gaseous H, in 700 bar, gaseous
Electricity pipelines
10 Coal Central Yes Gaseous H, in 700 bar, gaseous
pipelines

* Newly analyzed pathways

For convenience, the pathways are identified throughout this report using the feedstock and the
delivery method; for example: Pathway 1 is referred to as the distributed natural gas pathway,
Pathway 2 is referred to as the distributed ethanol pathway, Pathway 3 is the distributed
electrolysis pathway, and Pathway 4 is the central biomass with pipeline delivery pathway.

Each pathway description below includes a flowchart showing the major subsystems of the
hydrogen production and delivery pathway and the amount of energy required for each. Not



included in these flowcharts are the energy requirements to supply the feedstock for hydrogen
production; the energy use for feedstock production and delivery is included in the full WTW
results presented in Section 6.0.

1.4.1 Pathway 1: Distributed Natural Gas

In the distributed natural gas pathway, hydrogen is produced from natural gas at the hydrogen
refueling site using a 1,500 kg H»/day steam methane reformer (SMR) with water-gas shift
(WGS). Pressure swing adsorption (PSA) is used to obtain the required hydrogen purity. The
hydrogen is then compressed to 12,687 psi (875 bar) and stored on-site prior to dispensing as a
gaseous fuel to the 10,000 psi (700 bar) vehicle fuel tank. The flow diagram in Figure 1.4.1
shows the fuel production and delivery components of the distributed natural gas pathway and
the energy balance for the major hydrogen-related subsystems, on a 1-gallon gasoline equivalent
(gge) basis. The production and forecourt technologies are detailed in Ruth, Laffen and Timbario
(2009).

19,000 Btu
Electricity Storageand | 116,000 Btu
. e ,
Compression for | | Hydrogen Gas
159,000 Btu Dispensing ‘
Natural Gas

62,000 Btu
Energy Lost

Figure 1.4.1. Flow diagram and energy balance of distributed natural gas pathway

Values may not sum to zero due to rounding.

This pathway is considered among the least costly in the near term to establish early market
refueling capability (Greene et al. 2008).

1.4.2 Pathway 2: Distributed Ethanol

In the distributed ethanol pathway, hydrogen is produced from corn stover-based ethanol at the
hydrogen refueling site using a 1,500 kg H,/day steam reformer with a WGS reactor. PSA is
used to obtain the required hydrogen purity. The hydrogen is then compressed to 12,687 psi (875
bar) and stored on-site prior to dispensing as a gaseous fuel to the 10,000 psi (700 bar) vehicle
fuel tank. The flow diagram in Figure 1.4.2 shows the fuel production and delivery components
of the distributed ethanol pathway and the energy balance for the major hydrogen-related
subsystems, on a 1-gge basis. The production technologies are detailed in Section 2.2, and the
delivery technologies are detailed in Ruth, Laffen and Timbario (2009).



17,000 Btu ,
Electricity Storage and : 116,000 Btu
: O
Compression for | Hydrogen Gas
174,000 Btu Dispensing :
Ethanol

72,000 Btu
Electricity Lost

Figure 1.4.2. Flow diagram and energy balance of distributed ethanol pathway

Values may not sum to zero due to rounding.

1.4.3 Pathway 3: Distributed Electricity

In the distributed electricity pathway, hydrogen is produced from water at the hydrogen refueling
site using a 1,500 kg H»/day grid-powered electrolyzer. A scrubber is used to obtain the required
hydrogen purity. The hydrogen is then compressed to 12,687 psi (875 bar) and stored on-site
prior to dispensing as a gaseous fuel to the 10,000 psi (700 bar) vehicle fuel tank. The flow
diagram in Figure 1.4.3 shows the fuel production and delivery components of the distributed
electricity pathway and the energy balance for the major hydrogen-related subsystems, on a 1-
gge basis. The production and forecourt technologies are detailed in Ruth, Laffen and Timbario
(2009).

This pathway offers an alternative to distributed natural gas, particularly in areas where clean,
inexpensive electricity is available.

Storage and
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Dispensing

|, 116,000Btu

189,000 Btu Hydrogen Gas

Electricity
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Figure 1.4.3. Flow diagram and energy balance of distributed electricity pathway

Values may not sum to zero due to rounding.

1.4.4 Pathway 4: Central Biomass—Pipeline Delivery

In the central biomass—pipeline delivery pathway, woody biomass (poplar) within a 50-mile
radius is transported via truck to a central hydrogen production facility with a design capacity of



2,000 bone dry metric ton/day biomass (~155,000 kg H,/day). An indirectly heated biomass
gasifier converts the biomass to a biogas, which is then converted to hydrogen using a catalytic
SMR with WGS. PSA is used to obtain the required hydrogen purity. The hydrogen is
compressed to 1,000 psi (69 bar) and injected into a pipeline, through which it is transported to a
1,000 kg/day forecourt hydrogen refueling station. There the hydrogen is compressed to 12,687
psi (875 bar) and dispensed as a gaseous fuel to the 10,000 psi (700 bar) vehicle fuel tank. The
flow diagram in Figure 1.4.4 shows the fuel production and delivery components of the central
biomass—pipeline delivery pathway and the energy balance for the major hydrogen-related
subsystems, on a 1-gge basis. The production, delivery, and forecourt technologies are detailed
in Ruth, Laffen and Timbario (2009).

2,000 Btu 15,000 Btu
Electricity for Electricity for
Compression Forcourt

246,000 Btu : 1 J

Biomass 118,000 Btu |
Hydrogen Gas !
S .o

Compression,
Storage, &
Dispensing

138,000 Btu ‘ ‘
Energy Lost

1,000 Btu 17,000 Btu
Hydrogen Energy
Lost Lost

3,000 Btu
Electricity

6,000 Btu
Natural Gas

Compression & [—|
Pipeline

| 116,000 Btu

Hydrogen Gas

Figure 1.4.4. Flow diagram and energy balance of central biomass—pipeline delivery pathway

Values may not sum to zero due to rounding.

1.4.5 Pathway 5: Central Biomass—Gaseous H; Truck Delivery

In the central biomass—gaseous truck delivery pathway, woody biomass (poplar) within a 50-
mile radius is transported via truck to a central hydrogen production facility with a design
capacity of 2,000 bone dry metric ton/day biomass (~155,000 kg H»/day). An indirectly heated
biomass gasifier converts the biomass to a biogas, which is then converted to hydrogen using a
catalytic SMR with WGS. PSA is used to obtain the required hydrogen purity. The hydrogen is
then transported via pipeline to a cavern for geologic storage. The cavern is designed to satisfy a
surge in demand during the summer period and to provide storage during the annual shutdown of
the hydrogen production facility. The usable capacity of the geologic storage is >1.3 million kg
H,. The hydrogen is then transported from the geologic storage facility to a terminal, where it is
compressed to 3,777 psi and loaded into tube trailers. The tube trailers are transported via truck
to a 800 kg/day forecourt hydrogen refueling station. There the hydrogen is compressed to
12,687 psi (875 bar) and dispensed as a gaseous fuel to the 10,000 psi (700 bar) vehicle fuel
tank. The flow diagram in Figure 1.4.5 shows the fuel production and delivery components of the
central biomass—gaseous truck delivery pathway and the energy balance for the major
hydrogen-related subsystems, on a 1-gge basis. The production and forecourt technologies are
detailed in Ruth, Laffen and Timbario (2009).
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Figure 1.4.5. Flow diagram and energy balance of central biomass—gaseous truck delivery
pathway
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1.4.6 Pathway 6: Central Biomass—Liquid Truck Delivery and Gaseous
Dispensing
In the central biomass—Iiquid truck delivery pathway, woody biomass (poplar) within a 50-mile
radius is transported via truck to a central hydrogen production facility with a design capacity of
2,000 bone dry metric ton/day biomass (~155,000 kg H,/day). An indirectly heated biomass
gasifier converts the biomass to a biogas, which is then converted to hydrogen using a catalytic
SMR with WGS. PSA is used to obtain the required hydrogen purity. The hydrogen is liquefied,
stored as necessary, loaded into tube trailers, and delivered via truck to a 1,000 kg/day forecourt
hydrogen refueling station, where it is vaporized, compressed to 12,687 psi (875 bar), and
dispensed as a gaseous fuel to the 10,000 psi (700 bar) vehicle fuel tank. The flow diagram in
Figure 1.4.6 shows the fuel production and delivery components of the central biomass—Iliquid
truck delivery pathway and the energy balance for the major hydrogen-related subsystems, on a
1-gge basis. The production and forecourt technologies are detailed in Ruth, Laffen and
Timbario (2009).
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Figure 1.4.6. Flow diagram and energy balance of central biomass—Iliquid truck delivery pathway

Values may not sum to zero due to rounding.



1.4.7 Pathway 7: Central Biomass—Liquid Truck Delivery and Cryo-Compressed
Dispensing
In the central biomass—Iiquid truck delivery and cryo-compressed dispensing pathway, woody
biomass (poplar) within a 50-mile radius is transported via truck to a central hydrogen
production facility with a design capacity of 2,000 bone dry metric ton/day biomass (~155,000
kg Hy/day). An indirectly heated biomass gasifier converts the biomass to a biogas, which is then
converted to hydrogen using a catalytic SMR with WGS. PSA is used to obtain the required
hydrogen purity. The hydrogen is liquefied, stored as necessary, loaded into tube trailers, and
delivered via truck to a 1,000 kg/day forecourt hydrogen refueling station, where it is dispensed
via a cryogenic pump as a gaseous fuel to the 10,000 psi (700 bar) vehicle fuel tank. The flow
diagram in Figure 1.4.7 shows the fuel production and delivery components of the central
biomass—Iiquid truck delivery and cryo-compressed dispensing pathway and the energy balance
for the major hydrogen-related subsystems, on a 1-gge basis. The production and delivery
technologies are detailed in Ruth, Laffen and Timbario (2009).

The biomass pathways were selected for this study because of their potential to provide hydrogen
with low or zero net carbon dioxide (CO;) emissions and because there are feedstock
availability, delivery, and handling issues that are unique to biomass. These pathways are also
more dependent on regional resource availability and costs than other pathways are; while
sensitivity studies to regionality are outside the scope of this study, they may be conducted as
more data become available.
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Figure 1.4.7. Flow diagram and energy balance of central biomass—Iliquid truck delivery and cryo-
compressed dispensing pathway

Values may not sum to zero due to rounding.

These are the only pathways studied that utilize liquid hydrogen delivery. Comparison of the
liquid hydrogen delivery pathways with the central biomass—pipeline delivery pathway offers
insights to the advantages, disadvantages, and issues associated with liquid hydrogen delivery. It
also offers the opportunity to examine the sensitivity of delivery options (gaseous or liquid truck
and gaseous pipeline) to parameters such as delivery distance and degree of hydrogen
penetration in the vehicular fuel market.



1.4.8 Pathway 8: Central Natural Gas—Pipeline Delivery

In the central natural gas—pipeline delivery pathway, natural gas is carried via pipeline to a
central hydrogen production facility with a design capacity of ~379,000 kg H»/day, where an
SMR with WGS is used to reform the natural gas to hydrogen. PSA is used to obtain the required
hydrogen purity. The hydrogen is compressed to 1,000 psi (69 bar) and injected into a pipeline,
through which it is transported to a 1,000 kg/day forecourt hydrogen refueling station. There the
hydrogen is compressed to 12,687 psi (875 bar) and dispensed as a gaseous fuel to the 10,000 psi
(700 bar) vehicle fuel tank. The flow diagram in Figure 1.4.8 shows the fuel production and
delivery components of the central natural gas—pipeline delivery pathway and the energy
balance for the major hydrogen-related subsystems, on a 1-gge basis. The production, delivery,
and forecourt technologies are detailed in Ruth, Laffen and Timbario (2009).
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Figure 1.4.8. Flow diagram and energy balance of central natural gas—pipeline delivery pathway

Values may not sum to zero due to rounding.

The central natural gas—pipeline delivery pathway was selected as a benchmark case for this
study. Large-scale natural gas reforming is a mature process being used to produce hydrogen for
industrial applications such as merchant hydrogen sales, chemical production, and oil refining. It
is expected to result in the lowest cost of hydrogen when pipeline delivery is employed.

1.4.9 Pathway 9: Central Wind Electricity—Pipeline Delivery

In the central wind electricity—pipeline delivery pathway, hydrogen is produced from water at a
central production facility using a grid-powered electrolyzer with a design capacity of ~52,300
kg Hy/day. It is assumed that the facility buys wind-power credits for all of the electricity
purchased. (From an emission perspective, solar photovoltaic or other forms of zero-emission
electricity could be assumed, though the costs presented assume the purchase of wind power.) A
scrubber is used to obtain the required hydrogen purity. The hydrogen is compressed to 1,000 psi
(69 bar) and injected into a pipeline, through which it is transported to a 1,000 kg/day forecourt
hydrogen refueling station. There the hydrogen is compressed to 12,687 psi (875 bar) and
dispensed as a gaseous fuel to the 10,000 psi (700 bar) vehicle fuel tank. The flow diagram in
Figure 1.4.9 shows the fuel production and delivery components of the central wind electricity—
pipeline delivery pathway and the energy balance for the major hydrogen-related subsystems, on



a 1-gge basis. The production and forecourt technologies are detailed in Ruth, Laffen and
Timbario (2009).
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Figure 1.4.9. Flow diagram and energy balance of central wind electricity—pipeline delivery
pathway

Values may not sum to zero due to rounding.

The central wind electricity—pipeline delivery pathway represents a low-carbon, renewable
energy-based option for providing hydrogen as a transportation fuel. Unlike the biomass
pathways, which have potential geographic limitations, the wind electricity pathway can be
implemented anywhere that wind-power credits are available for purchase.

1.4.10 Pathway 10: Central Coal with Carbon Capture and Sequestration—Pipeline
Delivery

In the central coal with carbon capture and sequestration (CCS)—pipeline delivery pathway, coal
is delivered via rail to a central hydrogen production facility with a design capacity of ~308,000
kg Hy/day, where it is gasified. A shift converter is used to convert the syngas to a hydrogen-rich
gas, which undergoes acid gas cleanup and removes hydrogen sulfide prior to entering a PSA
unit to obtain the required hydrogen purity. Carbon dioxide is captured using a Selexol process
and is compressed to 2,200 psi (152 bar) for injection to a pipeline. It is transported via pipeline
to a sequestration site. The hydrogen is compressed to 1,000 psi (69 bar) and injected into a
pipeline, through which it is transported to a 1,000 kg/day forecourt hydrogen refueling station.
There the hydrogen is compressed to 12,687 psi (875 bar) and dispensed as a gaseous fuel to the
10,000 psi (700 bar) vehicle fuel tank. The flow diagram in Figure 1.4.10 shows the fuel
production and delivery components of the central coal with CCS—pipeline delivery pathway
and the energy balance for the major hydrogen-related subsystems, on a 1-gge basis. The
production and forecourt technologies are detailed in Ruth, Laffen and Timbario (2009).

10



2,000 Btu 15,000 Btu
Electricity for Electricity for
Compression Forecourt

T T

Compression,
Storage, &
Dispensing

201,000 Btu 118,000 Btu

Coal i .
HysitBierfaas. o Compression & |+

| - . 116,000Btu
Pipeline :

Hydrogen Gas
6,000 Btu
Electricity

89,000 Btu
Energy Lost

1,000 Btu 17,000 Btu
Hydrogen  Energy
Lost Lost

Figure 1.4.10. Flow diagram and energy balance of central coal with CCS—pipeline delivery
pathway
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Coal is an abundant fossil fuel in the United States, typically available at a relatively low cost.
The central coal with CCS—pipeline delivery pathway was selected for this study to enable
comparisons between coal and other fossil and renewable options for providing hydrogen
transportation fuel. It is the only pathway studied that includes carbon capture and sequestration,
thus offering opportunities for better understanding the effects of CCS on hydrogen costs, energy
use, and emissions.

1.5 Models Used in the Pathway Analyses

The H2A Production Model Version 3.0 (Steward, Ramsden and Zuboy 2012) applies a standard
discounted cash flow rate of return methodology to determine the minimum hydrogen selling
price for central and forecourt hydrogen production technologies, including a specified after-tax
internal rate of return. The H2A Production Model performs carbon sequestration calculations
for centralized hydrogen production pathways and refueling station compression, storage, and
dispensing calculations for distributed hydrogen production pathways.

HDSAM Version 2.3 (Mintz, Elgowainy and Gillette 2010) calculates the cost of hydrogen
delivery using an engineering economics approach via a single or mixed mode for transmission
and distribution (cryogenic tank truck, compressed gas truck, or pipeline) for a scenario defined
by type and size of market, penetration rate, and refueling station capacity. Delivery in Version
2.3 includes all transport, storage, and conditioning activities from the outlets of a centralized
hydrogen production facility to and including a fuel station that stores, in some cases further
conditions, and dispenses the hydrogen to vehicles; this version does not model distributed
production scenarios. Discounted cash flow is used to calculate the cost contribution of each
component in the delivery chain.

The GREET models (Argonne National Laboratory, 2012) calculate the full fuel-cycle (GREET
1) and vehicle-cycle (GREET 2) emissions and energy use associated with various transportation
fuels for light-duty vehicles. Emissions included are the five criteria pollutants (volatile organic
compounds, carbon monoxide, oxides of nitrogen, oxides of sulfur, and particulate matter) and
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three greenhouse gases (carbon dioxide, methane, and nitrous oxide). Additionally, total fuel-
cycle and vehicle-cycle energy consumption, fossil fuel consumption, and petroleum
consumption are calculated. More than 100 fuel production pathways and more than 70
vehicle/fuel systems are available in the current version of GREET. For this hydrogen pathways
report, the GREET 1 2011 and GREET 2.7 versions were utilized for GREET 1 and GREET 2,
respectively.

The CPM Tool (Timbario et al. 2011) calculates the cost of vehicle ownership by estimating
acquisition and operating costs for consumers and fleets. Operating costs include fuel,
maintenance, tires, and repairs; ownership costs include insurance, registration, taxes and fees,
depreciation, financing, and tax credits. The CPM Tool was developed to allow simultaneous
comparisons of conventional light-duty internal combustion engine (ICE) vehicles, mild and full
hybrid electric vehicles, and fuel cell electric vehicles (FCEVs). The tool assumes that the
vehicle is kept for five years and is driven 15,000 miles per year. At the end of the ownership
period, the vehicle is assumed to be sold in a clean, reconditioned state. All operating and
ownership costs in 2007 dollars for the 5-year period are summed and divided by the annual
vehicle miles traveled to obtain the annual cost per mile.

The MSM (Ruth et al. 2011) links the H2A Production Model, HDSAM, GREET, and the CPM
Tool to perform WTW analysis of the energy use, emissions, and economics of hydrogen
production and delivery pathways from feedstock extraction through end use of hydrogen in
vehicles. The primary inputs to the MSM are technology year, city size and hydrogen fuel
penetration, production and delivery technology, and vehicle fuel economy. H2A and HDSAM
results are used for many of GREET’s input parameters in each MSM run. Primary energy
source requirements and emissions are analyzed. Outputs of the model include the amount and
type of feedstock used to produce hydrogen, efficiency values of different technologies, energy
use and emissions of various pathways, hydrogen production capacity to meet demand, and
levelized cost of hydrogen at the pump achievable under different scenarios.

The MSM provides a Web-based interface that allows users to perform hydrogen pathway
analyses following their own interests. It also allows for extensive single-parameter and multi-
parameter sensitivity studies. The MSM will be updated with future versions of the H2A
Production Model, HDSAM, GREET, and the CPM Tool as they are made public.4

* For access to the MSM, please contact Victor Diakov at victor.diakov@nrel.gov.
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2 Production Technology Descriptions and
Assumptions

The hydrogen production technologies used in each of the 10 pathways examined in this study
are summarized below. Full details for each production technology except ethanol reforming can
be found in Ruth, Laffen and Timbario (2009). Note that this study assumes that energy used in
the production facility for lighting, control systems, and other ancillary systems is small relative
to the energy used directly in the production process; these items are therefore not included in the
cost, energy use, and emissions calculations.

2.1 Distributed Natural Gas Reforming

The H2A distributed natural gas model (James 2012) determines a baseline delivered cost of
hydrogen for the forecourt production of hydrogen from natural gas steam reforming. The natural
gas reforming process is based on an ASPEN simulation of a 20-atm conventional SMR process,
with an accompanying hydro-desulfurization pretreatment and PSA gas cleanup. The PSA is
based on a four-bed Batta cycle achieving 75% hydrogen recovery (single pass). Multiple passes
are used to increase recovery. The unit is assumed to be factory built (as opposed to on-site
construction) and skid-mounted for easy and rapid installation.

A single 1,500 kg/day unit is assumed. The system is assumed to be air-cooled (and thus requires
no cooling water flow). The product hydrogen exits the PSA at 300 psi and is compressed for
storage in metal cylinder storage tanks (2,500 psi max pressures). The hydrogen is next
compressed to 12,700 psi (maximum) for transfer into a four-bed, high-pressure cascade system
to allow rapid filling of 10,000-psi onboard hydrogen vehicular tanks. A process flow diagram is
shown in Ruth, Laffen and Timbario (2009).

2.2 Distributed Ethanol Reforming

The H2A distributed ethanol model (James 2012) determines a baseline delivered cost of
hydrogen for the forecourt production of hydrogen from ethanol reforming. The ethanol
reforming process is based on an ASPEN simulation of a 20-atm conventional tube-in-shell
steam reactor with PSA gas cleanup. Precious metal catalyst is assumed. The catalyzed
conversion of ethanol to methane occurs rapidly to near-full ethanol conversion in a compact
adiabatic pre-reformer. Because methane is the primary component of the pre-reformer effluent,
the remainder of the system is nearly identical to that of a natural gas reformer system. Ethanol is
the sole feedstock and is also used as a supplemental fuel to the burner. An adiabatic flame
temperature of 950°C is assumed for the burner, and the reformer temperature is assumed to be
850°C. Flue gas is exhausted at 110°C. The PSA is based on a four-bed Batta cycle achieving
75% hydrogen recovery. The unit is assumed to be factory built (as opposed to on-site
construction) and is skid-mounted for easy and rapid installation.

A single 1,500 kg/day unit is assumed. The system is assumed to be air-cooled (and thus requires
no cooling water flow). The product hydrogen exits the PSA at 300 psi and is compressed for
storage in metal cylinder storage tanks (2,500 psi max pressures). The hydrogen is next
compressed to 12,700 psi (maximum) for transfer into a four-bed high-pressure cascade system
to allow rapid filling of 10,000-psi onboard hydrogen vehicular tanks. A process flow diagram is
shown in Ruth, Laffen and Timbario (2009).
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2.3 Distributed Electrolysis

The system modeled in the H2A distributed electrolysis model (Ruth and Ramsden 2012) is a
standalone, grid-powered electrolyzer system with a total hydrogen production capacity of 1,500
kg/day. The system is based on the NEL Hydrogen (formerly Norsk Hydro) bi-polar alkaline
electrolyzer system (Atmospheric Type No. 5040-5150 amp direct current). The electrolyzer
system modeled is a skid-mounted unit, including the electrolyzer system and necessary
auxiliary subsystems. The electrolyzer units use process water for electrolysis and cooling water.
Potassium hydroxide is the electrolyte in the system. The system includes the following
equipment: transformer, thyristor, electrolyzer unit, lye tank, feed water demineralizer, hydrogen
scrubber, gas holder, two compressor units to 30 bar (435 psig), deoxidizer, and twin tower
dryer.

As with the distributed natural gas and ethanol reforming pathways, the produced hydrogen is
compressed to 12,700 psi to allow rapid filling of 10,000-psi onboard hydrogen vehicular tanks.
A process flow chart and a mass balance diagram are shown in Ruth, Laffen and Timbario
(2009).

2.4 Central Biomass Gasification

The systems examined in the H2A central biomass gasification model (Mann and Steward 2012)
are based on the Battelle/FERCO indirectly heated biomass gasifier, conventional catalytic steam
reforming, WGS, and PSA purification. The indirectly heated biomass gasifier uses hot sand
circulating between the char combustor and the gasifier to provide the heat necessary for
gasification. Steam is used as the fluidizing gas; no oxygen (as pure oxygen or air) is fed to the
gasifier. The biomass feedstock is assumed to be a woody biomass, represented as hybrid poplar.
A process flow chart is shown in Ruth, Laffen and Timbario (2009).

2.5 Central Natural Gas Reforming

Steam reforming of natural gas continues to be the most efficient, economical, and widely used
process for production of hydrogen. The H2A central natural gas reforming model (Rutkowski
2012) assesses the economics of production of hydrogen by steam reforming of natural gas.

A process flow diagram and stream summaries for the central natural gas reforming process are
shown in Ruth, Laffen and Timbario (2009). Natural gas is fed to the plant from a pipeline at a
pressure of 450 psia. The gas is generally sulfur-free, but mercaptans (odorizers) must be cleaned
from the gas to prevent contamination of the reformer catalyst. The desulfurized natural gas
feedstock is mixed with process steam to be reacted over a nickel-based catalyst contained inside
a system of high alloy steel tubes. The reforming reaction, which converts the methane to a
mixture of carbon monoxide (CO) and Hy, is strongly endothermic, and the metallurgy of the
tubes usually limits the reaction temperature to 760°—930°C.

The flue gas path of the fired reformer is integrated with additional boiler tubes to produce about
700,000 1b/h steam. Of this, about 450,000 1b/h is superheated to 450 psia and 750°F to be added
to the incoming natural gas. Excess steam from the boiler is sent off-site; however, revenue from
the steam is not factored into the economic assessment. After the reformer, the process gas
mixture of CO and H; passes through a heat recovery step and is fed into a WGS reactor to
produce additional H,.
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2.6 Central Electrolysis with Renewable Power

The system modeled in the H2A central electrolysis model (Ramsden and Ruth 2011) is a
standalone grid-powered electrolyzer system with a total hydrogen production capacity of 52,300
kg/day. The technology is identical to that used for distributed electrolysis even though it is 35
times larger, which provides economies of scale for the auxiliary components. Thus, the process
description for distributed electrolysis in Section 2.3 applies to this production process as well.

The H2A central electrolysis model is not based on wind power, so this analysis assumes that a
single facility is buying electricity from the grid and wind-power credits for all of the electricity
purchased. Because the facility is using grid power, the operating capacity factor is 97%. If the
facility were co-located with the wind turbines, it would likely have a lower operating capacity
because the turbines would not be generating electricity all of the time. The optimal location and
the capacity factor are not studied in this analysis.

2.7 Central Coal with Carbon Capture and Sequestration

The H2A central coal with carbon capture and sequestration model (Rutkowski 2008) uses
capital and operating cost data to determine a plant-gate cost for hydrogen produced from coal
gasification. The plant design for hydrogen production is based on commercially available
process technologies with modifications to meet current permitting regulations for environmental
compliance. The coal gasification production plant is designed to capture and sequester CO,
emissions resulting from the shift conversion process.

The plant utilizes a Wabash River-scale ConocoPhillips (EGas) gasifier, conventional gas
cooling, commercial shift conversion and acid gas cleanup, commercial sulfuric acid technology,
and commercial PSA. A steam turbine supplies the electricity needed for the process except that
required to compress the CO,. A two-stage Selexol process is used to remove CO,. Carbon
dioxide is compressed to 2,200 psi for sequestration using electricity purchased from the grid
(U.S. grid mix). The EGas gasifier is the gasifier of choice for this study because it has been
operated on both bituminous and subbituminous coals. H2A simulations of hydrogen from coal
in central plants are based on the use of Pittsburgh No. 8 bituminous coal, while GREET
simulations are based on generic coal. The properties of Pittsburgh No. 8 coal used in the H2A
analysis, a process flow chart, and the energy efficiencies are shown in Ruth, Laffen and
Timbario (2009).
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3 Delivery and Dispensing Technology Descriptions
and Assumptions

The hydrogen delivery and distribution technologies used in each of the 10 pathways examined
in this study are summarized below. Full details for each delivery and distribution technology
used in the previous study can be found in Ruth, Laffen and Timbario (2009). Note that this
study assumes that energy used in the hydrogen refueling station for items such as lighting,
cryogenic pumping, and security cameras is small relative to the total delivery and distribution
energy use; these items are therefore not included in the cost, energy use, and emissions
calculations.

3.1 Gaseous Hydrogen via Pipeline

The pathways with delivery of gaseous hydrogen via pipeline include the following components:
central production — compressor — geologic storage for plant outages — transmission and
distribution pipeline — and gaseous hydrogen fuel station.

The largest diameter pipe of those in each scenario is the transmission pipeline. It extends from
the production facility to the city gate. The diameter of the transmission pipeline is a function of
its length, peak hydrogen demand, and the pressure differential between the pipeline inlet at the
production end and the pipeline outlet at the city gate. An intermediate diameter pipe (trunk line)
creates one or more rings within an area and is used to carry hydrogen from the transmission line
to the individual service pipelines that connect to each individual hydrogen fuel station. HDSAM
finds the least-cost combination of trunk and service lines and in doing so determines the number
of trunk lines and their location, lengths, and diameters. The pipeline system requires a
compressor to increase hydrogen pressure from its production level to the pressure at the
terminus of the transmission line.

3.1.1 Pipeline

Pipeline diameter is calculated using the Panhandle B pipeline equation (see Ruth, Laffen and
Timbario 2009) and is used to simulate compressible flow. HDSAM uses a cost curve to estimate
the capital cost of a hydrogen pipeline system. Data from the curve are broken down into four
parts: pipeline material cost, labor cost, miscellaneous cost, and right-of-way cost. It is assumed
that the cost of a hydrogen pipeline will be 10% higher than that of a natural gas pipeline given
that materials and weld-types may be different.

3.1.2 Compressor

Storage for production plant outages and demand surges is provided in geologic formations,
which are assumed to be immediately adjacent to the production facility. A compressor is
required to charge the hydrogen produced at a central facility into the geologic storage cavern.
The same compressor is used to extract hydrogen from the cavern and push it into the pipeline at
the operating pressure of the pipeline. HDSAM is designed to calculate the cost of a centralized
compressor that can raise the pressure of a defined flow rate from one pressure to another. Spare
compressor units are included in the model to ensure a high level of operational availability. It is
assumed that there are no pressure drops in the after-cooler or interstage coolers. An electric-
powered compressor is assumed.
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A cost curve has been developed to estimate the uninstalled capital cost of transmission and
terminal compressors. Figure 3.1.1 shows the cost of a compressor (2- and 3-stage) versus motor
rating.
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Figure 3.1.1. Compressor cost as a function of motor rating
Source: Elgowainy, Mintz and Gillette 2010 (costs are in 2007$)

The capital cost of the compressor needs to be based on a unit that is capable of processing the
peak hydrogen flow rate. During a typical operating year, however, the feed flow rate will
fluctuate. Therefore, an average hydrogen flow rate is used as a basis to calculate the annual
energy requirement and follows the compressor power equation in Ruth, Laffen and Timbario
(2009).

3.2 Gaseous Hydrogen via Trucks

The pathways with delivery of gaseous hydrogen via trucks include the following components:
central production — compressor — geologic storage for plant outages — gaseous hydrogen
terminal — gaseous hydrogen truck transmission and distribution — and gaseous hydrogen fuel
station.

As described above for pathways with gaseous hydrogen delivery via pipeline, storage for
production plant outages and demand surges is provided in geologic formations, which are
assumed to be immediately adjacent to the production facility. From the geologic storage facility,
the hydrogen is transported to a terminal or depot, where it is stored, compressed, and loaded
onto trailers for delivery to stations. The terminal’s storage requirement is determined by the
following factors: peak daily demand, days of summer peak demand, and expected days per year
that the production plant is off-line. The amount of required storage determines the number of
truck-filling bays required at the terminal, the capacities of storage tanks, and the resulting
capital and operating costs associated with the terminal.
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For gaseous hydrogen truck transmission and distribution, tube trailers provide the primary on-
site storage at the gaseous hydrogen fuel station. Because the compressor and cascade charging
system operate at a constant rate, on-site storage is used to accommodate peak demand. Peak
demand occurs on Fridays between 4:00 p.m. and 6:00 p.m. (Nexant 2008). Figure 3.2.1 shows
the hourly Friday demand profile at a refueling station over 24 hours. The area under the curve
above the daily average hourly demand represents the minimum storage requirement to satisfy
the station demand during peak hours (approximately 30% of daily demand).
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Figure 3.2.1. Hydrogen daily average demand for a peak dispensing day
Source: Nexant 2008

Capital and operating costs for dispensers, ancillary equipment, storage/cascade charging system,
and forecourt compressors are calculated in HDSAM. The number of trucks and trailers and the
distance traveled are used to calculate the capital and operating costs of delivery trucks as well as
the amount of diesel fuel required.

3.2.1 Gaseous Hydrogen Truck

To maximize the usage of each truck, HDSAM assumes that a single tractor can serve multiple
forecourt stations. The number of trailers (therefore the number of stations served) is optimized
to maximize the use of the tractor. Because a trailer is assumed to be left at the fuel station and
used as on-site storage, a single truck can move several trailers to any of the stations that it
serves. HDSAM assumes that each trailer is refilled at the same terminal facility. The number of
trailers for each tractor is calculated by considering the time required to empty the trailer at the
forecourt station and the time required to deliver a full trailer and to return an empty one. The
number of trailers required for each truck is typically more than the number of stations served by
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that truck because there needs to be a full trailer ready to be delivered when the truck returns
with an empty trailer.

The capital, labor, fuel, and other operating and maintenance costs for the truck and trailers are
calculated and added together.

3.3 Compression, Storage, and Dispensing of Gaseous Hydrogen

Hydrogen distribution requires compression, storage, and dispensing at the fueling station to
transfer hydrogen at 12,700 psi to vehicles in the required fill-up time.

Much like gasoline stations, hydrogen stations will experience seasonal demand (see Ruth,
Laffen and Timbario 2009). In addition to seasonal demand, demand variation occurs daily
during the week as well as hourly during the day as shown in Figure 3.2.1.

Daily and hourly fluctuations in demand are further described in Ruth, Laffen and Timbario
(2009).

Refueling stations include a cascade charging system with at least one bank of three pressure
vessels operating under different pressures (4,000, 8,000, and 11,000 psi) to satisfy vehicle
refueling requirements. Each vessel holds 17 ft* of hydrogen at a maximum pressure of 14,200

psi.

The calculation for the number of dispensers is described in Ruth, Laffen and Timbario (2009).

3.4 Liquid Hydrogen via Trucks with Gaseous Hydrogen Dispensing

The pathways with delivery of liquid hydrogen via trucks and dispensing of gaseous hydrogen
include the following components: central production — liquefier — liquid hydrogen terminal
(including liquid storage for plant outages) — liquid hydrogen truck transmission and
distribution — and gaseous hydrogen fuel station.

For liquid hydrogen truck transmission and distribution, HDSAM calculates the number and cost
of the trucks and trailers required to deliver the fuel to fueling stations as well as the distances
traveled. The capital and operating costs of the delivery trucks, including the amount of diesel
fuel required, are computed. Additionally, the costs of appropriately sized liquefiers, terminal
storage, liquid pumps, and vaporizers are calculated.

Peak demand is used to determine the design capacity of the terminal or depot where hydrogen is
stored and loaded onto trailers for delivery to stations. Cryogenic storage tanks are used to
mitigate production outages and demand surges and are assumed to be sited immediately
adjacent to the production facility. The terminal’s storage requirement is determined by the
following factors: peak daily demand, days of summer peak demand, and expected days per year
that the production plant is off-line. The amount of required storage determines the number of
truck-filling bays required at the terminal, the capacities of storage tanks, and the resulting
capital and operating costs associated with the terminal. Liquefier design is also linked to peak
demand.

19



3.4.1 Liquid Hydrogen Truck

HDSAM calculates the amount of hydrogen that is loaded on a trailer when it leaves the terminal
as well as the amount of boil-off losses during delivery to a station (see Ruth, Laffen and
Timbario 2009).

HDSAM assumes there are only combinations of one tractor and one trailer. Additionally, it
assumes that the stations are the same distance from the terminal and that the same amount of
hydrogen is delivered to each station.

3.4.2 Liquefier

For the pathways analysis, HDSAM is able to cost a single liquefier unit based on an idealized
liquefier power equation and an energy requirement based on literature data. The actual power
requirement is calculated using the curve in Figure 3.4.1.
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Figure 3.4.1. Liquefier energy requirement versus hydrogen flow rate

Source: Elgowainy, Mintz and Gillette 2010

The liquefier efficiency is calculated by dividing the theoretical power by the actual power
requirement as described in Ruth, Laffen and Timbario (2009).

It is assumed that the inlet and outlet pressures for the liquefier are both 1 atm and that the feed
to the system is pure hydrogen.

A cost curve has been developed based on several literature sources that estimate the capital cost
of a liquefier. Figure 3.4.2 displays the costs for an installed liquefier. For the purposes of this
analysis, a conventional liquefier is assumed.
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Figure 3.4.2. Liquefier cost versus design capacity
Source: Elgowainy, Mintz and Gillette 2010 (costs are in 2007$)

Refueling station electricity supply costs, assuming 480 V service, are shown in Figure 3.4.3.
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Figure 3.4.3. Refueling station electrical cost versus rated motor power
Source: Elgowainy, Mintz and Gillette 2010 (costs are in 2007$)

3.5 Liquid Hydrogen via Trucks with Dispensing of Cryo-Compressed
Liquid Hydrogen

The liquid hydrogen pathway includes the following components: central production — liquefier

— liquid hydrogen (including liquid storage for plant outages) — liquid hydrogen truck

transmission and distribution — and liquid hydrogen fuel station.
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For liquid hydrogen via trucks with dispensing of cryo-compressed liquid hydrogen, HDSAM
calculates the number and cost of the trucks and trailers required to deliver the fuel to fueling
stations and the distances traveled in the same way that it calculates this information for liquid
hydrogen via trucks with gaseous hydrogen dispensing. The only subsystem in this pathway that
differs from the liquid hydrogen via trucks with gaseous hydrogen dispensing pathway is the
cryo-compressed dispensing, which comprises a cryogenic pump and a cryogenic dispenser.
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4 Vehicle Assumptions

4.1 Vehicle Fuel Economy

Vehicle fuel economy is a primary parameter for these analyses because it has an inversely
proportional effect on cost per mile as well as energy use and emissions per mile. For this study,
the estimated fuel economy for the fuel cell vehicle is 48 mpgge, representing the expected
actual on-road fuel economy of the vehicle (not “window sticker” reported fuel economy). As
this study investigates current technology, the fuel cell vehicle is presumed to reflect a
conventional vehicle, including a fuel cell-based powertrain and regenerative braking, but
without significant light-weighting, advanced aerodynamics, low-rolling-resistance tires, or other
advanced vehicle platform improvements to improve fuel economy. For this analysis, 48 mpgge
is used as the base fuel economy, but a sensitivity analysis of all hydrogen pathways was
conducted using 68 mpgge. This higher end fuel economy represents the average fuel economy
of a Toyota fuel cell vehicle in on-road testing conducted in California in 2009 (Wipke, Anton
and Sprik 2009).

Selection of the 48 mpgge fuel economy parameter is based on a consideration of NREL-
analyzed FCEV data as well as modeling results from Argonne National Laboratory. NREL has
collected fuel economy data under the Controlled Hydrogen Fleet and Infrastructure
Demonstration and Validation Project (Wipke et al. 2012). Final fuel economy results for that
project are displayed in Figure 4.1.1, which shows an on-road range of 36—-52 mpgge for a
second-generation FCEV. This range includes the 48 mppge fuel economy that was used in this
analysis. The 48 mpgge value also reflects modeling of FCEV fuel economy by Argonne using
its Autonomie model, based on Argonne’s modeling assumptions and information from original
equipment manufacturers (Rousseau 2012).
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Figure 4.1.1. NREL hydrogen fleet and infrastructure demonstration and validation project fuel
economy

Source: Wipke et al. 2012

23



4.2 Vehicle Criteria Pollutant Emissions

Table 4.2.1 presents the default values of emission change rates used in the GREET model for a
hydrogen fuel cell vehicle as compared to the modeled gasoline vehicle. Those values are used
for this study.

Hydrogen FCEVs run on hydrogen instead of combustible carbon compounds, so there are no
volatile organic carbon compounds (VOC) to either evaporate or be exhausted due to incomplete
emissions. Likewise, there are no CO or methane (CH,4) emissions. Because these vehicles run
on fuel cells instead of combustion engines, combustion-caused pollutants are also avoided;
therefore, there are no PM;(, NOx, or N,O emissions.

Vehicles within the same class (mid-size passenger car), whether powered by a gasoline internal
combustion engine or a hydrogen fuel cell, are assumed to have similar tire- and brake-wear
(TBW) particulate matter (PM) emissions (Wang, 1999).

Table 4.2.1. Change in Exhaust as Compared to a Gasoline Vehicle

Vehicle Exhaust Evap. Cco NOx Exhaust CH, N,O TBW PM
vOoC vOoC PM
H, FCEV -100% -100% -100% -100% -100% -100% -100% 0%

4.3 Vehicle Cost

Vehicle ownership costs are based on purchasing a new vehicle, driving it 15,000 miles/year
over a 5-year period, and selling it in good condition at the end of that timeframe.

To estimate the purchase cost, original equipment manufacturer data beginning with model year
1993 (when available) were obtained for six conventional ICE mid-size-class sedans: the
Chevrolet Malibu, Ford Fusion, Honda Accord, Nissan Altima, Saturn Aura, and Toyota Camry.
In addition, manufacturer’s data for the Ford Taurus (which was discontinued in 2006 and
subsequently reintroduced in 2008) were also collected to help fill in early 1990s data because
vehicles like the Fusion and Aura are both relatively new models. Manufacturer’s suggested
retail price (MSRP) data were collected for each of the seven models through model year 2010.
MSRP data were then averaged together for each model year. For example, MSRP data for a
2002 Chevrolet Malibu, Honda Accord, Nissan Altima, and Toyota Camry were averaged
together to get a generic 2002 mid-size sedan MSRP. Not all seven models were used in the
averaging due to class change or vehicle model availability in that model year. The process was
repeated for model years 1993-2010. The resulting averaged MSRP was used to define a generic
mid-size conventional ICE cost for each model year.

Both MSRP and invoice price, which were provided in current dollars for 1993-2010, were
converted to 2007 constant dollars using the Consumer Price Index for All Urban Consumers for
New Cars. MSRP and invoice were plotted in 2007 constant dollars and projected using a best-fit
curve to obtain future vehicle pricing.

To determine the MSRP of an FCEV, the FCEV subsystem costs were calculated relative to a
conventional ICE vehicle. Cost estimates and DOE cost goals were taken from Plotkin et al.
(2009). Revised hydrogen storage system costs for 700 bar compressed gas storage were based
on cost analyses conducted by Strategic Analysis, Inc. (James 2012). Table 4.3.1 and Table 4.3.2
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list those subsystem components and accompanying costs for the model-year 2015 FCEV and
conventional ICE vehicles. The conventional ICE vehicle subsystem costs were then subtracted
from the FCEV subsystem costs to obtain the incremental subsystem costs of the FCEV. As
outlined in Plotkin et al. (2009), the costs in Table 4.3.1 and Table 4.3.2 are manufacturing costs
and are not representative of MSRP. Therefore, Plotkin et al. (2009) multiplied these
manufacturing costs by 1.5 to obtain the retail price equivalent (RPE). The incremental RPE of
the FCEV over the conventional ICE vehicle was obtained by summing the incremental
subsystem costs and multiplying by 1.5. This increment was then added to the conventional ICE
vehicle MSRP to obtain the FCEV MSRP.

Table 4.3.1. FCEV Subsystem Costs

2015
Fuel cell system $4,500
Hydrogen storage $2,400
Motor $700
Battery $1,000
Transmission $100
Electronics $500
Exhaust $0

Table 4.3.2. ICE Vehicle Subsystem Costs

2015
Engine $1,800
Hydrogen storage $0
Motor $0
Battery $0
Transmission $100
Electronics $0

Maintenance costs for ICEs were estimated by extrapolating the maintenance cost history of four
sedans. Those were adjusted by a maintenance cost ratio range used by the National Energy
Modeling System to estimate maintenance costs for FCEVs. The ratio’s value is 1.08 in 2015
and goes down to 1.04 in 2019.

Tire and repair costs for FCEVs were assumed to be the same as those for ICEs. Expenses for
registration, taxes, and fees were estimated using the same tax rate as for ICEs.

Insurance premiums for ICEs were estimated by extrapolating the national averages of combined
(collision, liability, and comprehensive) insurance premiums for sedans. Those costs were
multiplied by a ratio of 1.11 to estimate insurance premiums for FCEVs. The ratio was set to the
premium ratio of a natural gas Honda Civic to a conventional ICE Honda Civic.

Vehicle depreciation was based on NADA resale values for five sedans. The percentage of
retained MSRP for each sedan was averaged to develop a common percentage applied to all
ICEs in each ownership year. That percentage was then adjusted by the difference between the
conventional ICE Honda Civic and the natural gas Honda Civic to estimate the depreciation of
the FCEVs.
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Standard financing at a loan rate of 7.51% over a 5-year period with 8.23% down was used to
calculate financing costs.

4.4 Vehicle-Cycle Energy Use and Emissions

Energy use and emissions for the vehicle cycle are estimated using GREET 2 as described above.
They include energy use and emissions for creating vehicle materials, vehicle assembly, vehicle
maintenance, and disposal/recycling including all upstream energy and emissions requirements.
GREET 2 default values are used for all vehicle parameters.

The GREET 2 default FCEV is defined as a 3,020 Ib vehicle with a 70 kW fuel cell stack. The
fuel cell stack is estimated to weigh 226 1b and require 546 1b of auxiliary systems. The vehicle
is assumed to have a 30 kW nickel-metal hydride (NiMH) battery for hybridization. The battery
weighs 110 1b and needs to be replaced twice over the vehicle lifetime.

The component mass of the vehicle (i.e., the mass without batteries or fluids) is estimated at
2,832 Ib, and the percentage of mass in each subsystem is shown in Table 4.4.1.

Table 4.4.1. FCEV Subsystem Mass Percentages

Powertrain system 8.0%
Transmission system 2.6%
Chassis (without battery) 23.0%
Traction motor 3.8%
Generator 0.0%
Electronic controller 3.4%
Fuel cell auxiliary system 19.3%
Body: including body-in-white, interior, exterior, and glass 39.9%
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5 Financial Assumptions

DOE’s hydrogen cost analysis models (the H2A Production Model and HDSAM) use a common
set of economic assumptions to allow for consistent and comparable results across technology
options. Table 5.0.1 provides a set of key economic parameters selected by H2A analysts and
discussed with industry collaborators who participated in the H2A effort.

Table 5.0.1. H2A Key Economic Parameters

Parameter Value
Start-up year 2015
Reference year 2007 dollars
Percentage equity financing 100%
After-tax internal rate of return 10% real
Inflation rate 1.9%
Effective corporate income tax rate 38.9%
Depreciation schedule Modified Accelerated Cost Recovery System
Economic analysis period:

Central plant production 40 years

Forecourt production 20 years

In cases where the capital cost component is a large fraction of the levelized cost of producing
hydrogen, the assumed after-tax internal rate of return (IRR) strongly affects the results
calculated by H2A. As seen in Table 5.0.1, H2A uses an IRR of 10% real, after tax. The 10%
real, after-tax value was derived from return on equity statistics (adjusted for inflation) for large
company stocks over the period of 1926-2002. Because returns already account for corporate
taxes, this value is an after-tax return. The use of a 10% real IRR is intended to reflect a steady-
state situation in the future in which hydrogen is a familiar and publicly accepted fuel and in
which a significant demand for hydrogen for transportation exists (Pacific Northwest National
Laboratory 2004).

This 10% after-tax IRR is linked to the H2A assumption of 100% equity financing. Actual
projects would probably be financed with a combination of debt and equity, but H2A analysts
have been told that firms typically assume 100% equity financing for paper studies and analyses.
When debt financing is used, a higher after-tax IRR can be achieved with the same levelized
cost. The increase is dependent upon the fraction of debt financing and the interest rate on that
debt. Figure 5.0.1 shows the after-tax IRR for multiple combinations of equity and debt
financing at three different interest rates for production of hydrogen from coal in central
facilities; delivery costs are not included in the data shown. Technologies with different ratios of
capital to operating cost will result in slightly different curves.

Figure 5.0.1 also shows the before-tax IRR for the same combinations of equity and debt
financing. Corporate income tax can be considered a reduction in profits, so a pre-tax IRR is
always greater than an after-tax IRR. Figure 5.0.1 shows pre-tax and after-tax IRR ranges for
different debt interest rates and different percentages of equity financing.
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Figure 5.0.1. Post-tax and pre-tax IRRs that result in the same levelized cost for multiple
combinations of equity and debt financing (central production of hydrogen from coal with CCS
pathway)
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6 Pathway Results

This study assessed the life-cycle cost, energy use, and greenhouse gas (GHG) emissions of each
of the 10 pathways listed in Table 6.0.1 (see detailed descriptions of each pathway in Section
1.4).

Table 6.0.1. Ten Hydrogen Production, Delivery, and Distribution Pathways

Feedstock Central or Carbon Delivery Hydrogen
Distributed Capture and Method Distribution
Production Sequestration
1 Natural Gas Distributed No Not applicable 700 bar,
gaseous
2%  Ethanol Distributed No Not applicable 700 bar,
gaseous
3 Grid Electricity  Distributed No Not applicable 700 bar,
gaseous
4 Biomass Central No Gaseous H; in 700 bar,
pipelines gaseous
5% Biomass Central No Gaseous H, truck 700 bar,
gaseous
6 Biomass Central No Liquid H, truck 700 bar,
gaseous
7% Biomass Central No Liquid H, truck Cryo-

compressed
8 Natural Gas Central No Gaseous H, in 700 bar,
pipelines gaseous
9 Wind Central No Gaseous H, in 700 bar,
Electricity pipelines gaseous
10 Coal Central Yes Gaseous H; in 700 bar,
pipelines gaseous

*Newly analyzed pathways

The hydrogen production technologies are described in Section 2, and the delivery technologies
are detailed in Section 3. Fuel cell vehicle assumptions and financial assumptions are discussed
in Sections 4 and 5, respectively. This section presents the results of the life-cycle cost, energy
use, and GHG emissions analysis for each pathway. As noted above, the base analysis is
conducted using a fuel economy of 48 mpgge, with a sensitivity analysis conducted using a fuel
economy of 68 mpgge. Results presented are for a fuel economy of 48 mpgge, except where
noted.

6.1 Distributed Natural Gas

Figure 6.1.1 shows the major inputs, assumptions, and outputs for each of the subsystems
considered in the well-to-tank analysis, including feedstock supply and hydrogen dispensing.
(See Appendix A for more details on this pathway.)

The well-to-pump (WTP) and WTW cost of hydrogen, energy use, and emissions for the
distributed natural gas pathway are summarized in Table 6.1.1.
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6.1.1 Cost Breakdown

Figure 6.1.2 shows the feedstock and energy price inputs and the resulting hydrogen production,
delivery, and distribution costs for the distributed natural gas pathway. The financial assumptions
used in this analysis are detailed in Section 5.0.

Figure 6.1.3 shows the contributions of hydrogen production, distribution (compression, storage,
and dispensing—CSD), and losses to the levelized cost of hydrogen shown in Figure 6.1.2.

Figure 6.1.4 and Table 6.1.2 show the breakdown of levelized costs for the distributed natural
gas pathway.
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Inputs

Assumptions

Outputs

NG Recovery, Processing, & Transport

NG Delivery Pressure
NG Quality at Delivery

Average of gas companies
Average of gas companies

NG Recovery Efficiency 95.7%
NG emitted & combusted during recovery 399 g/MMbtu NG Cost $6.09 2007 $ / mmBTU
NG processing energy efficiency 97.2% NG Share of H2 Levelized Cost $1.28 2007$ / kg H2 dispensed
NG emitted & combusted during processing 33 g/MMbtu
NG emitted & combusted during transport 199,400 g/MMbtu WTG CO2 Emissions 650 g CO2 eq./ 116000 Btu
Coal Input (including upstream) 300 Btu/116000Btu to Pump NG transport distance 500 miles WTG CH4 Emissions 1,750 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 127,200 Btu/116000Btu to Pump Compression Req'ts. (stages & efficiency) Average of gas companies WTG N20 Emissions 3 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 500 Btu/116000Btu to Pump WTG GHG Emissions 2,390 g CO2 eq./ 116000 Btu
Hydrogen Production Hydrogen Output Pressure 300 psi
Natural gas consumption 0.156 MMBtu/kg H2 produced Hydrogen Outlet Quality 99.9%
Electricity consumption 1.11 kWh / kg H2 produced
Process Water Consumption 5.77 gal / kg H2 produced Distributed plant design capacity 1,500 kg /day Total capital investment $1,150 2007$ / daily kg H2 (effective capacity)
Cooling Water Consumption 0.00 gal / kg H2 produced Capacity factor 89% Levelized Cost of Capital $0.59 2007$ / kg H2 dispensed
# of Plants Needed to Meet City Demand 92 Fixed O&M Costs $0.19 2007$ / kg H2 dispensed
Total Capital Investment per station $1,530,000 2007$ Process energy efficiency 71.4% Variable O&M Costs $0.12 2007$ / kg H2 dispensed
Electricity Mix US Mix Total Levelized Cost $2.17 2007$ / kg H2 dispensed
After-tax IRR 10%
Coal Input (including upstream) 5,600 Btu/116000Btu to Pump Assumed Plant Life 20 Production CO2 Emissions 10,410 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 49,200 Btu/ 116000Btu to Pump Production CH4 Emissions 690 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 400 Btu/116000Btu to Pump Production N20O Emissions 8 g CO2 eq./ 116000 Btu
Production GHG Emissions 11,100 g CO2 eq./ 116000 Btu
Electricity consumption 4.4 kWh / kg H2 produced Forecourt Dispensing Hydrogen outlet pressure 12,700 psi
Basis -- Hydrogen Quantity 116,000 Btu (116,000 Btu/gal non-oxygenated
City Population 1,247,000 people conventional unleaded gasoline)
Total Capital Investment (per station) $5,059,000 2007$ / station Hydrogen Vehicle Penetration 15%

Total Capital Investment

Coal Input (including upstream)
Natural Gas Input (including upstream)

$465,391,000

21,900
9,700

2007$ / all stations

Btu / 116000Btu to Pump
Btu / 116000Btu to Pump

121,100 kg /day
1,330 kg / day

City hydrogen use
Average Dispensing Rate per Station

Number of Dispensing Stations 92
Number of Compression Steps 5
Usable Low Pressure Storage per Station 1,450 kg H2
Usable Cascade Storage per Station 200 kg H2

Site storage 100% % of design capacity
# of 2-hose Dispensers per Station 3

Total capital investment
Levelized Cost of Capital
Energy & Fuel

Other O&M Costs

Levelized Cost of Dispensing

CSD CO2 Emissions
CSD CH4 Emissions

$3,810 2007$ / daily kg H2 (effective capacity)
$1.49 2007$ / kg H2 dispensed
$0.40 2007$ / kg H2 dispensed
$0.54 2007$ / kg H2 dispensed
$2.43 2007$ / kg H2 dispensed

3,020 g CO2 eq./ 116000 Btu
190 g CO2 eq./ 116000 Btu

Petroleum Input (including upstream) 800 Btu/ 116000Btu to Pump Hydrogen losses 0.50% CSD N20 Emissions 12 g CO2 eq./ 116000 Btu
CSD GHG Emissions 3,220 g CO2 eq./ 116000 Btu

Vehicle Mass 3,020 Ib Vehicle Cost Per Mile $0.66 2007 / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/ GGE Fuel Share $0.10 2007% / mi
Size of hybridization battery 30 kW Vehicle Miles Traveled 15,000 mi/yr Maintenance, Tires, Repairs $0.07 2007$ / mi

Vehicle Lifetime 160,000 mi Insurance & Registration $0.12 2007% / mi

Purchase Year 2015 Depreciation $0.27 2007$ / mi

Vehicle Purchase Cost $33,700 2007% Financing $0.10 2007$ / mi

Fuel Cell System Cost $4,500 2007$
Coal Input (including upstream) 2,300 Btu/ gge fuel consumed Hydrogen Storage System Cost $2,400 2007% Vehicle Cycle CO2 Emissions 1,670 g CO2 eq/ gge fuel consumed
Natural Gas Input (including upstream) 12,100 Btu / gge fuel consumed Tax Credit $0 2007$ Vehicle Cycle CH4 Emissions 170 g CO2 eq/ gge fuel consumed
Petroleum Input (including upstream) 6,900 Btu / gge fuel consumed Vehicle Cycle N20 Emissions 6 g CO2 eq/ gge fuel consumed

Vehicle Cycle GHG Emissions

1,850 g CO2 eq / gge fuel consumed

Figure 6.1.1. Summary of major inputs, assumptions, and outputs by subsystem for the distributed natural gas pathway
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Table 6.1.1. WTP and WTW Results for the Distributed Natural Gas Pathway

WTP WTW
Coal input (including upstream)? 27,700  Btu/116,000 Btu 580 Btu/mi
Natural gas input (including upstream)® 186,100 Btu/116,000 Btu 3,900 Btu/mi
Petroleum input (including upstream)? 1,700 Btu/116,000 Btu 40 Btu/mi
Fossil energy input (including upstream)® 215,500 Btu/116,000 Btu 4,500 Btu/mi
WTP CO, emissions” 14,100  g/116,000 Btu 290 g/mi
WTP CH,4 emissions 100 /116,000 Btu 2 g/mi
WTP N,O emissions 20 /116,000 Btu 0 g/mi
WTP GHG emissions 16,700 g CO,-eq./ 350 g/mi

116,000 Btu

Cost per kg Cost per mile

Levelized cost of hydrogen $4.60 2007%/kg $0.10  2007%/mi

* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and
delivery pathway as feedstocks and fuels; those used to produce electricity and other materials used in the
pathway; and those used upstream of the pathway to recover, refine, and deliver the feedstock.

® Includes the carbon content of CO, CHy,, and volatile organic compound emissions that decompose in the
atmosphere to CO,.

Electricity @ $0.0847/kWh

Natural Gas Production |Natural Gas @ Hydrogen Production: Total capital investment $1,152 2007$ / daily kg H2 (effective capacity)
and Delivery*: $6.09/MMBtu Desulfurizer Levelized Cost of Capital $0.59 2007$ / kg H2 dispensed
Recovery > SMR » Fixed O&M Costs $0.19 2007$ / kg H2 dispensed
Processing WGS Variable O&M Costs $0.12 2007$ / kg H2 dispensed
Transport PSA Total Levelized Cost $2.17 2007$ / kg H2 dispensed
Forecourt Total capital investment $3,806 2007$ / daily kg H2 (effective capacity)
Distribution: Levelized Cost of Capital $1.49 2007$ / kg H2 dispensed
Compressor > Energy & Fuel $0.40 2007$ / kg H2 dispensed
Gaseous H2 Storage Other O&M Costs $0.54 2007$ / kg H2 dispensed
Dispensing Levelized Cost of Dispensing $2.43 2007$ / kg H2 dispensed
1

Hydrogen @ $4.60/kg

Figure 6.1.2. Cost analysis inputs and high-level results for the distributed natural gas
pathway

32



Distributed Reforming of Natural Gas

Losses $0.00

Production

CSD $2.17

$2.43

Figure 6.1.3. Contribution of hydrogen production, CSD, and losses to the levelized cost of
hydrogen for the distributed natural gas pathway
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Figure 6.1.4. Breakdown of levelized costs for the distributed natural gas pathway
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Table 6.1.2. Contribution of Production and CSD Processes to Levelized Hydrogen Cost
for the Distributed Natural Gas Pathway

Other Energy/
Cost Component Capital O&M? Feedstock Fuel Total
Production $0.58 $0.32 $1.28 $2.17
Feed and desulfurization $0.06
Reformer $0.13
WGS $0.10
PSA $0.04
Cooling and condensing $0.04
Supports and controls $0.03
System assembly $0.12
Miscellaneous $0.05
CSsD $1.49 $0.54 $0.40 $2.43
Compressor (levelized) $1.04
Storage (levelized) $0.99
Dispenser (levelized) $0.10
Refrigeration (levelized) $0.16
Remainder of station (levelized) $0.14
Losses $0.00
Total $2.07 $0.86  $1.28 $0.40 $4.60

* O&M: operations and maintenance

Total Vehicle Ownership Costs
($/mile, not discounted)

H Fuel
B Maintenance

M Tires

0.10

H Repairs

B |nsurance

H Registration, taxes & fees
0.27 Depreciation

Financing

0.03

Figure 6.1.5. Breakdown of vehicle ownership costs for the distributed natural gas
pathway

Fuel costs are not the only costs of ownership of a vehicle. Vehicle ownership costs

including fuel, maintenance, tires, repairs, insurance, registration, and vehicle
depreciation and financing are shown in Figure 6.1.5. Note that the costs in the figure are
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not discounted (i.e., a discount rate was not used to reduce future costs to their net present
values). That methodology has the same effect as a discount rate of 0%.

6.1.2 Energy Use and Emissions Breakdown

Figures 6.1.6 and 6.1.7 show the WTW energy inputs and losses for the distributed
natural gas pathway. The WTW energy inputs to natural gas production and delivery
include those necessary to produce 116,000 Btu of natural gas for reforming. Additional
WTW energy inputs for natural gas needed for heating and lost in reforming are reported
as inputs to hydrogen production.

5,600 Btu Coal
49,200 Btu Natural Gas (inc. heating fuel)
400 Btu Petroleum

300 Btu Coal
127,200 Btu Natural Gas | Natural Gas Production 159,000 Btu Hydrogen Production:
500 Btu Petroleum and Delivery*: Natural Gas Desulfurizer
—_—> Recovery > SMR
Processing WGS
Pipeline Transport PSA
v
21,900 Btu Coal Forecourt
9,700 Btu Natural Gas Distribution:
800 Btu Petroleum ———] Compressor — Distribution
Gaseous H2 Storage losses 0.00%
Dispensing
116,000 Btu

Hydrogen Gas

* This box represents the natural gas that is converted to hydrogen or otherwise consumed/lost as a process feedstock.
It does not include natural gas used as a heating fuel or to produce electricity.

Figure 6.1.6. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the
distributed natural gas pathway
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WTW Energy Input (Distributed Natural Gas SMR)
140,000
120,000 f OPetroleum Input (including upstream)
100,000 F BNatural Gas Input (including upstream)
L 80,000 | OCoal Energy Input (including upstream)
3
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o
40,000 |
20,000 1
0 . .
NG Production & Hydrogen Production Forecourt Storage &
Delivery Dispensing

Figure 6.1.7. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen
using the distributed natural gas pathway

Figures 6.1.8 and 6.1.9 show the WTW emissions resulting from the delivery of 116,000
Btu hydrogen to a vehicle fuel tank using the distributed natural gas pathway.

Electricity
Natural Gas Production | CO2 Emissions 600 g Hydrogen Production: CO2 Emissions 10,400 g
and Delivery*: CH4 Emissions 100 g Desulfurizer CH4 Emissions 28 g
Recovery > SMR —» N20 Emissions 0g
Processing N20 Emissions 0g WGS GHG Emissions 11,100 g

Pipeline Transport GHG Emissions 2,400 g PSA

Forecourt CO2 Emissions 3,000 g
Electricity Distribution: CH4 Emissions 749
—_— Compressor T— N20 Emissions 0g
Gaseous H2 Storage GHG Emissions 3,200 g

Dispensing

116,000 Btu

Hydrogen Gas

* This box represents the natural gas that is converted to hydrogen or otherwise consumed/lost as a process feedstock.
It does not include natural gas used as a heating fuel or to produce electricity.

Figure 6.1.8. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the
distributed natural gas pathway
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WTW Emissions (Distributed Natural Gas SMR)

12,000

10,000 |
w o (=] (m]
% 8000 | co2 CH4 N20
Q
3
o~ 6,000 f
o]
(&)
© 4,000 f

= [
0 L 1
NG Production & Delivery Hydrogen Production Forecourt Storage &
Dispensing

Figure 6.1.9. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu
hydrogen to a vehicle using the distributed natural gas pathway

Figures 6.1.10 and 6.1.11 show the energy inputs and emissions, respectively, for the
vehicle cycles in addition to those for the fuel production cycle. The fuel production
cycle values are consistent with those reported in Figures 6.1.7 and 6.1.9.

WTW Energy Input Including Vehicle Cycle (Distributed Natural Gas)
140,000
120,000 | OPetroleum Input (including upstream)
B Natural Gas Input (including upstream)
100,000 } . .
OCoal Energy Input (including upstream)
W
o 5
® 80,000
E
m 60,000 |
40,000 |
20,000 i
0 . . .
NG Production & Hydrogen Forecourt Storage &  Vehicle Cycle
Delivery Production Dispensing

Figure 6.1.10. WTW petroleum, natural gas, and coal inputs for both the distributed natural
gas pathway and the vehicle cycle
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WTW Emissions (Distributed Natural Gas SMR)
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Figure 6.1.11. WTW CO,, CH,4, and N,O emissions for both the distributed natural gas
pathway and the vehicle cycle

6.1.3 Sensitivities
6.1.3.1 Production Sensitivities

The parameters used for this analysis are not known absolutely, so sensitivity analyses
were performed to better understand the potential effects of that lack of knowledge on the
final results. Several sensitivities were run on this pathway. They focused primarily on
cost factors; however, several sensitivities also affect energy use and emissions. Figure
6.1.12 shows the effects of several production parameters on the pathway’s levelized
cost, and Table 6.1.3 shows the effect of production energy efficiency on WTW energy
use and emissions.

The assumed electrical grid mix also affects the energy use and emissions. Table 6.1.4
shows the differences in energy use and GHG emissions between the U.S. average grid
mix (which was used for all other sensitivities) and a hypothetical green grid mix that is
100% renewable energy (solar and wind).
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56,09 | |
Feedstock Cost ($/MNBtu) 53.05 59.14
65%
Production & CSD Efficiency 68% I 55%
$1.5
Production TCI {$MM) 511 520
0
Staffing z
5 year
Maintenance Service Interval 3 ypar 7 year
$3.50 $3.75 $4.00 $4.25 $4.50 54.75 $5.00 $5.25 $5.50

Figure 6.1.12. Production sensitivities for the distributed natural gas pathway

Table 6.1.3. The Effects of Production Energy Efficiency on Primary Energy Use and
Emissions from the Distributed Natural Gas Pathway

60% 1% 75%
Efficiency Efficiency Efficiency
WTW GHG emissions (g/mile) 400 350 340
WTW fossil energy (Btu/mile) 5,200 4,500 4,300
WTW petroleum energy (Btu/mile) 40 40 40
WTW total energy (Btu/mile) 5,400 4,700 4,500

Table 6.1.4. The Effects of Fuel Economy and Grid Mix on Use of Primary Energy and
Emissions from the Distributed Natural Gas Pathway

U.S. Average U.S. Average  “Green” Grid

Grid Mix Grid Mix Mix

(48 mpgge) (68 mpgge) (48 mpgge)
WTW GHG emissions (g/mile) 350 250 270
WTW fossil energy (Btu/mile) 4,500 3,200 3,600
WTW petroleum energy (Btu/mile) 40 30 10
WTW Total energy (Btu/mile) 4,700 3,300 4,100

6.2 Distributed Ethanol

Figure 6.2.1 shows the major inputs, assumptions, and outputs for each of the subsystems
considered in the well-to-tank analysis, including feedstock supply and hydrogen
dispensing. (See Appendix B for more details on this pathway.)

The WTP and WTW cost of hydrogen, energy use, and emissions for the distributed
ethanol pathway are summarized in Table 6.2.1.
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6.2.1 Cost Breakdown

Figure 6.2.2 shows the feedstock and energy price inputs and the resulting hydrogen
production, delivery, and distribution costs for the distributed ethanol pathway. The
financial assumptions used in this analysis are detailed in Section 5.

Figure 6.2.3 shows the contributions of hydrogen production, distribution (CSD), and
losses to the levelized cost of hydrogen shown in Figure 6.2.2.

Figure 6.2.4 and Table 6.2.2 show the breakdown of levelized costs for the distributed
ethanol pathway.
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Inputs Assumptions Outputs
Ethanol Production

Percent from Corn Stover 100% Ethanol Cost $3.04 2007 $/ gal

Corn Stover Production 2.21 dry ton/ acre Ethanol Share of H2 Cost $5.29 2007$ / kg H2 dispensed
Coal Input (including upstream) -21,100 Btu/ 116000Btu to Pump Ethanol Yield from Corn Stover 90.0 gal / dry ton
Natural Gas Input (including upstream) 400 Btu/116000Btu to Pump Elec. Co-Prod. from Corn Stover Conversion 2.28 kWh / gal ethanol WTG CO2 Emissions -14,010 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 12,700 Btu / 116000Btu to Pump WTG CH4 Emissions -20 g CO2 eq./ 116000 Btu

Displacement method used for estimating effects WTG N20 Emissions 1,140 g CO2 eq./ 116000 Btu

Energy use and emissions calcs include electricity displaced by ethanol production

of co-produced electricity on LCA results

WTG GHG Emissions

-12,900

g CO2 eq./ 116000 Btu

Hydrogen Output Pressure 300 psi
Ethanol Consumption 2.19 gal / kg H2 produced Hydrogen Production Hydrogen Outlet Quality 99.9%
Electricity consumption 0.49 kWh / kg H2 produced
Process Water Consumption 8.18 gal / kg H2 produced Distributed plant design capacity 1,500 kg /day Total capital investment $1,430 2007$ / daily kg H2 (effective capacity)
Cooling Water Consumption 0.00 gal / kg H2 produced Capacity factor 89% Levelized Cost of Capital $0.83 2007$ / kg H2 dispensed
# of Plants Needed to Meet City Demand 92 Fixed O&M Costs $0.24 2007$ / kg H2 dispensed
Total Capital Investment per station $1,907,000 2007$ Process energy efficiency 67.4% Variable O&M Costs $0.07 2007$ / kg H2 dispensed
Electricity Mix US Mix Total Levelized Cost $6.42 2007$ / kg H2 dispensed
After-tax IRR 10%
Coal Input (including upstream) 2,400 Btu/116000Btu to Pump Assumed Plant Life 20 SMR CO2 Emissions 13,080 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 1,100 Btu/ 116000Btu to Pump SMR CH4 Emissions 20 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 100 Btu/116000Btu to Pump SMR N20 Emissions 1 g CO2 eq./ 116000 Btu
SMR GHG Emissions 14,010 g CO2 eq./ 116000 Btu
Electricity consumption 4.4 kKWh/ kg H2 Forecourt Dispensing Hydrogen outlet pressure 12,700 psi
Basis -- Hydrogen Quantity 116,000 Btu (116,000 Btu/gal non-oxygenated
City Population 1,247,000 people conventional unleaded gasoline)
Total Capital Investment (per station) $5,059,000 2007$ / station Hydrogen Vehicle Penetration 15% Total capital investment $3,810 2007$ / daily kg H2 (effective capacity)
Total Capital Investment $465,390,000 2007$ / all stations City hydrogen use 121,100 kg /day Levelized Cost of Capital $1.49 2007$ / kg H2 dispensed
Average Dispensing Rate per Station 1,329 kg /day Energy & Fuel $0.40 2007$ / kg H2 dispensed
Number of Dispensing Stations 92 Other O&M Costs $0.54 2007$ / kg H2 dispensed
Number of Compression Steps 5 Levelized Cost of Dispensing $2.43 2007$ / kg H2 dispensed
Usable Low Pressure Storage per Station 1450 kg H2
Usable Cascade Storage per Station 200 kg H2 CSD CO2 Emissions 3,020 g CO2 eq./ 116000 Btu
Coal Input (including upstream) 21,900 Btu/ 116000Btu to Pump Site storage 100% % of design capacity | CSD CH4 Emissions 190 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 9,700 Btu/ 116000Btu to Pump # of 2-hose Dispensers per Station 3 CSD N20 Emissions 12 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 800 Btu/116000Btu to Pump Hydrogen losses 0.50% CSD GHG Emissions 11,320 g CO2 eq./ 116000 Btu
Vehicle Mass 3,020 Ib Vehicle Cost Per Mile $0.75 2007$ / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/ GGE Fuel Share $0.18 2007$ / mi
Size of hybridization battery 30 kW Vehicle Miles Traveled 15,000 mi/yr Maintenance, Tires, Repairs $0.07 2007% / mi
Vehicle Lifetime 160,000 mi Insurance & Registration $0.12 2007$ / mi
Purchase Year 2015 Depreciation $0.27 2007$ / mi
Vehicle Purchase Cost $33,700 2007% Financing $0.10 2007$ / mi
Fuel Cell System Cost $4,500 2007%
Coal Input (including upstream) 2,300 Btu/ gge fuel consumed Hydrogen Storage System Cost $2,400 2007$ Veh. Cycle CO2 Emissions 1,670 g CO2 eq/ gge fuel consumed
Natural Gas Input (including upstream) 12,100 Btu/ gge fuel consumed Tax Credit $0 2007$ Veh. Cycle CH4 Emissions 170 g CO2 eq/ gge fuel consumed
Petroleum Input (including upstream) 6,900 Btu / gge fuel consumed Veh. Cycle N20 Emissions 6 g CO2 eq/ gge fuel consumed
Veh. Cycle GHG Emissions 1,850 g CO2 eq / gge fuel consumed

Figure 6.2.1. Summary of major inputs, assumptions, and outputs by subsystem for the distributed ethanol pathway
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Table 6.2.1. WTP and WTW Results for the Distributed Ethanol Pathway

WTP WTW
Coal input (including upstream)? 3,200 Btu/116,000 Btu 70 Btu/mi
Natural gas input (including upstream)® 11,200 Btu/116,000 Btu 200 Btu/mi
Petroleum input (including upstream)? 13,600 Btu/116,000 Btu 300 Btu/mi
Fossil energy input (including upstream)® 28,000 Btu/116,000 Btu 600 Btu/mi
WTP CO, emissions” 2,100 /116,000 Btu 45 g/mi
WTP CH,4 emissions 7 /116,000 Btu 0 g/mi
WTP N,O emissions 4 /116,000 Btu 0 g/mi
WTP GHG emissions 3,400 g COs-eq./ 70 g/mi

116,000 Btu

Cost per kg Cost per mile

Levelized cost of hydrogen $8.84 2007%/kg $0.18 2007%/mi

* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and
delivery pathway as feedstocks and fuels; those used to produce electricity and other materials used in the
pathway; and those used upstream of the pathway to recover, refine, and deliver the feedstock.

® Includes the carbon content of CO, CHy,, and volatile organic compound emissions that decompose in the
atmosphere to CO,.

Electricity @ $0.0847/k\vh

Ethanol Production: Ethanal @ Hydrogen Production: Total capital imestment $1,435 20075 f daily kg H2 (effective capacity)
Caorn Stover Production | $3.04/gal Steamn Reforming Levelized Cost of Capital $0.83 20075 / kg H2 dispensed
Corn Stover Delivery » WEGS * Fixed Q&M Costs $0.24 20075 / kg HZ2 dispensed
Ethanal Praduction PSA “ariable O&M Costs $0.07 20075 / kg H2 dispensed
Ethanol Transport Total Levelized Cost $6.42 20075 / kg H2 dispensed
Forecourt Total capital investment $3,806 2007 % / daily kg H2 (effective capacity)
Distribution: Levelized Cost of Capital $1.49 20075 / kg HZ2 dispensed
Compressor —— Energy & Fuel $0.40 20075 / kg H2 dispensed
Gaseous H2 Storage Other O&M Costs $0.54 20075 / kg HZ dispensed
Dispensing Levelized Cost of Dispensing  $2.43 20075 / kg H2 dispensed
T

Hydrogen i@ $8.85kg

Figure 6.2.2. Cost analysis inputs and high-level results for the distributed ethanol
pathway
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Distributed Reforming of Ethanol

Losses $0.00

CSD
$2.43

Production
$6.42

Figure 6.2.3. Contribution of hydrogen production, CSD, and losses to the levelized cost of
hydrogen for the distributed ethanol pathway

43
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System Assembly
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Water-Gas Shift
Reformer

Feed & Desulfurization

Figure 6.2.4. Breakdown of levelized costs for the distributed ethanol pathway
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Table 6.2.2. Contribution of Production and CSD Processes to Levelized Hydrogen Cost
for the Distributed Ethanol Pathway

Other Energy/
Cost Component Capital O&M Feedstock Fuel Total
Production $0.82  $0.31 $5.29 $6.42
Feed and desulfurization $0.06
Reformer $0.20
WGS $0.13
PSA $0.05
Cooling and condensing $0.05
Supports and controls $0.04
System assembly $0.14
Miscellaneous $0.16
CSD $1.49 $0.54 $0.40 $2.43
Compressor (levelized) $1.04
Storage (levelized) $0.99
Dispenser (levelized) $0.10
Refrigeration (levelized) $0.16
Remainder of station (levelized) $0.14
Losses $0.00
Total $2.31  $0.86 $5.29 $0.40 $8.85

6.2.2 Energy Use and Emissions Breakdown

Figures 6.2.5 and 6.2.6 show the WTW energy inputs and losses for the distributed
ethanol pathway. The WTW energy inputs to ethanol production and delivery include
those necessary to produce 116,000 Btu of ethanol for reforming. Additional WTW
energy inputs for natural gas needed for heating and lost in reforming are reported as
inputs to hydrogen production.

-21,100 Btu Coal

400 Btu Matural Gas

12,700 Btu Petroleumn
—

Ethanol Production:
Corn Stover Production
Corn Stowver Delivery
Ethanol Production
Ethanal Transport

171,000 Btu
Ethanal

2400 Btu Coal
1,100 Btu MNatural

Zas (inc. heating fuel)

100 Btu Petroleurn

Hydrogen Production:
Steam Refarming

21,900 Btu Coal
9700 Btu Matural Gas

800 Btu Petroleum ————»

WIES
PSA

¥

Forecourt
Distribution:
Compressor
Gaseous HZ Storage
Dizpensing

— Distribution
lozses 0.00%

l

116,000 Btu
Hydrogen Gas

Figure 6.2.5. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the
distributed ethanol pathway
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WTW Energy Input (Distributed Ethanol Reforming)
40,000
OPetroleum Input (including upstream)
30,000 . .
BNatural Gas Input (including upstream)
20,000 } OCoal Energy Input (including upstream)
w
(O]
9 10,000 |
2
[11]
0 .  — .
Ethaol Production & Hydrogen Production Forecourt Storage &
10,000 } Delivery Dispensing
-20,000 |
-30,000

Figure 6.2.6. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen
using the distributed ethanol pathway

Figures 6.2.7 and 6.2.8 show the WTW emissions resulting from the delivery of 116,000
Btu hydrogen to a vehicle fuel tank using the distributed ethanol pathway.

Electricity
Ethanol Production: |CO2 Emissions -14,000 g Hydrogen Production: CO2 Emissions 13,100 g
Corn Stover Production (CH4 Emissions -1g Steam Reforming CH4 Emissions 19
Corn Stover Delivery > WGS — N20 Emissions 0g
Ethanol Production N20 Emissions 49 PSA GHG Emissions 13,100 g
Ethanol Transport GHG Emissions -12,900 g

!

Forecourt CO2 Emissions 3,000 g
Electricity Distribution: CH4 Emissions 749
—> Compressor 1+— N20 Emissions 0g
Gaseous H2 Storage GHG Emissions 3,200 g

Dispensing

116,000 Btu

Hydrogen Gas

Figure 6.2.7. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the
distributed ethanol pathway
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Figure 6.2.8. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu
hydrogen to a vehicle using the distributed ethanol pathway

6.2.3 Sensitivities
6.2.3.1 Production Sensitivities

The parameters used for this analysis are not known absolutely, so sensitivity analyses
were performed to better understand the potential effects of that lack of knowledge on the
final results. Several sensitivities were run on this pathway. They focused primarily on
cost factors; however, several sensitivities also affect energy use and emissions. Figure
6.2.9 shows the effects of several production parameters on the pathway’s levelized cost,
and Table 6.2.3 shows the effect of production energy efficiency on WTW energy use
and emissions.
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306 |
Feedstock Cost ($/gal) $152 $4.56
62%
Production & CSD Efficiency 65% . 52%
Staffing 0 2
51.9
Production TCI {$MM) $1.5 I 52.3
5 year
Maintenance Service Interval 2 year 7 year
55.00 $6.00 $7.00 58.00 $2.00 $10.00 $11.00 412.00 $13.00

Figure 6.2.9. Production sensitivities for the distributed ethanol pathway

Table 6.2.3. The Effects of Production Energy Efficiency on Primary Energy Use and
Emissions from the Distributed Ethanol Pathway

56% 67% 70%
Efficiency Efficiency Efficiency
WTW GHG emissions (g/mile) 70 70 70
WTW fossil energy (Btu/mile) 550 590 590
WTW petroleum energy (Btu/mile) 340 280 270
WTW total energy (Btu/mile) 9,300 7,900 7,500

The assumed electrical grid mix also affects the energy use and emissions. Table 6.2.4
shows the differences in energy use and GHG emissions between the U.S. average grid
mix (which was used for all other sensitivities) and a hypothetical green grid mix that is
100% renewable energy (solar and wind).

Table 6.2.4. The Effects of Fuel Economy and Grid Mix on Use of Primary Energy and
Emissions from the Distributed Ethanol Pathway

U.S. Average U.S. Average  “Green” Grid Mix

Grid Mix Grid Mix (48 mpgge)
(48 mpgge) (68 mpgge)

WTW GHG emissions (g/mile) 70 50 60

WTW fossil energy (Btu/mile) 590 410 490

WTW petroleum energy (Btu/mile) 280 200 280

WTW total energy (Btu/mile) 7,900 5,600 7,800
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6.3 Distributed Electricity

Figure 6.3.1 shows the major inputs, assumptions, and outputs for each of the subsystems
considered in the well-to-tank analysis, including feedstock supply and hydrogen
dispensing. (See Appendix C for more details on this pathway.)

The WTP and WTW cost of hydrogen, energy use, and emissions for the distributed
electricity pathway are summarized in Table 6.3.1.

6.3.1 Cost Breakdown

Figure 6.3.2 shows the feedstock and energy price inputs and the resulting hydrogen
production, delivery, and distribution costs for the distributed electricity pathway. The
financial assumptions used in this analysis are detailed in Section 5.

Figure 6.3.3 shows the contributions of hydrogen production, distribution (CSD), and
losses to the levelized cost of hydrogen shown in Figure 6.3.2.

Figure 6.3.4 and Table 6.3.2 show the breakdown of levelized costs for the distributed
electricity pathway.
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Inputs Assumptions Outputs
Electricity Generation & Transmission
U.S. Grid Mix Electricity price at H2 production ~ 0.0574 2007$ / kWh
Biomass Fraction 1% Electricity Share of H2 Cost $3.22 2007$ / kg H2 dispensed
Coal Fraction 44%
Natural Gas Fraction 21% WTG CO2 Emissions 36,930 g CO2 eq./ 116000 Btu
Coal Input (including upstream) 159,600 Btu/116000Btu to Pump Nuclear Fraction 21% WTG CH4 Emissions 2,280 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 70,800 Btu/116000Btu to Pump Residual Oil Fraction 1% WTG N20 Emissions 150 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 6,100 Btu/ 116000Btu to Pump Others (Carbon Neutral) 12% WTG GHG Emissions 39,360 g CO2 eq./ 116000 Btu
Hydrogen Output Pressure 300 psi
Electricity consumption 50.0 kWh / kg H2 produced Hydrogen Production Hydrogen Outlet Quality 100.0%
Process Water Consumption 2.94 gal / kg H2 produced
Cooling Water Consumption 0.11 gal / kg H2 produced Distributed plant design capacity 1,500 kg /day Total capital investment $1,700 2007$ / daily kg H2 (effective capacity)
Capacity factor 89% Levelized Cost of Capital $0.77 2007$ / kg H2 dispensed
# of Plants Needed to Meet City Demand 91 Fixed O&M Costs $0.28 2007$ / kg H2 dispensed
Total Capital Investment per station $2,258,000 2007$ Process energy efficiency 66.8% Variable O&M Costs $0.06 2007$ / kg H2 dispensed
Electricity Mix US Mix Total Levelized Cost $4.32 2007$ / kg H2 dispensed
After-tax IRR 10%
Coal Input (including upstream) 86,400 Btu/ 116000Btu to Pump Assumed Plant Life 20 years Production CO2 Emissions 0 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 38,300 Btu/116000Btu to Pump Production CH4 Emissions 0 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 3,300 Btu/ 116000Btu to Pump Production N20O Emissions 0 g CO2 eq./ 116000 Btu
Production GHG Emissions 0 g CO2 eq./ 116000 Btu
Electricity consumption 4.4 kWh/ kg H2 Forecourt Dispensing Hydrogen outlet pressure 12,700 psi
Electricity price $0.088 2007% / kWh Basis -- Hydrogen Quantity 116,000 Btu (116,000 Btu/gal non-oxygenated
City Population 1,247,000 people conventional unleaded gasoline)
Hydrogen Vehicle Penetration 15%
Total Capital Investment (per station) $5,059,000 2007$ / station City hydrogen use 121,100 kg /day Total capital investment $3,810 2007$ / daily kg H2 (effective capacity)
Total Capital Investment $465,391,000 2007$ / all stations Average Dispensing Rate per Station 1,330 kg /day Levelized Cost of Capital $1.49 2007$ / kg H2 dispensed
Number of Dispensing Stations 92 Energy & Fuel $0.40 2007$ / kg H2 dispensed
Number of Compression Steps 0 Other O&M Costs $0.54 2007$ / kg H2 dispensed
Usable Low Pressure Storage per Station 1,450 kg H2 Levelized Cost of Dispensing $2.43 2007$ / kg H2 dispensed
Usable Cascade Storage per Station 200 kg H2
Coal Input (including upstream) 21,900 Btu/ 116000Btu to Pump Site storage 100% % of design capacity | CSD CO2 Emissions 3,020 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 9,700 Btu/ 116000Btu to Pump # of 2-hose Dispensers per Station 3 CSD CH4 Emissions 190 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 800 Btu/116000Btu to Pump Hydrogen losses 0.50% CSD N20 Emissions 12 g CO2 eq./ 116000 Btu
CSD GHG Emissions 3,220 g CO2 eq./ 116000 Btu
Vehicle Mass 3,020 Ib Vehicle Cost Per Mile $0.71 2007$ / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/gge Fuel Share $0.14 2007% / mi
Size of hybridization battery 30 kW Vehicle Miles Traveled 15,000 mi/yr Maintenance, Tires, Repairs $0.07 2007$ / mi
Vehicle Lifetime 160,000 mi Insurance & Registration $0.12 2007$ / mi
Purchase Year 2015 Depreciation $0.27 2007$ / mi
Vehicle Purchase Cost $33,700 2007% Financing $0.10 2007$ / mi
Fuel Cell System Cost $4,500 2007$
Coal Input (including upstream) 2,300 Btu / gge fuel consumed Hydrogen Storage System Cost $2,400 2007$ Vehicle Cycle CO2 Emissions 1,670 g CO2 eq/ gge fuel consumed
Natural Gas Input (including upstream) 12,100 Btu / gge fuel consumed Tax Credit $0 2007$ Vehicle Cycle CH4 Emissions 7 g CO2 eq/ gge fuel consumed

Petroleum Input (including upstream)

6,900

Btu / gge fuel consumed

Vehicle Cycle N20O Emissions
Vehicle Cycle GHG Emissions

0 g CO2 eq/ gge fuel consumed
1,850 g CO2 eq / gge fuel consumed

Figure 6.3.1. Summary of major inputs, assumptions, and outputs by subsystem for the distributed grid electricity pathway
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Table 6.3.1. WTP and WTW Results for the Distributed Grid Electricity Pathway

WTP WTW
Coal input (including upstream)? 267,900 Btu/116,000 Btu 5,590 Btu/mi
Natural gas input (including upstream)® 118,800 Btu/116,000 Btu 2,480 Btu/mi
Petroleum input (including upstream)? 10,200 Btu/116,000 Btu 210 Btu/mi
Fossil energy input (including upstream)® 396,900 Btu/116,000 Btu 8,280  Btu/mi
WTP CO, emissions” 40,000 /116,000 Btu 770 g/mi
WTP CH,4 emissions 100 /116,000 Btu 2 g/mi
WTP N,O emissions 1 /116,000 Btu 0 g/mi
WTP GHG emissions 42,600 g CO»-eq./ 820 g/mi

116,000 Btu

Cost per kg Cost per mile

Levelized cost of hydrogen $6.75 2007%/kg $0.14  2007$/mi

* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and delivery
pathway as feedstocks and fuels; those used to produce electricity and other materials used in the pathway; and
those used upstream of the pathway to recover, refine, and deliver the feedstock.

® Includes the carbon content of CO, CHy,, and volatile organic compound emissions that decompose in the
atmosphere to CO,.

Water @
$1.81/thousand gal

v

Electricity Generation |Electricity @ Hydrogen Production: Total capital investment $1,699 2007$ / daily kg H2 (effective capacity)
and Transmission: $0.0574/kWh Demineralizer Levelized Cost of Capital $0.77 2007$ / kg H2 dispensed
Resource Recovery, Elec. Transformer/Rectifier Fixed O&M Costs $0.28 2007$ / kg H2 dispensed
Processing & Delivery Electrolyzer Variable O&M Costs $0.06 2007$ / kg H2 dispensed
Electricity Generation, Scrubber Total Levelized Cost $4.32 2007$ / kg H2 dispensed
ission & Distribution

!

Forecourt Total capital investment $3,806 2007$ / daily kg H2 (effective capacity)
Electricity @ $0.0574/kWh Distribution: Levelized Cost of Capital $1.49 2007$ / kg H2 dispensed
> Compressor — Energy & Fuel $0.40 2007$ / kg H2 dispensed
Gaseous H2 Storage Other O&M Costs $0.54 2007$ / kg H2 dispensed
Dispensing Levelized Cost of Dispensing $2.43 2007$ / kg H2 dispensed
T
Hydrogen @ $6.75/kg

Figure 6.3.2. Cost analysis inputs and high-level results for the distributed grid electricity pathway
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Figure 6.3.3. Contribution of hydrogen production, CSD, and losses to the levelized cost of
hydrogen for the distributed grid electricity pathway
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Figure 6.3.4. Breakdown of levelized costs for the distributed grid electricity pathway
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Table 6.3.2. Contribution of Production and CSD Processes to Levelized Hydrogen Cost for the
Distributed Grid Electricity Pathway

Other Energy/
Cost Component Capital O&M Feedstock Fuel Total
Production $0.76  $0.35 $3.22 $4.23
Electrolyzer stack $0.42
H, gas management system $0.14
Electrolyte management system $0.09
Power electronics $0.09
Balance of plant $0.02
CSD $1.49 $0.54 $0.40 $2.43
Compressor (levelized) $1.04
Storage (levelized) $0.99
Dispenser (levelized) $0.10
Refrigeration (levelized) $0.16
Remainder of Station (levelized) $0.14
Losses $0.00
Total $2.24 $0.89 $3.22 $0.40 $6.75

6.3.2 Energy Use and Emissions Breakdown

Figures 6.3.5 and 6.3.6 show the WTW energy inputs and losses for the distributed electricity
pathway.

86,400 Btu Coal
38,300 Btu Matural Gas
3,300 Btu Petroleum

155 600 Btu Coal
70,800 Btu Matural Gas | Electricity Generation 189,000 Btu Hydrogen Production:

5,100 Btu Petraleumn and Transport: Electricity Demineralizer
——# Resource Recovery, | Elec. Transformer/Rectifier
Processing & Delivery Electrolyzer
Electricity Generation, Scrubber

Transmission & Distribution

21,900 Btu Coal Forecourt
9,700 Btu Matural Gas Distribution:
300 Btu Petroleurn — Compressar — Distribution
Gaseous H2 Storage losses 0.00%

Dispensing

|

116,000 Btu
Hydrogen Gas

Figure 6.3.5. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the distributed
grid electricity pathway
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WTW Energy Input (Distributed Grid Electrolysis)

250,000
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Electricity Production &  Hydrogen Production
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Forecourt Storage &
Dispensing

Figure 6.3.6. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen using
the distributed grid electricity pathway

Figures 6.3.7 and 6.3.8 show the WTW emissions resulting from the delivery of 116,000 Btu
hydrogen to a vehicle fuel tank using the distributed electricity pathway.

Electricity Generation CO2 Emissions 37,000 g Hydrogen Production: CO2 Emissions 0g
and Transport: CH4 Emissions 91g Demineralizer CH4 Emissions 0g
Resource Recovery, » Elec. Transformer/Rectifier ——— N20 Emissions 0g
Processing & Delivery N20 Emissions 19 Electrolyzer GHG Emissions 0g
Electricity Generation, GHG Emissions 39,400 g Scrubber
Transmission & Distribution l

Forecourt CO2 Emissions 3,000 g
Electricity Distribution: CH4 Emissions 749
—> Compressor +— N20 Emissions 0g
Gaseous H2 Storage GHG Emissions 3,200 g

Dispensing

116,000 Btu

Figure 6.3.7. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the

Hydrogen Gas

distributed grid electricity pathway
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Figure 6.3.8. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu hydrogen
to a vehicle using the distributed grid electricity pathway

6.3.3 Sensitivities
6.3.3.1 Production Sensitivities

The parameters used for this analysis are not known absolutely, so sensitivity analyses were
performed to better understand the potential effects of that lack of knowledge on the final results.
Several sensitivities were run on this pathway. They focused primarily on cost factors; however,
several sensitivities also affect energy use and emissions. Figure 6.3.9 shows the effects of
several production parameters on the pathway’s levelized cost, and Table 6.3.3 shows the effect
of production energy efficiency on WTW energy use and emissions.
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Figure 6.3.9. Production sensitivities for the distributed grid electrolysis pathway

Table 6.3.3. The Effects of Production Energy Efficiency on Primary Energy Use and Emissions
from the Distributed Grid Electrolysis Pathway

61% 67% 72%
Efficiency Efficiency Efficiency
WTW GHG Emissions (g/mile) 900 820 760
WTW Fossil Energy (Btu/mile) 9,000 8,300 7,700
WTW Petroleum Energy (Btu/mile) 230 210 200
WTW Total Energy (Btu/mile) 10,700 9,800 9,100

The assumed electrical grid mix also affects the energy use and emissions. If a hypothetical
green grid mix that is 100% renewable energy (solar and wind) is used instead of the average
grid mix (which was used for all other sensitivities), no fossil energy is used, nor are there any
GHG emissions (Table 6.3.4).

Table 6.3.4. The Effects of Fuel Economy and Grid Mix on Use of Primary Energy and Emissions
from the Distributed Grid Electrolysis Pathway

U.S. Average U.S. Average  “Green” Grid Mix

Grid Mix Grid Mix (48 mpgge)
(48 mpgge) (68 mpgge)

WTW GHG emissions (g/mile) 820 580 10

WTW fossil energy (Btu/mile) 8,300 5,800 0

WTW petroleum energy (Btu/mile) 210 150 0

WTW total energy (Btu/mile) 9,800 6,800 4,300
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6.4 Central Biomass—Pipeline Delivery

Figure 6.4.1 shows the major inputs, assumptions, and outputs for each of the subsystems
considered in the well-to-tank analysis, including feedstock supply and hydrogen dispensing.
(See Appendix D for more details on this pathway.)

The WTP and WTW cost of hydrogen, energy use, and emissions for the central biomass—
pipeline delivery pathway are summarized in Table 6.4.1.

Net GHG emissions include carbon dioxide uptake occurring during growth of the biomass. The
analysis assumes that 100% of the carbon in the biomass is provided by atmospheric carbon
dioxide. No other carbon uptake is assumed (e.g., carbon utilized to produce roots is assumed to
be returned to the atmosphere through decomposition). Likewise, land use change is assumed to
have neither positive nor negative effects on emissions.

6.4.1 Cost Breakdown

Figure 6.4.2 shows the feedstock and energy price inputs and the resulting hydrogen production,
delivery, and distribution costs for the central biomass—pipeline delivery pathway. The financial
assumptions used in this analysis are detailed in Section 5.

Figure 6.4.3 shows the contributions of hydrogen production, delivery, and losses to the
levelized cost of hydrogen shown in Figure 6.4.2.

Figure 6.4.4 and Table 6.4.2 show the breakdown of levelized costs for the central biomass—
pipeline delivery pathway.
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Inputs Assumptions Outputs
Biomass moisture content 25%
Energy Use for Farming Trees 235,000 Btu/dry ton Biomass Production & Delivery Woody biomass LHV 16,013,200 Btu / dry ton
Biomass price at H2 production $75 2007 $ / dry ton
Fraction of Woody Biomass 100% Biomass Share of Levelized Cos $0.97 2007% / kg H2 dispensed
LUC GHG changes ='Params - U g / dry ton
Coal Input (including upstream) 200 Btu/ 116000Btu to Pump Average dist from farm to H2 production pstream'|E15 miles WTG CO2 Emissions -24,830 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 600 Btu/116000Btu to Pump WTG CH4 Emissions 13 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 2,900 Btu/116000Btu to Pump WTG N20 Emissions 35 g CO2 eq./ 116000 Btu
WTG GHG Emissions -24,780 g CO2 eq./ 116000 Btu
Hydrogen Output Pressure 300 psi
Biomass consumption 13.5 kg (dry) / kg H2 produced Hydrogen Production Hydrogen Outlet Quality 99.9%
Natural gas consumption 0.0059 MMBtu / kg H2 produced
Electricity consumption 0.98 kWh / kg H2 produced Central plant design capacity 155,200 kg /day Total capital investment $1,300 2007$ / daily kg H2 (effective capacity)
Process Water Consumption 1.32 gal / kg H2 produced Capacity factor 90% Levelized Cost of Capital $0.64 2007$ / kg H2 dispensed
Cooling Water Consumption 79.3 gal / kg H2 produced Number of production facilities necessary 0.87 Fixed O&M Costs $0.23 2007$ / kg H2 dispensed
Process energy efficiency 46.0% Variable O&M Costs $0.40 2007$ / kg H2 dispensed
Total Capital Investment $181,080,000 2007$ Electricity Mix US Mix Total Levelized Cost $2.24 2007$ / kg H2 dispensed
After-tax IRR 10%
Coal Input (including upstream) 5,100 Btu/116000Btu to Pump Assumed Plant Life 40 Production CO2 Emissions 26,510 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 9,500 Btu/ 116000Btu to Pump Production CH4 Emissions 140 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 3,400 Btu/ 116000Btu to Pump Production N20 Emissions 43 g CO2 eq./ 116000 Btu
Production GHG Emissions 26,690 g CO2 eq./ 116000 Btu
Electricity consumption for compressor 0.56 kWh / kg H2 dispensed Pipelines for Delivery Total capital investment $3,300 2007$ / daily kg H2 (effective capacity)
Electricity consumption for geo storage 0.01 kWh / kg H2 dispensed
Total electricity consumption 0.57 kWh / kg H2 dispensed City Population 1,247,000 people Levelized Cost of Capital $1.71 2007$ / kg H2 dispensed
Hydrogen Vehicle Penetration 15% Energy & Fuel $0.04 2007$ / kg H2 dispensed
City hydrogen use 121,100 kg /day Other O&M Costs $0.40 2007% / kg H2 dispensed
Total Capital Investment $404,341,000 2007$ Distance from City to Production Facility 62 miles Levelized Cost of Delivery $2.15 2007$ / kg H2 dispensed
Geologic storage capacity 1,325,000 kg H2
Number of trunk pipelines 3 Delivery CO2 Emissions 390 g CO2 eq./ 116000 Btu
Coal Input (including upstream) 2,800 Btu/116000Btu to Pump Service-line length 1.5 miles / line Delivery CH4 Emissions 24 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 1,300 Btu/ 116000Btu to Pump Number of service lines 122 Delivery N20O Emissions 2 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 100 Btu/116000Btu to Pump Hydrogen losses 0.80% Delivery GHG Emissions 420 g CO2 eq./ 116000 Btu
Hydrogen outlet pressure 12,700 psi
Electricity consumption 4.4 kWh / kg H2 dispensed Forecourt Dispensing Basis -- Hydrogen Quantity 116,000 Btu (116,000 Btu/gal non-oxygenated
conventional unleaded gasoline)
Total Capital Investment per Station $2,629,000 2007$ / station Average Dispensing Rate per Station 1,000 kg/day Total capital investment $2,650 2007$ / daily kg H2 (effective capacity)
Total Capital Investment $320,679,000 2007$ / all stations Number of Dispensing Stations 122 Levelized Cost of Capital $1.08 2007$ / kg H2 dispensed
Number of Compression Steps 5 Energy & Fuel $0.41 2007$ / kg H2 dispensed
Inlet pressure of hydrogen at stations 300 psi Usable Low Pressure Storage per Station 370 kg H2 Other O&M Costs $0.43 2007$ / kg H2 dispensed
Usable Cascade Storage per Station 130 kg H2 Levelized Cost of Dispensing $1.93 2007$ / kg H2 dispensed
Coal Input (including upstream) 24,400 Btu /116000 Btu to Pump Site storage 42% % of design capacity CSD CO2 Emissions 3,370 g CO2 eq./ 116000 Btu

Natural Gas Input (including upstream) 10,800 Btu/ 116000 Btu to Pump # of 2-hose Dispensers per Station 2 CSD CH4 Emissions 210 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 900 Btu /116000 Btu to Pump Hydrogen Losses 0.50% CSD N20 Emissions 14 g CO2 eq./ 116000 Btu
CSD GHG Emissions 3,590 g CO2 eq./ 116000 Btu
Cost Per Mile $0.70 2007$ / mi
Vehicle Mass 3,020 Ib Vehicle Fuel Share $0.13 2007$ / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/gge Maintenance, Tires, Repairs $0.07 2007$ / mi
Hybridization battery (peak power) 30 kW Vehicle Miles Traveled 15,000 mi/yr Insurance & Registration $0.12 2007$ / mi
Vehicle Lifetime 160,000 mi Depreciation $0.27 2007% / mi
Purchase Year 2015 Financing $0.10 2007$ / mi
Vehicle Purchase Cost $33,700 2007%
Coal Input (including upstream) 2,300 Btu / gge fuel consumed Fuel Cell System Cost $4,500 2007% Veh. Cycle CO2 Emissions 1,670 g CO2 eq/ gge fuel consumed
Natural Gas Input (including upstream) 12,100 Btu / gge fuel consumed Hydrogen Storage System Cost $2,400 2007$ Veh. Cycle CH4 Emissions 7 g CO2 eq/ gge fuel consumed
Petroleum Input (including upstream) 6,900 Btu / gge fuel consumed Tax Credit $0 2007$ Veh. Cycle N20 Emissions 0 g CO2 eq/ gge fuel consumed

Veh. Cycle GHG Emissions

1,850 g CO2 eq/ gge fuel consumed

Figure 6.4.1. Summary of major inputs, assumptions, and outputs by subsystem for the central biomass—pipeline delivery pathway
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Table 6.4.1. WTP and WTW Results for the Central Biomass—Pipeline Delivery Pathway

WTP WTW
Coal input (including upstream)? 32,600 Btu/116,000 Btu 680 Btu/mi
Natural gas input (including upstream)® 22,600 Btu/116,000 Btu 460 Btu/mi
Petroleum input (including upstream)? 7,300 Btu/116,000 Btu 150 Btu/mi
Fossil energy input (including upstream)® 62,100 Btu/116,000 Btu 1,300 Btu/mi

WTP CO, emissions” 5400 g/116,000 Btu 110 g/mi
WTP CH,4 emissions 15 g/116,000 Btu 0 g/mi
WTP N,O emissions 0 g/116,000 Btu 0 g/mi
WTP GHG emissions 5900 g COseq./ 120 g/mi
116,000 Btu
Cost per kg Cost per mile
Levelized cost of hydrogen $6.32  2007%/kg $0.13  2007%/mi

* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and
delivery pathway as feedstocks and fuels; those used to produce electricity and other materials used in the
pathway; and those used upstream of the pathway to recover, refine, and deliver the feedstock.

® Includes the carbon content of CO, CHy,, and volatile organic compound emissions that decompose in the
atmosphere to CO,.

Electricity @ Natural Gas @
$0.0847/kWh $10.49/MMBtu
Biomass Production [Biomass @ Hydrogen Production: Total capital investment $1,296 2007$ / daily kg H2 (effective capacity)
and Delivery: $75.02/dry short ton Gasifier Levelized Cost of Capital $0.64 2007$ / kg H2 dispensed
Poplar Planting > SMR — Fixed O&M Costs $0.23 2007$ / kg H2 dispensed
Fertilization WGS Variable O&M Costs $0.40 2007$ / kg H2 dispensed
Harvesting PSA Total Levelized Cost $2.24 2007% / kg H2 dispensed
Truck Transport

l

Compression & Total capital investment $3,339 2007$ / daily kg H2 (effective capacity)
Electricity for compressor @ $0.0587/kWh Pipeline Delivery: Levelized Cost of Capital $1.71 2007$ / kg H2 dispensed
—> Compressor —> Energy & Fuel $0.04 2007$ / kg H2 dispensed
Electricity for geologic storage Geologic Storage Other O&M Costs $0.40 2007$ / kg H2 dispensed
@ $0.0634/kWh Pipeline Levelized Cost of Delivery $2.15 2007$ / kg H2 dispensed
Forecourt Total capital investment $2,648 2007$ / daily kg H2 (effective capacity)
Electricity @ $0.0955/kWh Distribution: Levelized Cost of Capital $1.08 2007$ / kg H2 dispensed
—> Compressor — Energy & Fuel $0.41 2007$ / kg H2 dispensed
Gaseous H2 Storage Other O&M Costs $0.43 2007$ / kg H2 dispensed
Dispensing Levelized Cost of Dispensing $1.93 2007% / kg H2 dispensed
I

Hydrogen @ $6.32/kg

Figure 6.4.2. Cost analysis inputs and high-level results for the central biomass—pipeline delivery
pathway
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Figure 6.4.3. Contribution of hydrogen production, delivery, and losses to the levelized cost of
hydrogen for the central biomass—pipeline delivery pathway
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Figure 6.4.4. Breakdown of levelized costs for the central biomass—pipeline delivery pathway
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Table 6.4.2. Contribution of Production and Delivery Processes to Levelized Hydrogen Cost for the
Central Biomass—Pipeline Delivery Pathway

Other Energy/
Cost Component Capital O&M Feedstock Fuel Total
Production $0.64  $0.62 $0.96 $2.21
Feed handling and drying $0.11
Gasification, tar reforming, and quench $0.10
Compression and sulfur removal $0.09
SMR, WGS, and PSA $0.18
Steam system and power generation $0.09
Cooling water and other utilities $0.02
Buildings and structures $0.04
Delivery $2.80 $0.83 $0.45 $4.08
Central compressor $0.12
Transmission pipeline $0.30
Distribution pipeline $1.64
Geologic storage $0.09
Gaseous refueling station $1.08 $0.43 $0.41 $1.93
Refrigeration $0.12
Compressor $0.41
Cascade storage $0.12
Low pressure storage $0.30
Dispenser and accessories $0.13
Losses $0.03
Total $3.44 $1.45 $0.96 $0.45 $6.32

6.4.2 Energy Use and Emissions Breakdown

Figures 6.4.5 and 6.4.6 show the WTW energy inputs and losses for the central biomass—
pipeline delivery pathway.

Figures 6.4.7 and 6.4.8 show the WTW emissions resulting from the delivery of 116,000 Btu
hydrogen to a vehicle fuel tank using the central biomass—pipeline delivery pathway.
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Figure 6.4.5. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the central
biomass—pipeline delivery pathway
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Figure 6.4.6. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen using
the central biomass—pipeline delivery pathway
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Figure 6.4.7. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the central
biomass—pipeline delivery pathway
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Figure 6.4.8. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu hydrogen
to a vehicle using the central biomass—pipeline delivery pathway

6.4.3 Sensitivities
6.4.3.1 Production Sensitivities

Several sensitivities were run on the production portion of the central biomass—pipeline delivery
pathway. These sensitivities focused primarily on cost factors; however, several sensitivities also
affect energy use and emissions. Figure 6.4.9 shows the effects of several production parameters
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on the pathway’s levelized cost, and Table 6.4.3 shows the effects of varying production energy
efficiency on WTW energy use and emissions.

131
Total Capital Investment {SMM) 31 5272

Operating Capacity Factor 95%) . 80%

Staffing (FTE) 25

.-b .m
a B

Production Energy Efficiency 48% 44%

$5.50 $5.75 $6.00 $6.25 $6.50 $6.75 $7.00

Figure 6.4.9. Production sensitivities for the central biomass—pipeline delivery pathway

Table 6.4.3. The Effects of Production Energy Efficiency on Primary Energy Use and Emissions
from the Central Biomass—Pipeline Delivery Pathway

44% 46% 48%
Efficiency Efficiency Efficiency
WTW GHG emissions (g/mile) 120 120 120
WTW fossil energy (Btu/mile) 1,300 1,300 1,300
WTW petroleum energy (Btu/mile) 160 150 150
WTW total energy (Btu/mile) 6,900 6,600 6,300

The assumed electrical grid mix also affects the energy use and emissions. Table 6.4.4 shows the
differences in energy use and GHG emissions between the U.S. average grid mix (which was
used for all other sensitivities) and a hypothetical green grid mix that is 100% renewable energy
(solar and wind).

Table 6.4.4. The Effects of Fuel Economy and Grid Mix on Use of Primary Energy and Emissions
from the Central Biomass—Pipeline Delivery Pathway

U.S. Average U.S. Average “Green” Grid

Grid Mix Grid Mix Mix
(48 mpgge) (68 mpgge) (48 mpgge)
WTW GHG emissions (g/mile) 120 90 20
WTW fossil energy (Btu/mile) 1,300 900 300
WTW petroleum energy (Btu/mile) 150 110 130
WTW total energy (Btu/mile) 6,600 4,700 5,900
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6.4.3.2 Delivery Sensitivities

Delivery cost, energy use, and emissions are strongly dependent upon daily consumption of
hydrogen within a city and delivery distance from the central facility to the city gate.
Sensitivities were run to show some of those effects. Daily consumption was varied by keeping
the city size constant and adjusting the penetration of hydrogen vehicles from the base case of
15%. The resulting consumption is shown in Figure 6.4.10.

1,000,000
Relationship between H2 Vehicle Penetration and H2 Use

800,000

—#=48 mpgge Fuel Economy

=68 mpgge Fuel Economy

600,000

H2 Use (kg / day)

400,000 |

200,000

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
H2 Vehicle Penetration

Figure 6.4.10. Daily hydrogen consumption versus hydrogen vehicle penetration for the central
biomass—pipeline delivery pathway

As expected there are economies of scale for higher vehicle penetration/hydrogen consumption,
and the levelized cost of delivery decreases as the distance from the production plant to the city
gate is shortened. Figures 6.4.11 and 6.4.12 show those economic effects (the figures show
identical data but are organized differently).

As Figure 6.4.12 shows, the cost increase due to distance from the city is more gradual with
higher penetration because the cost of the transmission pipeline is shared more fully with
increased demand.
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Figure 6.4.11. Levelized cost versus hydrogen vehicle penetration and distance between
production facility and city gate for the central biomass—pipeline delivery pathway
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Figure 6.4.12. Levelized cost versus hydrogen vehicle penetration and distance between
production facility and city gate for the central biomass—pipeline delivery pathway
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The effects of penetration and distance between the production facility and city gate on WTW
GHG emissions, WTW petroleum use, and WTW fossil energy use are shown in Figures 6.4.13,
6.4.14, and 6.4.15. The overall emissions change little with penetration because the additional
energy required for distance is minimal. That additional electricity requirement is for
compression over the distance. The total energy required for compression varies little with
increased penetration because the total electricity required to compress each kilogram of
hydrogen is nearly constant for all penetrations. That is the case because only a small portion of
the total energy is needed for compression for the pipelines (see Figure 6.4.1), and much of the
pressure drop is in the service pipelines instead of the transmission or trunk pipelines.

130.0
Effects of H2 Penetration, Terminal Distance on WTW GHG Emissions
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1240 ‘\

WTW GHG Emissions (g/mile)
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120.0 . . . . . .
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

H2 Penetration

Figure 6.4.13. WTW GHG emissions versus penetration for the central biomass—pipeline delivery
pathway
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Figure 6.4.14. WTW petroleum use versus penetration for the central biomass—pipeline delivery
pathway
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Figure 6.4.15. WTW fossil energy use versus penetration for the central biomass—pipeline
delivery pathway
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The effects of city population on levelized cost of hydrogen, GHG emissions, and petroleum
energy use are shown in Figures 6.4.16, 6.4.17, and 6.4.18. Levelized hydrogen cost, GHG
emissions, and petroleum energy use decrease only gradually with population increases for cities
with populations of 5,000 or greater. The increase in cost between 500,000 people and 1,250,000
people shown in Figure 6.4.16 is caused by increased installed pipeline costs per kg hydrogen
dispensed. In both cases, there are two trunk pipeline rings; however, because population density
is essentially constant, the larger population results in a larger city area and thus longer rings in
the trunk pipelines. Those longer rings result in higher pipeline capital costs per kg dispensed.
Additional people result in HDSAM-calculated optimums with more than two rings, thus
reducing the pipeline capital costs per kg dispensed.

Figure 6.4.19 shows the effect of fuel economy on the levelized cost of hydrogen. The hydrogen
cost increases with increasing fuel economy, with the greatest increase in hydrogen cost
occurring when fuel economy is increased from 40 mpgge to 50 mpgge. Lower demand for
hydrogen resulting from higher fuel economy, as shown in Figure 6.4.20, is the reason for the
increasing hydrogen costs. HDSAM optimization calculations calculated an optimum of two
rings for all fuel economies except 48 mpgge. In that case it calculated three rings, resulting in a
large jump in levelized cost between 40 mpgge and 48 mpgge.

Figures 6.4.21 and 6.4.22 show that GHG emissions and petroleum energy use decrease with
increasing fuel economy, as one might expect.

Figures 6.4.23, 6.4.24, and 6.4.25 show the effects of forecourt size on levelized cost of
hydrogen, GHG emissions, and petroleum energy use for the central biomass—pipeline delivery
pathway. Cost, emissions, and petroleum energy use decrease with increasing forecourt size. The
apparent inconsistent result at 1,000 kg/day forecourt size in Figure 6.4.23 is due to a step-
change in distribution pipeline capital cost. At 750 kg/day, the diameter is 0.75 in. and at 1,000
kg/day the diameter is 1.0 in. Because discrete diameters are chosen, a jump between them is
required and the larger pipeline is not as fully utilized as the smaller one is.
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Effects of City Population on Levelized Cost
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Figure 6.4.16. Levelized cost versus city population for the central biomass—pipeline delivery
pathway

Effects of City Population on GHG Emissions
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Figure 6.4.17. GHG emissions versus city population for the central biomass—pipeline delivery
pathway
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Effects of City Population on Petroleum Energy Use
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Figure 6.4.18. Petroleum energy use versus city population for the central biomass—pipeline
delivery pathway
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Figure 6.4.19. Levelized cost versus fuel economy for the central biomass—pipeline delivery
pathway
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Figure 6.4.20. City hydrogen use versus fuel economy for the central biomass—pipeline delivery
pathway
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Figure 6.4.21. GHG emissions versus fuel economy for the central biomass—pipeline delivery
pathway
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Effects of Fuel Economy on Petroleum Energy Use
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Figure 6.4.22. Petroleum use versus fuel economy for the central biomass—pipeline delivery
pathway
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Figure 6.4.23. Levelized cost versus forecourt size for the central biomass—pipeline delivery
pathway
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Effects of Forecourt Size on GHG Emissions
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Figure 6.4.24. GHG emissions versus forecourt size for the central biomass—pipeline delivery
pathway
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Figure 6.4.25. Petroleum energy use versus forecourt size for the central biomass—pipeline
delivery pathway
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6.5 Central Biomass—Gaseous H, Truck Delivery

Figure 6.5.1 shows the major inputs, assumptions, and outputs for each of the subsystems
considered in the well-to-tank analysis, including feedstock supply and hydrogen dispensing.
(See Appendix E for more details on this pathway.)

The WTP and WTW cost of hydrogen, energy use, and emissions for the central biomass—
gaseous H, truck delivery pathway are summarized in Table 6.5.1.

Net GHG emissions include carbon dioxide uptake occurring during growth of the biomass. As
noted above, the analysis assumes that 100% of the carbon in the biomass is provided by
atmospheric carbon dioxide and that land use change is assumed to have neither positive nor
negative effects on emissions.

6.5.1 Cost Breakdown

Figure 6.5.2 shows the feedstock and energy price inputs and the resulting hydrogen production,
delivery, and distribution costs for the central biomass—gaseous H, truck delivery pathway. The
financial assumptions used in this analysis are detailed in Section 5.

Figure 6.5.3 shows the contributions of hydrogen production, delivery, and losses to the
levelized cost of hydrogen shown in Figure 6.5.2.

Figure 6.5.4 and Table 6.5.2 show the breakdown of levelized costs for the central biomass—
gaseous H, truck delivery pathway.
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Inputs Assumptions Outputs
Biomass moisture content 25%
Biomass Production & Delivery Woody biomass LHV 16,013,000 Btu/dry ton

Energy Use for Farming Trees 235,000 Btu/dry ton Biomass price at H2 production $75.02 2007 $ / dry ton

Fraction of Woody Biomass 100% Biomass Share of Levelized Cos $0.97 2007$ / kg H2 dispensed

LUC GHG changes 0 g/dry ton
Coal Input (including upstream) 300 Btu/116000Btu to Pump Average distance from farm to H2 prod. 40 miles WTG CO2 Emissions -24,850 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 800 Btu/ 116000Btu to Pump WTG CH4 Emissions 15 g CO2 eq./ 116000 Btu

Petroleum Input (including upstream) 3,200

Btu / 116000Btu to Pump

WTG N20 Emissions
WTG GHG Emissions

35 g CO2 eq./ 116000 Btu
-24,800 g CO2 eq./ 116000 Btu

Biomass consumption 13.5
Natural gas consumption 0.0059
Electricity consumption 0.98
Process Water Consumption 1.32
Cooling Water Consumption 79.3

Total Capital Investment $181,080,000
5,200
9,700
3,700

Coal Input (including upstream)
Natural Gas Input (including upstream)
Petroleum Input (including upstream)

kg (dry) / kg H2 produced
MMBtu / kg H2 produced
kWh / kg H2 produced
gal / kg H2 produced

gal / kg H2 produced

2007%
Btu / 116000Btu to Pump

Btu / 116000Btu to Pump
Btu / 116000Btu to Pump

Hydrogen Production

Central plant design capacity 155,200
Capacity factor 90%
Number of production facilities necessary 0.87
Process energy efficiency 46.0%
Electricity Mix US Mix
After-tax IRR 10%
Assumed Plant Life 40

kg / day

Hydrogen Output Pressure
Hydrogen Outlet Quality

Total capital investment
Levelized Cost of Capital
Fixed O&M Costs
Variable O&M Costs
Total Levelized Cost

Production CO2 Emissions
Production CH4 Emissions
Production N20O Emissions
Production GHG Emissions

300 psi
99.9%

$1,300 2007$ / daily kg H2 (effective capacity)
$0.65 2007$ / kg H2 dispensed
$0.23 2007$ / kg H2 dispensed
$0.40 2007$ / kg H2 dispensed
$2.25 2007$ / kg H2 dispensed

26,620 g CO2 eq./ 116000 Btu
140 g CO2 eq./ 116000 Btu
43 g CO2 eq./ 116000 Btu
26,800 g CO2 eq./ 116000 Btu

Total capital investment

$2,100 2007$ / daily kg delivered

Electricity consumption at terminal 1.31 kWh/ kg H2 dispensed Gas Trucks for Delivery (with Terminal and Geologic Storage) Levelized Electricity cost $0.09 2007$ / kg H2 delivered
Electricity consumption for geo storage 0.01 kWh / kg H2 dispensed Levelized Diesel cost $0.20 2007$ / kg H2 delivered
Total electricity consumption 1.32 kWh / kg H2 dispensed City Population 1,247,000 people Levelized Labor cost $0.41 2007$ / kg H2 delivered
Diesel consumption 58.9 gal / 1000 kg H2 Hydrogen Vehicle Penetration 15% Levelized Other operating costs $0.34 2007$ / kg H2 delivered
City hydrogen use 121,100 kg /day
One-way distance for delivery 62 miles Levelized Cost of Delivery $1.88 2007$ / kg H2 delivered
Total Capital Investment $254,858,000 2007$ Storage capacity (geologic + terminal) 1,470,000 kg H2
Number of truck-trips required 79,700 per year Delivery CO2 Emissions 910 g CO2 eq./ 116000 Btu
Coal Input (including upstream) 400 Btu/ 116000Btu to Pump Truck hydrogen capacity 560 kg / truckload Delivery CH4 Emissions 32 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 1,400 Btu/ 116000Btu to Pump Efficiency of truck loading compressors 88.0% Delivery N20 Emissions 7 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 9,800 Btu/ 116000Btu to Pump Hydrogen losses 1.0% Delivery GHG Emissions 950 g CO2 eq./ 116000 Btu
Hydrogen outlet pressure 12,700 psi
Electricity consumption 2.1 kWh / kg H2 Forecourt Dispensing Basis -- Hydrogen Quantity 116,000 Btu (116,000 Btu/gal non-oxygenated
Electricity price $0.096 2007$ / kKWh conventional unleaded gasoline)
Average Dispensing Rate per Station 800 kg /day Total capital investment $2,190 2007$ / daily kg
Total Capital Investment per Station $1,744,000 2007$ / station Number of Dispensing Stations 152 Levelized Cost of Capital $0.95 2007$ / kg H2 dispensed
Total Capital Investment $265,136,000 2007$ / all stations Number of Compressor Steps 5 Energy & Fuel $0.20 2007$ / kg H2 dispensed
Usable Low Pressure Storage per Station N/A  (storage on trucks) Other O&M Costs $0.46 2007$ / kg H2 dispensed
Minimum inlet pressure from tube trailer 220 psi Usable Cascade Storage per Station 130 kg H2 Levelized Cost of Dispensing $1.61 2007% / kg H2 dispensed
Coal Input (including upstream) 16,700 Btu / 116000Btu to Pump Site storage 14% % of design capacity [ CSD CO2 Emissions 2,310 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 7,400 Btu/ 116000Btu to Pump # of 2-hose Dispensers per Station 2 CSD CH4 Emissions 140 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 700 Btu/ 116000Btu to Pump Hydrogen loss factor 0.50% CSD N20O Emissions 9 g CO2 eq./ 116000 Btu
CSD GHG Emissions 2,470 g CO2 eq./ 116000 Btu
Cost Per Mile $0.69 2007$ / mi
Vehicle Mass 3,020 Ib Vehicle Fuel Share $0.12 2007$ / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/gge Maintenance, Tires, Repairs $0.07 2007$ / mi
Hybridization battery (peak power) 30 kW Vehicle Miles Traveled 15,000 mi/yr Insurance & Registration $0.12 2007$ / mi
Vehicle Lifetime 160,000 mi Depreciation $0.27 2007$ / mi
Purchase Year 2015 Financing $0.10 2007 / mi
Vehicle Purchase Cost $33,700 2007%
Coal Input (including upstream) 2,400 Btu/ gge fuel consumed Fuel Cell System Cost $4,500 2007$ Vehicle Cycle CO2 Emissions 1,750 g CO2 eq/ gge fuel consumed
Natural Gas Input (including upstream) 12,400 Btu / gge fuel consumed Hydrogen Storage System Cost $2,400 2007% Vehicle Cycle CH4 Emissions 170 g CO2 eq/ gge fuel consumed
Petroleum Input (including upstream) 7,700 Btu/ gge fuel consumed Tax Credit $0 2007$ Vehicle Cycle N20O Emissions 7 g CO2 eq/ gge fuel consumed

Vehicle Cycle GHG Emissions

1,940 g CO2 eq/ gge fuel consumed

Figure 6.5.1. Summary of major inputs, assumptions, and outputs by subsystem for the central biomass—gaseous H, truck delivery pathway
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Table 6.5.1. WTP and WTW Results for the Central Biomass—Gaseous H, Truck Delivery Pathway

WTP WTW
Coal input (including upstream)? 22,700 Btu/116,000 Btu 470 Btu/mi
Natural gas input (including upstream)® 15,300 Btu/116,000 Btu 400 Btu/mi
Petroleum input (including upstream)? 17,500 Btu/116,000 Btu 360 Btu/mi
Fossil energy input (including upstream)® 59,500 Btu/116,000 Btu 1,240 Btu/mi
WTP CO, emissions” 5,000 g/116,000 Btu 100 g/mi
WTP CH,4 emissions 13 g/116,000 Btu 0 g/mi
WTP N,O emissions 0 g/116,000 Btu 0 g/mi
WTP GHG emissions 5,400 g COs-eq./ 110 g/mi

116,000 Btu

Cost per kg Cost per mile

Levelized cost of hydrogen $5.74 2007%/kg $0.12  2007%/mi

* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and delivery
pathway as feedstocks and fuels; those used to produce electricity and other materials used in the pathway; and
those used upstream of the pathway to recover, refine, and deliver the feedstock.

® Includes the carbon content of CO, CHy,, and volatile organic compound emissions that decompose in the
atmosphere to CO,.

Biomass Production
and Delivery:
Paplar Planting

Fertilization
Hanvesting
Truck Transport

Electricity &
$0.0847 kWh

Biomass @
$75.02¢dry short ton

Matural Gas i@
$10.48MMBtu

Hydrogen Production:
Gasifier
SMR

Electricity for Geo. Storage @ $D.UE34J’RWhi

Electricity for Terminal @ $0.0635/kWh

Diesel @ §3 23/gallon

Electricity @ $0.0955/kWh

Figure 6.5.2. Cost analysis inputs and high-level results for the central biomass—gaseous H,

WES
PSA

Total capital investment
Levelized Cost of Capital
—— Fixed O&M Costs
Wariable Q&M Costs
Total Levelized Cost

Truck Delivery:
Geologic H2 Storage
Gas Terminal
Gaseous HZ Truck

H Total capital investment

E Levelized Electricity cost

! Levelized Diesel cost

— Levelized Labor cost

Levelized Other operating costs

Levelized Cost of Delivery

Forecourt
Distribution:
Compressor
Gaseous H2 Storage
Dispensing

Tatal capital investrent
Levelized Cost of Capital
—Energy & Fuel

I Cther O&M Costs

i Levelized Cost of Dispensing

Hydrogen @ $5.74/kg

truck delivery pathway
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$1,296 2007% / daily kg H2 (effective capacity)
$0.65 2007% # kg H2 dispensed
$0.23 20075 / ky H2 dispensed
§0.40 20075 ¢ ky H2 dispensed
§2.25 20075 ¢ ky H2 dispensed

$2,105 2007% / daily kg delivered
$0.09 2007% / kg H2 delivered
$0.20 20075 / kg H2 delivered
$0.41 20075 / kg H2 delivered
$0.34 20075 ¢ ky H2 delivered

§1.60 20075 ¢ ky H2 deliverad

$2,183 20075 / daily kg
$ 0.95 2007% / ky H2 dispensed
$ 0.20 2007% / kg H2 dispensed
$ 046 2007% / kg H2 dispensed
$ 161 2007% / kg H2 dispensed
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Figure 6.5.3. Contribution of hydrogen production, delivery, and losses to the levelized cost of
hydrogen for the central biomass—gaseous H; truck delivery pathway
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Figure 6.5.4. Breakdown of levelized costs for the central biomass—gaseous H, truck delivery

pathway
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Table 6.5.2. Contribution of Production and Delivery Processes to Levelized Hydrogen Cost for the
Central Biomass—Gaseous H; Truck Delivery Pathway

Other Energy/
Cost Component Capital O&M Feedstock Fuel Total
Production $0.64  $0.62 $0.96 $2.21
Feed handling and drying $0.11
Gasification, tar reforming, and quench $0.10
Compression and sulfur removal $0.09
SMR, WGS, and PSA $0.18
Steam system and power generation $0.09
Cooling water and other utilities $0.02
Buildings and structures $0.04
Delivery $1.81 $1.18 $0.51 $3.49
Gaseous H, terminal $0.59
Truck and trailer $1.19
Geologic storage $0.11
Gaseous refueling station $0.95 $0.46 $0.20 $1.61
Refrigeration $0.12
Compressor $0.50
Cascade storage $0.17
Low pressure storage $0.00
Dispenser and accessories $0.17
Losses $0.03
Total $2.45 $1.80 $0.96 $0.51 $5.74

6.5.2 Energy Use and Emissions Breakdown

Figures 6.5.5 and 6.5.6 show the WTW energy inputs and losses for the central biomass—
gaseous H, truck delivery pathway.

Figures 6.5.7 and 6.5.8 show the WTW emissions resulting from the delivery of 116,000 Btu
hydrogen to a vehicle fuel tank using the central biomass—gaseous H; truck delivery pathway.

79



5,200 Btu Coal
9,700 Btu Matural Gas
3,700 Btu Petroleum

300 Btu Coal
800 Btu Natural Gas [Biomass Production Hydrogen Production:
3,200 Btu Petroleum and Delivery: 247 000 Btu Biomass Gasifier
— | Poplar Planting > SMR
Fertilization WGES
Harvesting PSA
Truck Transport

b

400 Btu Coal E Truck Delivery: | |
1,400 Btu Natural Gas i | Geologic H2 Storage | |

9,800 Btu Petroleum ! Gas Terminal — Transport losses 1.00%
H Gaseous H2 Truck !

16,700 Btu Coal Forecourt :

7 400 Btu Natural Gas ; Distribution: 3

700 Btu Petroleum H Compressor — Dispensing losses 0.50%
i| Gaseous H2 Storage | |
' Dispensing '
116,000 Btu

Hydrogen Gas

Figure 6.5.5. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the central
biomass—gaseous H; truck delivery pathway
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Figure 6.5.6. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen using
the central biomass—gaseous H; truck delivery pathway
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Figure 6.5.7. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the central
biomass—gaseous H; truck delivery pathway
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Figure 6.5.8. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu hydrogen
to a vehicle using the central biomass—gaseous H, truck delivery pathway
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6.5.3 Sensitivities
6.5.3.1 Production Sensitivities

Several sensitivities were run on the production portion of the central biomass—pipeline delivery
pathway. These sensitivities focused primarily on cost factors; however, several sensitivities also
affect energy use and emissions. Figure 6.5.9 shows the effects of several production parameters
on the pathway’s levelized cost, and Table 6.5.3 shows the effects of varying production energy
efficiency on WTW energy use and emissions.

$75 | |
Feedstack Cost ($/dry ton) 538 $113
181
Total Capital Investment {SMM) 891 5272

90%

Operating Capacity Factor 95% 80
54
Staffing (FTE) 5 70
A6%
Production Energy Efficiency 48% 44%
$5.50 $5.75 $6.00 $6.25 $6.50 $6.75 $7.00

Figure 6.5.9. Production sensitivities for the central biomass—gaseous H; truck delivery pathway

Table 6.5.3. The Effects of Production Energy Efficiency on Primary Energy Use and Emissions
from the Central Biomass—Gaseous H; Truck Delivery Pathway

44% 46% 48%
Efficiency Efficiency Efficiency
WTW GHG emissions (g/mile) 110 110 110
WTW fossil energy (Btu/mile) 1,300 1,200 1,200
WTW petroleum energy (Btu/mile) 370 360 360
WTW total energy (Btu/mile) 6,800 6,500 6,200

The assumed electrical grid mix also affects the energy use and emissions. Table 6.5.4 shows the
differences in energy use and GHG emissions between the U.S. average grid mix (which was
used for all other sensitivities) and a hypothetical green grid mix that is 100% renewable energy
(solar and wind).
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Table 6.5.4. The Effects of Fuel Economy and Grid Mix on Use of Primary Energy and Emissions
from the Central Biomass—Gaseous H; Truck Delivery Pathway

U.S. Average U.S. Average “Green” Grid

Grid Mix Grid Mix Mix
(48 mpgge) (68 mpgge) (48 mpgge)
WTW GHG emissions (g/mile) 110 80 40
WTW fossil energy (Btu/mile) 1,200 900 500
WTW petroleum energy (Btu/mile) 360 260 340
WTW total energy (Btu/mile) 6,500 4,600 6,000

6.5.3.2 Delivery Sensitivities

Delivery cost, energy use, and emissions are strongly dependent upon the daily consumption of
hydrogen within a city and the delivery distance from the central facility to the city gate.
Sensitivities were run to show some of those effects. Daily consumption was varied by keeping
the city size constant and adjusting the penetration of hydrogen vehicles from the base case of
15%. The resulting consumption is shown in Figure 6.5.10.

1,000,000

Relationship between H2 Vehicle Penetration and H2 Use

800,000

—#=48 mpgge Fuel Economy

=68 mpgge Fuel Economy

600,000

H2 Use (kg / day)

400,000 -

200,000

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
H2 Vehicle Penetration

Figure 6.5.10. Daily hydrogen consumption versus hydrogen vehicle penetration for the central
biomass—gaseous H; truck delivery pathway

As expected there are economies of scale for higher vehicle penetration/hydrogen consumption,
and the levelized cost of delivery decreases as the distance from the production plant to the city
gate is shortened. Figures 6.5.11 and 6.5.12 show those economic effects (the figures show
identical data but are organized differently).
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As Figure 6.5.12 shows, there is a $1.17 increase in levelized cost when the production facility is
assumed to be 150 miles from the city gate as compared to being at the city gate. There is a much
larger levelized-cost increase when the distance is assumed to be 1,000 miles because the
levelized cost of trucking increases with added distance due to additional driver time, additional
fuel requirements, and an increased number of trucks and trailers required.

$10.00
Terminal Distance, H2 Market Penetration vs.Levelized Cost at Pump

$9.00 -

$8.00

$7.00 =#=—5% Penetration
=#—15% Penetration
25% Penetration
$6.00 =¥=50% Penetration
===75% Penetration

100% Penetration
$5.00

Levelized Cost of H2 at Pump ($ / kg)

$4.00

$3.00 T 2 T
0 50 100 150 200 250 300 350 400

Distance to City (mi)

Figure 6.5.11. Levelized cost versus hydrogen vehicle penetration and distance between
production facility and city gate for the central biomass—gaseous H; truck delivery pathway
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Figure 6.5.12. Levelized cost versus hydrogen vehicle penetration and distance between
production facility and city gate for the central biomass—gaseous H; truck delivery pathway

The effects of penetration and distance between the production facility and the city gate on
WTW GHG emissions, WTW petroleum use, and WTW fossil energy use are shown in Figures
6.5.13, 6.5.14, and 6.5.15, respectively. In each case, the energy use and emissions decrease
when the production facility is closer to the city gate because of reduced diesel use for trucking.
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Effects of H2 Penetration, Terminal Distance on WTW GHG Emissions
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Figure 6.5.13. WTW GHG emissions versus penetration for the central biomass—gaseous H; truck
delivery pathway
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Figure 6.5.14. WTW petroleum use versus penetration for the central biomass—gaseous H; truck
delivery pathway
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Figure 6.5.15. WTW fossil energy use versus penetration for the central biomass—gaseous H,
truck delivery pathway

The effects of city population on levelized cost of hydrogen, GHG emissions, and petroleum
energy use are shown in Figures 6.5.16, 6.5.17, and 6.5.18. Levelized hydrogen cost remains
nearly constant for all city populations studied. GHG emissions and petroleum energy use
generally increase with increasing city population. The apparent bounce at 500,000 people in
Figure 6.5.16 is caused by a difference between costs for the terminal and for the trucks. The
terminal costs are declining through the entire range as population increases due to economies of
scale (not shown). The truck costs are increasing through the entire population range due to
increased city size increasing truck travel distance (not shown). In most cases, they cancel each
other out; however, between 100,000 and 500,000 people the decrease in terminal cost is greater
than the increase in truck cost.

Figure 6.5.19 shows the effect of fuel economy on the levelized cost of hydrogen. The
relationship between fuel economy and city hydrogen use is shown in Figure 6.5.20.

Figures 6.5.21 and 6.5.22 show that GHG emissions and petroleum energy use decrease with
increasing fuel economy, as one might expect.

Figures 6.5.23, 6.5.24, and 6.5.25 show the effects of forecourt size on levelized cost of
hydrogen, GHG emissions, and petroleum energy use for the central biomass—gaseous H; truck
delivery pathway. Cost, emissions, and petroleum energy use decrease with increasing forecourt
size up to 800 kg/day.
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Effects of City Population on Levelized Cost
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Figure 6.5.16. Levelized cost versus city population for the central biomass—gaseous H, truck
delivery pathway

Effects of City Population on GHG Emissions
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Figure 6.5.17. GHG emissions versus city population for the central biomass—gaseous H; truck
delivery pathway
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Effects of City Population on Petroleum Energy Use
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Figure 6.5.18. Petroleum energy use versus city population for the central biomass—gaseous H,
truck delivery pathway
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Figure 6.5.19. Levelized cost versus fuel economy for the central biomass—gaseous H; truck
delivery pathway
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Figure 6.5.20. City hydrogen use versus fuel economy for the central biomass—gaseous H; truck
delivery pathway
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Figure 6.5.21. GHG emissions versus fuel economy for the central biomass—gaseous H; truck
delivery pathway
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Effects of Fuel Economy on Petroleum Energy Use
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Figure 6.5.22. Petroleum use versus fuel economy for the central biomass—gaseous H; truck
delivery pathway
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Figure 6.5.23. Levelized cost versus forecourt size for the central biomass—gaseous H; truck
delivery pathway
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Effects of Forecourt Size on GHG Emissions
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Figure 6.5.24. GHG emissions versus forecourt size for the central biomass—gaseous H; truck
delivery pathway
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Figure 6.5.25. Petroleum energy use versus forecourt size for the central biomass—gaseous H;
truck delivery pathway
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6.6 Central Biomass—Liquid Truck Delivery and Gaseous Dispensing

Figure 6.6.1 shows the major inputs, assumptions, and outputs for each of the subsystems
considered in the well-to-tank analysis, including feedstock supply and hydrogen dispensing.
(See Appendix F for more details on this pathway.)

The WTP and WTW cost of hydrogen, energy use, and emissions for the central biomass—Iliquid
truck delivery and gaseous dispensing pathway are summarized in Table 6.6.1.

Net GHG emissions include carbon dioxide uptake occurring during growth of the biomass. As
noted above, the analysis assumes that 100% of the carbon in the biomass is provided by
atmospheric carbon dioxide and that land use change is assumed to have neither positive nor
negative effects on emissions.

6.6.1 Cost Breakdown

Figure 6.6.2 shows the feedstock and energy price inputs and the resulting hydrogen production,
delivery, and distribution costs for the central biomass—Iliquid truck delivery and gaseous
dispensing pathway. The financial assumptions used in this analysis are detailed in Section 5.0.
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Inputs

Assumptions

Outputs

Energy Use for Farming Trees

Coal Input (including upstream)
Natural Gas Input (including upstream)
Petroleum Input (including upstream)

235,000 Btu/dry ton

200 Btu/116000Btu to Pump
600 Btu/116000Btu to Pump
2,800 Btu/116000Btu to Pump

Biomass Production & Delivery

Fraction of Woody Biomass
LUC GHG changes
Average distance from farm to H2 prod.

='Params - Upstream'!D3
='Params - U g/ dry ton
='Params - U miles

Biomass moisture content
Woody biomass LHV

Biomass price at H2 production
Biomass Share of Levelized Cost

WTG CO2 Emissions
WTG CH4 Emissions
WTG N20 Emissions
WTG GHG Emissions

25%
16,013,000 Btu / dry ton
$75 2007 $/dry ton
$1.00 2007$ / kg H2 dispensed

-25,540 g CO2 eq./ 116000 Btu
13 g CO2 eq./ 116000 Btu
36 g CO2 eq./ 116000 Btu
-25,490 g CO2 eq./ 116000 Btu

Biomass consumption
Natural gas consumption
Electricity consumption
Process Water Consumption
Cooling Water Consumption

Total Capital Investment
Coal Input (including upstream)

Natural Gas Input (including upstream)
Petroleum Input (including upstream)

13.5 kg (dry) / kg H2 produced
0.0059 MMBtu / kg H2 produced
0.98 kWh / kg H2 produced
1.32 gal / kg H2 produced
79.3 gal / kg H2 produced

$181,080,000 2007$
5,300 Btu/116000Btu to Pump

9,700 Btu/ 116000Btu to Pump
3,300 Btu/116000Btu to Pump

Hydrogen Production

Central plant design capacity

Capacity factor

Number of production facilities necessary
Process energy efficiency

Electricity Mix

After-tax IRR

Assumed Plant Life

155,200 kg /day
90%
0.87
46.0%
US Mix
10%
40

Hydrogen Output Pressure
Hydrogen Outlet Quality

Total capital investment
Levelized Cost of Capital
Fixed O&M Costs
Variable O&M Costs
Total Levelized Cost

Production CO2 Emissions
Production CH4 Emissions
Production N20 Emissions
Production GHG Emissions

300 psi
99.9%

$1,300 2007$ / daily kg H2 (effective capacity)
$0.66 2007$ / kg H2 dispensed
$0.23 2007$ / kg H2 dispensed
$0.41 2007$ / kg H2 dispensed
$2.30 2007$ / kg H2 dispensed

27,230 g CO2 eq./ 116000 Btu
140 g CO2 eq./ 116000 Btu
44 g CO2 eq./ 116000 Btu
27,410 g CO2 eq./ 116000 Btu

Liquefaction electricity consumption
Terminal electricity consumption
Total electricity consumption

Diesel consumption

Total Capital Investment
Coal Input (including upstream)

Natural Gas Input (including upstream)
Petroleum Input (including upstream)

8.5 kWh / kg H2 dispensed
0.03 kWh / kg H2 dispensed
8.57 kWh / kg H2 dispensed

7.6 gal / 1000 kg H2 dispensed

$239,448,000 2007$
51,700 Btu/ 116000Btu to Pump

23,000 Btu/ 116000Btu to Pump
3,000 Btu/116000Btu to Pump

Liquefaction and Truck-Delivery

City Population

Hydrogen Vehicle Penetration

City hydrogen use

One-way distance for delivery

Terminal Design Capacity

Number of truck-trips required per year
Truck hydrogen capacity

Liquefaction energy efficiency
Hydrogen losses

1,247,000 people

15%
121,100 kg /day
98 miles

1,103,000 kg H2

10,200

4,400 kg / truckload
79.3%

2.8%

Total capital investment
Levelized Electricity cost
Levelized Diesel cost
Levelized Labor cost

Levelized Other operating costs

Levelized Cost of Delivery

Delivery CO2 Emissions
Delivery CH4 Emissions
Delivery N20 Emissions
Delivery GHG Emissions

$1,980 2007$ / daily kg H2 (effective capacity)
$0.58 2007$ / kg H2 dispensed
$0.03 2007$ / kg H2 dispensed
$0.09 2007$ / kg H2 dispensed
$0.24 2007$ / kg H2 dispensed

$1.80 2007$ / kg H2 delivered

7,220 g CO2 eq./ 116000 Btu
440 g CO2 eq./ 116000 Btu
30 g CO2 eq./ 116000 Btu
7,690 g CO2 eq./ 116000 Btu

Electricity consumption

Total Capital Investment per Station
Total Capital Investment

Coal Input (including upstream)
Natural Gas Input (including upstream)

0.51 kWh / kg H2 dispensed

$1,315,000 2007$ / station
$160,485,000 2007$ / all stations

Included in Delivery Section
Included in Delivery Section

Forecourt Dispensing

Average Dispensing Rate per Station
Number of Dispensing Stations
Number of Cascade Pumps

Liquid H2 storage capacity per Station
Usable Cascade Storage per Station

Site storage
# of 2-hose Dispensers per Station

1,000 kg / day
122
p
4,600 kg H2
70 kg H2

400% % of design capacity
2

Onboard Storage Pressure
Basis -- Hydrogen Quantity

Total capital investment
Levelized Cost of Capital
Energy & Fuel

Other O&M Costs

Levelized Cost of Dispensing

CSD CO2 Emissions
CSD CH4 Emissions

12,700 psi

116,000 Btu (116,000 Btu/gal non-oxygenated
conventional unleaded gasoline)
$1,330 2007$ / daily kg H2 (effective capacity)
$0.49 2007$ / kg H2 dispensed
$0.05 2007$ / kg H2 dispensed
$0.48 2007% / kg H2 dispensed
$1.02 2007$ / kg H2 dispensed

Included in Delivery Section
Included in Delivery Section

Petroleum Input (including upstream) Included in Delivery Section Hydrogen Losses 1.1% CSD N20 Emissions Included in Delivery Section
CSD GHG Emissions Included in Delivery Section
Cost Per Mile $0.67 2007$ / mi
Vehicle Mass 3,020 Ib Vehicle Fuel Share $0.11 2007% / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/gge Maintenance, Tires, Repairs $0.07 2007$ / mi
Hybridization battery (peak power) 30 kW Vehicle Miles Traveled 15,000 mi/yr Insurance & Registration $0.12 2007$ / mi
Vehicle Lifetime 160,000 mi Depreciation $0.27 2007$ / mi
Purchase Year 2015 Financing $0.10 2007$ / mi

Coal Input (including upstream)
Natural Gas Input (including upstream)
Petroleum Input (including upstream)

2,300 Btu / gge fuel consumed
12,100 Btu / gge fuel consumed
6,900 Btu / gge fuel consumed

Vehicle Purchase Cost

Fuel Cell System Cost
Hydrogen Storage System Cost
Tax Credit

$33,700 2007$
$4,500 2007$
$2,400 2007$
$0 2007%

Veh. Cycle CO2 Emissions
Veh. Cycle CH4 Emissions
Veh. Cycle N20 Emissions
Veh. Cycle GHG Emissions

1,670 g CO2 eq/ gge fuel consumed
170 g CO2 eq/ gge fuel consumed
6 g CO2 eq/ gge fuel consumed
1,850 g CO2 eq/ gge fuel consumed

Figure 6.6.1. Summary of major inputs, assumptions, and outputs by subsystem for the central biomass—Iliquid truck delivery and gaseous
dispensing pathway
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Table 6.6.1. WTP and WTW Results for the Central Biomass—Liquid Truck Delivery and Gaseous
Dispensing Pathway

WTP WTW
Coal input (including upstream)? 57,200 Btu/116,000 Btu 1,190 Btu/mi
Natural gas input (including upstream)® 33,400 Btu/116,000 Btu 700 Btu/mi
Petroleum input (including upstream)? 9,100 Btu/116,000 Btu 190 Btu/mi
Fossil energy input (including upstream)® 367,400 Btu/116,000 Btu 2,080 Btu/mi
WTP CO, emissions” 8,900 g/116,000 Btu 190 g/mi
WTP CH,4 emissions 24 g/116,000 Btu 0 g/mi
WTP N,O emissions 0 g/116,000 Btu 0 g/mi
WTP GHG emissions 9,600 g COs-eq./ 200 g/mi

116,000 Btu

Cost per kg Cost per mile

Levelized cost of hydrogen $5.12 2007%/kg $0.11  2007%/mi

* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and delivery
pathway as feedstocks and fuels; those used to produce electricity and other materials used in the pathway; and
those used upstream of the pathway to recover, refine, and deliver the feedstock.

® Includes the carbon content of CO, CHy,, and volatile organic compound emissions that decompose in the
atmosphere to CO,.

Electricity @ Natural Gas @
$0.0847/kWh $10.49/MMBtu
Biomass Production [Biomass @ Hydrogen Production: Total capital investment $1,296 2007$ / daily kg H2 (effective capacity)
and Delivery: $75.02/dry short ton Gasifier Levelized Cost of Capital $0.66 2007$ / kg H2 dispensed
Poplar Planting > SMR — Fixed O&M Costs $0.23 2007$ / kg H2 dispensed
Fertilization WGS Variable O&M Costs $0.41 2007$ / kg H2 dispensed
Harvesting PSA Total Levelized Cost $2.30 2007$ / kg H2 dispensed
Truck Transport
——
H Total capital investment $1,977 2007$ / daily kg H2 (effective capacity)
Liquefaction & Levelized Electricity cost $0.58 2007$ / kg H2 dispensed
Electricity @ $0.0635/kWh Truck Delivery: Levelized Diesel cost $0.03 2007$ / kg H2 dispensed

Diesel @ $3.23/gallon

> Liquefier
Liquid H2 Storage
Liquid H2 Truck

— Levelized Labor cost
Levelized Other operating costs

Levelized Cost of Delivery

$0.09 2007$ / kg H2 dispensed
$0.24 2007$ / kg H2 dispensed

$1.80 2007$ / kg H2 delivered

Forecourt Total capital investment $1,325 2007$ / daily kg H2 (effective capacity)
Electricity @ $0.0956/kWh Distribution: Levelized Cost of Capital $ 0.49 2007$/kg H2 dispensed
Vaporizer ——>p Energy & Fuel $ 0.05 2007$/kg H2 dispensed
Compressor Other O&M Costs $ 0.48 2007$/ kg H2 dispensed
Gaseous H2 Storage Levelized Cost of Dispensing $ 1.02 2007$/ kg H2 dispensed
Dispensing H

Hydrogen @ $5.12/kg

Figure 6.6.2. Cost analysis inputs and high-level results for the central biomass—liquid truck
delivery and gaseous dispensing pathway

Figure 6.6.3 shows the contributions of hydrogen production, delivery, and losses to the
levelized cost of hydrogen shown in Figure 6.6.2.
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Biomass Gasification - Delivery of Liquid
Hydrogen in Trucks

Losses $0.09

Production
$2.21

Delivery
$2.81

Figure 6.6.3. Contribution of hydrogen production, delivery, and losses to the levelized cost of
hydrogen for the central biomass—Iliquid truck delivery and gaseous dispensing pathway

Figure 6.6.4 and Table 6.6.2 show the breakdown of levelized costs for the central biomass—
liquid truck delivery and gaseous dispensing pathway.

$6.00
LOSSES
$0.09
$5.00 |
Forecourt

T DELIVERY
@ $2.82
o $4.00
% Energy
T !
< Other O&M
_E‘ == el -
Z 3300 Capital e
& |

$2.00

Feedstock Buildings & Structures
PRODUCTION Coolmg Water and Other Utilities
$2.21 ’7 3 tystem and Power
eneration
$1.00 Other Steam Methane Reforming
03M JJ Shift, and PSA e
Compression & Sulfur Removal
= | Gasification, Tar Reforming,
Quench :
$0.00 =—— Feed Handling & Drying

Figure 6.6.4. Breakdown of levelized costs for the central biomass—Iliquid truck delivery and
gaseous dispensing pathway
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Table 6.6.2. Contribution of Production and Delivery Processes to Levelized Hydrogen Cost for the
Central Biomass—Liquid Truck Delivery and Gaseous Dispensing Pathway

Other Energy/
Cost Component Capital O&M Feedstock Fuel Total
Production $0.64  $0.62 $0.96 $2.21
Feed handling and drying $0.11
Gasification, tar reforming, and quench $0.10
Compression and sulfur removal $0.09
SMR, WGS, and PSA $0.18
Steam system and power generation $0.09
Cooling water and other utilities $0.02
Buildings and structures $0.04
Delivery $1.35 $0.81 $0.65 $2.81
Tractor/trailer $0.18
Terminal $0.30
Liquefier $0.57 $0.16 $0.58 $1.31
Forecourt $0.49 $0.48 $0.05 $1.02
Losses $0.09
Total $1.99 $1.43  $0.96 $0.65 $5.12

6.6.2 Energy Use and Emissions Breakdown

Figures 6.6.5 and 6.6.6 show the WTW energy inputs and losses for the central biomass—Iliquid
truck delivery and gaseous dispensing pathway.

Figures 6.6.7 and 6.6.8 show the WTW emissions resulting from the delivery of 116,000 Btu
hydrogen to a vehicle fuel tank using the central biomass—Iiquid truck delivery and gaseous
dispensing pathway.
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2,800 Btu Petroleum and Delivery: (255 000 Btu Biomass Gasifier
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Truck Transport

b

Liquefaction & ;

51,700 Btu Coal
23,000 Btu Natural Gas
3,000 Btu Petroleum

Truck Delivery:

Liguefier — Liguefaction losses 0.50%

Liguid H2 Storage
Liguid H2 Truck

0 Btu Coal *
0 Btu Natural Gas *
0 Btu Petroleum *

Forecourt
Distribution:
Vaporizer — Storage losses 1.15%
Compressar E
Gaseous H2 Storage | !
Dispensing E

116,000 Btu
Hydrogen Gas

Figure 6.6.5. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the central
biomass—Iliquid truck delivery and gaseous dispensing pathway

80.000 WTW Energy Input (Biomass Gasification with Liquid H2 Delivery)
70,000 | OPetroleum Input (including upstream)
60,000 | BNatural Gas Input (including upstream)
g 50,000 BCoal Energy Input (including upstream)
o
3 40,000
m
30,000
20,000
10,000
0
Biomass Production & Hydrogen Production  Liquefaction & Truck  Forecourt Storage &
Delivery Delivery Dispensing

Figure 6.6.6. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen using
the central biomass—Iliquid truck delivery and gaseous dispensing pathway
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Biomass Production|CO2 Emissions -25500 g | Hydrogen Production: CO2 Emissions 27 200 g
and Delivery: |CH4 Emissions 13 g Gasifier CH4 Emissions 140 g
Poplar Planting > SMR > N20 Emissions 44 g

Fertilization N20 Emissions 36 g WGS GHG Emissions 27 400 g
Harvesting GHG Emissions -25500 g PSA
Truck Transport J

‘| Liquefaction & |! CO2 Emissions 7.200 g
Electricity | Truck Delivery: E CH4 Emissions 440 g
Diesel —>E Liguefier —— N20 Emissions 30 g
' Liguid H2 Storage ' GHG Emissions 7,700 g
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Electricity Distribution:* ' CH4 Emissions Og
—> Waporizer —— N20 Emissions Og
E Compressor E GHG Emissions Dy

| Gaseous H2 Storage ||

| Dispensing E

116,000 Btu

Figure 6.6.7. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the central
biomass—Iliquid truck delivery and gaseous dispensing pathway
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-30,000

Figure 6.6.8. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu hydrogen
to a vehicle using the central biomass—Iliquid truck delivery and gaseous dispensing pathway
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6.6.3 Sensitivities

6.6.3.1 Production Sensitivities

Several sensitivities were run on the production portion of the central biomass—Iliquid truck
delivery and gaseous dispensing pathway. These sensitivities focused primarily on cost factors;
however, several sensitivities also affect energy use and emissions. Figure 6.6.9 shows the
effects of several production parameters on the pathway’s levelized cost, and Table 6.6.3 shows
the effects of varying production energy efficiency on WTW energy use and emissions.

$75 |
Feedstack Cost [$/dry ton) 538 5113

131
Total Capital Investment {SMM) 891 _ 5272
S0%
Operating Capacity Factor 95% 80
54
Staffing (FTE) 25 70
A6%
Production Energy Efficiency 48% 44%
$5.50 %5.75 $6.00 $6.25 $6.50 $6.75 $7.00

Figure 6.6.9. Production sensitivities for the central biomass—Iliquid truck delivery and gaseous
dispensing pathway

Table 6.6.3. The Effects of Production Energy Efficiency on Primary Energy Use and Emissions
from the Central Biomass—Liquid Truck Delivery and Gaseous Dispensing Pathway

44% 46% 48%
Efficiency Efficiency Efficiency
WTW GHG emissions (g/mile) 200 200 200
WTW fossil energy (Btu/mile) 2,100 2,100 2,100
WTW petroleum energy (Btu/mile) 200 190 180
WTW total energy (Btu/mile) 8,000 7,700 7,400

The assumed electrical grid mix also affects the energy use and emissions. Table 6.6.4 shows the
differences in energy use and GHG emissions between the U.S. average grid mix (which was
used for all other sensitivities) and a hypothetical green grid mix that is 100% renewable energy

(solar and wind).
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Table 6.6.4. The Effects of Fuel Economy and Grid Mix on Use of Primary Energy and Emissions
from the Central Biomass—Liquid Truck Delivery and Gaseous Dispensing Pathway

U.S. Average U.S. Average “Green” Grid

Grid Mix Grid Mix Mix
(48 mpgge) (68 mpgge) (48 mpgge)
WTW GHG emissions (g/mile) 200 150 30
WTW fossil energy (Btu/mile) 2,100 1,500 300
WTW petroleum energy (Btu/mile) 190 130 140
WTW total energy (Btu/mile) 7,700 5,500 6,500

6.6.3.2 Delivery Sensitivities

Delivery cost, energy use, and emissions are strongly dependent upon the daily consumption of
hydrogen within a city and the delivery distance from the central facility to the city gate.
Sensitivities were run to show some of those effects. Daily consumption was varied by keeping
the city size constant and adjusting the penetration of hydrogen vehicles from the base case of
15%. The resulting consumption is shown in Figure 6.6.10.

1,000,000
Relationship between H2 Vehicle Penetration and H2 Use

800,000

—#=48 mpgge Fuel Economy

=68 mpgge Fuel Economy

600,000

H2 Use (kg / day)

400,000 -

200,000

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
H2 Vehicle Penetration

Figure 6.6.10. Daily hydrogen consumption versus hydrogen vehicle penetration for the central
biomass—Iliquid truck delivery and gaseous dispensing pathway

As expected there are economies of scale for higher vehicle penetration/hydrogen consumption,
and the levelized cost of delivery decreases as the distance from the production plant to the city
gate is shortened. Figures 6.6.11 and 6.6.12 show those economic effects (the figures show
identical data but are organized differently). In cases where the hydrogen vehicle penetration is
5% or 15%, only one liquefier is necessary. Two liquefiers are needed for the 25% penetration
case because of size limitations, resulting in increased levelized cost due to increased levelized
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liquefier capital costs. Levelized liquefier capital costs are higher because each of the two
liquefiers is smaller than the one in the 15% penetration case.

$8.00

$7.50

o
N
o
o

o
o
0
o

$6.00

$5.50

Levelized Cost of H2 at Pump ($ / kg)

v
b
=}
[}

$4.50

$4.00

Terminal Distance, H2 Market Penetration vs.Levelized Cost at Pump

=&—5% Penetration

=#—15% Penetration

#A25% Penetration

=¥=50% Penetration

===75% Penetration

©-100% Penetration

100 200 300 400 500 600 700 800 900 1000

Distance to City (mi)

Figure 6.6.11. Levelized cost versus hydrogen vehicle penetration and distance between
production facility and city gate for the central biomass—Iliquid truck delivery and gaseous

dispensing pathway
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H2 Market Penetration , Terminal Distance vs.Levelized Cost at Pump

$7.50

$7.00

$6.50 -
\ «==#==0 mi from city

$6.00 ==#=62 mi from city

«=h==150 mi from city
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$4.50
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0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

H2 Penetration

Figure 6.6.12. Levelized cost versus hydrogen vehicle penetration and distance between
production facility and city gate for the central biomass—Iliquid truck delivery and gaseous
dispensing pathway

As Figure 6.6.12 shows, there is a $0.14 increase in levelized cost when the production facility is
assumed to be 150 miles from the city gate as compared to being at the city gate. There is a much
larger levelized-cost increase when the distance is assumed to be 1,000 miles because the
levelized cost of trucking increases with added distance due to additional driver time, additional
fuel requirements, and an increased number of trucks and trailers required. Figure 6.6.13 shows
the liquid truck portion of the levelized cost; note that the base case distance is 62 miles and that
the truck’s levelized cost is $0.18 for all penetration levels at that distance. Because the city size
1s constant and the assumed station size is sufficient to utilize a full truckload at each station,
each delivery has the same travel distance and takes the same amount of time within the city
regardless of penetration level; therefore, the levelized cost within the city gate is constant for all
penetration levels.
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Figure 6.6.13. Truck levelized cost versus distance between production facility and city gate for
the central biomass—Iliquid truck delivery and gaseous dispensing pathway

The most notable feature in Figure 6.6.13 is the insensitivity of transport levelized cost to
changes in FCEV penetration. The significant drop in the levelized cost of hydrogen as FCEV
penetration increases to 15% (shown in Figure 6.6.11) is due to the reduced cost of liquefaction,
which is shown in Figure 6.6.14 (liquefier cost is constant when penetration levels are kept
constant no matter how far the liquefiers are from the city). When the penetration is increased to
25% from 15%, two smaller liquefiers are needed due to scale limitations; thus, the capital cost
per annual kilogram increases, resulting in increased levelized cost.

The majority of the liquefaction system’s cost driver is capital (Table 6.6.2 shows that the capital
accounts for $0.57/kg H» of the $1.31/kg H; total liquefaction cost). As shown in Figure 6.6.15,
capital-cost reduction drives the cost decrease as penetration increases.
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Figure 6.6.14. Liquefaction system levelized cost versus penetration for the central biomass—
liquid truck delivery and gaseous dispensing pathway
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Figure 6.6.15. Liquefaction system capital cost (levelized) versus penetration for the central
biomass—Iliquid truck delivery and gaseous dispensing pathway
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The additional cost variable for the levelized cost of the liquefaction system is the system
efficiency, because increased efficiency reduces the energy required for liquefaction. Figure
6.6.16 shows the effect of penetration (directly affecting liquefaction system size) on efficiency.
Note that one liquefier is needed for 5% and 15% penetration, two for 25%, three for 50%, four
for 75%, and five for 100% penetration, and that larger liquefaction systems result in higher
efficiencies. More efficient liquefaction systems result in lower GHG emissions and fossil
energy use.

90%

H2 Market Penetration vs.
88% |~ Liquefaction Efficiency ——

86%

84%

82%

80%

; :
8% /'\-*/'

76%

Liquefaction Efficiency (%)

74%

72%

70%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

H2 Penetration

Figure 6.6.16. Liquefaction system efficiency versus penetration for the central biomass—liquid
truck delivery and gaseous dispensing pathway

The effects of penetration and distance between the production facility and the city gate on
WTW GHG emissions, WTW petroleum use, and WTW fossil energy use are shown in Figures
6.6.17, 6.6.18, and 6.6.19, respectively. In each case, the energy use and emissions decrease as
liquefaction system efficiency increases with penetration and then plateaus as discussed above.
Energy use and emissions are also reduced when the production facility is closer to the city gate
because of reduced diesel use for trucking.
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Figure 6.6.17. WTW GHG emissions versus penetration for the central biomass—liquid truck
delivery and gaseous dispensing pathway
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Figure 6.6.18. WTW petroleum use versus penetration for the central biomass—Iliquid truck
delivery and gaseous dispensing pathway
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Figure 6.6.19. WTW fossil energy use versus penetration for the central biomass—liquid truck
delivery and gaseous dispensing pathway

The effects of city population on levelized cost of hydrogen, GHG emissions, and petroleum
energy use are shown in Figures 6.6.20, 6.6.21, and 6.6.22. Levelized hydrogen cost decreases
slightly with increasing city population. GHG emissions also generally decrease with increasing
city population, while petroleum energy use increases with increasing city population above a
population of 500,000 due to increased city area with increased population.

Figure 6.6.23 shows the effect of fuel economy on the levelized cost of hydrogen. The cost of
hydrogen increases with increasing fuel economy above 40 mpgge. The relationship between
fuel economy and city hydrogen use is shown in Figure 6.6.24. As with FCEV penetration, the
number and scale of the liquefiers affects the levelized cost. At 30 mpgge, two smaller liquefiers
are necessary and result in higher costs than the single liquefier needed for the higher fuel
economies does. Because the hydrogen demand is reduced as fuel economies increase,
liquefaction of reduced amounts of hydrogen results in higher levelized costs.

Figures 6.6.25 and 6.6.26 show that GHG emissions and petroleum energy use decrease with
increasing fuel economy, as one might expect.

Figures 6.6.27, 6.6.28, and 6.6.29 show the effects of forecourt size on levelized cost of
hydrogen, GHG emissions, and petroleum energy use for the central biomass—Iliquid truck
delivery and gaseous dispensing pathway.

108
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Figure 6.6.20. Levelized cost versus city population for the central biomass—Iliquid truck delivery
and gaseous dispensing pathway

Effects of City Population on GHG Emissions
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Figure 6.6.21. GHG emissions versus city population for the central biomass—liquid truck delivery
and gaseous dispensing pathway
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Effects of City Population on Petroleum Energy Use
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Figure 6.6.22. Petroleum energy versus city population for the central biomass—Iliquid truck
delivery and gaseous dispensing pathway

Effects of Fuel Economy on Levelized Cost
$6.00
$5.50
B
-
S~
©
pr \‘/0/‘/‘—/_‘
S s$s.00
©
S
]
>
g
$4.50
$4.00 : : : ‘
25 40 55 70 85
Fuel Economy (mile / gge)

Figure 6.6.23. Levelized cost versus fuel economy for the central biomass—Iliquid truck delivery
and gaseous dispensing pathway
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Figure 6.6.24. City hydrogen use versus fuel economy for the central biomass—Iliquid truck
delivery and gaseous dispensing pathway
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Figure 6.6.25. GHG emissions versus fuel economy for the central biomass—liquid truck delivery
and gaseous dispensing pathway
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Effects of Fuel Economy on Petroleum Energy Use
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Figure 6.6.26. Petroleum energy use versus fuel economy for the central biomass—Iliquid truck
delivery and gaseous dispensing pathway
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Figure 6.6.27. Levelized cost versus forecourt size for the central biomass—liquid truck delivery
and gaseous dispensing pathway
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Effects of Forecourt Size on GHG Emissions
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Figure 6.6.28. GHG emissions versus forecourt size for the central biomass—liquid truck delivery
and gaseous dispensing pathway
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Figure 6.6.29. Petroleum energy use versus forecourt size for the central biomass—Iliquid truck
delivery and gaseous dispensing pathway
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6.7 Central Biomass—Liquid Truck Delivery and Cryo-Compressed
Dispensing
Figure 6.7.1 shows the major inputs, assumptions, and outputs for each of the subsystems

considered in the well-to-tank analysis, including feedstock supply and hydrogen dispensing.
(See Appendix G for more details on this pathway.)

The WTP and WTW cost of hydrogen, energy use, and emissions for the central biomass—Iliquid
truck delivery and cryo-compressed dispensing pathway are summarized in Table 6.7.1.

Net GHG emissions include carbon dioxide uptake occurring during growth of the biomass. As
noted above, the analysis assumes that 100% of the carbon in the biomass is provided by
atmospheric carbon dioxide and that land use change is assumed to have neither positive nor
negative effects on emissions.

6.7.1 Cost Breakdown

Figure 6.7.2 shows the feedstock and energy price inputs and the resulting hydrogen production,
delivery, and distribution costs for the central biomass—Iliquid truck delivery and cryo-
compressed dispensing pathway. The financial assumptions used in this analysis are detailed in
Section 5.
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Inputs

Assumptions

Outputs

Energy Use for Farming Trees

Coal Input (including upstream)
Natural Gas Input (including upstream)
Petroleum Input (including upstream)

235,000 Btu/dry ton

200 Btu/116000Btu to Pump
600 Btu/ 116000Btu to Pump
2,800 Btu/116000Btu to Pump

Biomass Production & Delivery

Fraction of Woody Biomass
LUC GHG changes
Average distance from farm to H2 prod.

100%
0 g/dryton
40 miles

Biomass moisture content
Woody biomass LHV

Biomass price at H2 production
Biomass Share of Levelized Cos

WTG CO2 Emissions
WTG CH4 Emissions
WTG N20 Emissions
WTG GHG Emissions

25%
16,013,000 Btu / dry ton
$75 2007 $/ dry ton
$1.02 2007$ / kg H2 dispensed

-26,040 g CO2 eq./ 116000 Btu
13 g CO2 eq./ 116000 Btu
36 g CO2 eq./ 116000 Btu
-25,990 g CO2 eq./ 116000 Btu

Biomass consumption
Natural gas consumption
Electricity consumption
Process Water Consumption
Cooling Water Consumption

Total Capital Investment
Coal Input (including upstream)

Natural Gas Input (including upstream)
Petroleum Input (including upstream)

13.5 kg (dry) / kg H2 produced
0.0059 MMBtu / kg H2 produced

0.98 kWh / kg H2

1.32 gal / kg H2 produced

79.3 gal / kg H2 produced

$181,080,000 2007%
5,400 Btu/ 116000Btu to Pump

9,900 Btu/116000Btu to Pump
3,300 Btu/116000Btu to Pump

Hydrogen Production

Central plant design capacity
Capacity factor

Number of production facilities
Process energy efficiency
Electricity Mix

After-tax IRR

Assumed Plant Life

155,200 kg / day
90%
0.87
46.0%
US Mix
10%
40

Hydrogen Output Pressure
Hydrogen Outlet Quality

Total capital investment
Levelized Cost of Capital
Fixed O&M Costs
Variable O&M Costs
Total Levelized Cost

Production CO2 Emissions
Production CH4 Emissions
Production N20O Emissions
Production GHG Emissions

300 psi
99.9%

$1,300 2007$ / daily kg H2 (effective capacity)

$0.67 2007$ / kg H2 dispensed
$0.24 2007$ / kg H2 dispensed
$0.42 2007$ / kg H2 dispensed
$2.35 2007$ / kg H2 dispensed

27,800 g CO2 eq./ 116000 Btu
140 g CO2 eq./ 116000 Btu
45 g CO2 eq./ 116000 Btu
28,000 g CO2 eq./ 116000 Btu

Liquefaction electricity consumption
Terminal electricity consumption
Total electricity consumption

Diesel consumption

Total Capital Investment
Coal Input (including upstream)

Natural Gas Input (including upstream)
Petroleum Input (including upstream)

8.5 kWh / kg H2
0.02 kWh / kg H3

8.5 kWh / kg H4

7.7 gal/ 1000 kg H2

$242,361,000 2007$
52,400 Btu/ 116000Btu to Pump

23,400 Btu/116000Btu to Pump
3,000 Btu/ 116000Btu to Pump

Liquefaction and Truck-Delivery

City Population

Hydrogen Vehicle Penetration
City hydrogen use

One-way distance for delivery
Terminal Design Capacity
Number of truck-trips required
Truck hydrogen capacity
Liquefaction energy efficiency
Hydrogen losses

1,247,000 people
15%
121,100 kg /day
98 miles
1,124,000 kg H2
10,400
4,400 kg / truckload
79.3%
2.8%

Total capital investment
Levelized Electricity cost
Levelized Diesel cost

Levelized Labor cost

Levelized Other operating costs

Levelized Cost of Delivery

Delivery CO2 Emissions
Delivery CH4 Emissions
Delivery N20 Emissions
Delivery GHG Emissions

$2,000 2007$ / daily kg delivered
$0.59 2007$ / kg H2 delivered
$0.03 2007$ / kg H2 delivered
$0.09 2007$ / kg H2 delivered
$0.24 2007$ / kg H2 delivered

$1.82 2007$ / kg H2 delivered

7,320 g CO2 eq./ 116000 Btu
450 g CO2 eq./ 116000 Btu
30 g CO2 eq./ 116000 Btu
7,800 g CO2 eq./ 116000 Btu

Electricity consumption

Total Capital Investment per Station
Total Capital Investment

Coal Input (including upstream)
Natural Gas Input (including upstream)

0.49 kWh / kg H2

$2,100,000 2007$ / station
$256,147,000 2007$ / all stations

Included in Delivery Section
Included in Delivery Section

Cryo-Compressed Dispensing

Total Hydrogen Dispensed

Number of Dispensing Stations
Number of Cascade Pumps

Liquid H2 storage capacity per Station
Usable Cascade Storage per Station

Site storage
# of 2-hose Dispensers per Station

1,000 kg /day
122
1
4,600 kg H2
0 kg H2

390% % of design capacity
2

Hydrogen outlet pressure
Basis -- Hydrogen Quantity

Total capital investment
Levelized Cost of Capital
Energy & Fuel

Other O&M Costs

Levelized Cost of Dispensing

CSD CO2 Emissions
CSD CH4 Emissions

12,700 psi

116,000 Btu (116,000 Btu/gal non-oxygenated

conventional unleaded gasoline)
$2,120 2007$ / daily kg
$0.90 2007$ / kg H2 dispensed
$0.05 2007$ / kg H2 dispensed
$0.61 2007$ / kg H2 dispensed
$3.38 2007$ / kg H2 dispensed

Included in Delivery Section
Included in Delivery Section

Petroleum Input (including upstream) Included in Delivery Section Hydrogen losses 3.1% CSD N20 Emissions Included in Delivery Section
CSD GHG Emissions Included in Delivery Section
Cost Per Mile $0.69 2007% / mi
Vehicle Mass 3,020 Ib Vehicle Fuel Share $0.12 2007$ / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/gge Maintenance, Tires, Repairs $0.07 2007$ / mi
Hybridization battery (peak power) 30 kW Vehicle Miles Traveled 15,000 mi/yr Insurance & Registration $0.12 2007$ / mi
Vehicle Lifetime 160,000 mi Depreciation $0.27 2007$ / mi
Purchase Year 2015 Financing $0.10 2007$ / mi

Coal Input (including upstream)
Natural Gas Input (including upstream)
Petroleum Input (including upstream)

2,300 Btu/ gge fuel consumed
12,100 Btu / gge fuel consumed
6,900 Btu / gge fuel consumed

Vehicle Purchase Cost

Fuel Cell System Cost

Storage System Cost (assume 700Bar
Tax Credit

$33,700 2007$
$4,500 2007$
$2,400 2007$
$0 2007$

Veh. Cycle CO2 Emissions
Veh. Cycle CH4 Emissions
Veh. Cycle N20O Emissions
Veh. Cycle GHG Emissions

1,670 g/ gge fuel consumed
170 g/ gge fuel consumed
6 g/ gge fuel consumed
1,850 g/ gge fuel consumed

Figure 6.7.1. Summary of major inputs, assumptions, and outputs by subsystem for the central biomass—Iliquid truck delivery and cryo-
compressed dispensing pathway
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Table 6.7.1. WTP and WTW Results for the Central Biomass—Liquid Truck Delivery and Cryo-
Compressed Dispensing Pathway

WTP WTW
Coal input (including upstream)? 58,000 Btu/116,000 Btu 1,210 Btu/mi
Natural gas input (including upstream)? 33,900 Btu/116,000 Btu 710 Btu/mi
Petroleum input (including upstream)? 9,200 Btu/116,000 Btu 190 Btu/mi
Fossil energy input (including upstream)® 374,100 Btu/116,000 Btu 2,110 Btu/mi
WTP CO, emissions” 9,000 /116,000 Btu 190 g/mi
WTP CH,4 emissions 24 /116,000 Btu 1 g/mi
WTP N,O emissions 0 /116,000 Btu 0 g/mi
WTP GHG emissions 9,800 g CO»-eq./ 200 g/mi

116,000 Btu

Cost per kg Cost per mile

Levelized cost of hydrogen $5.73 2007%/kg $0.12  2007%/mi

* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and delivery
pathway as feedstocks and fuels; those used to produce electricity and other materials used in the pathway; and
those used upstream of the pathway to recover, refine, and deliver the feedstock.

® Includes the carbon content of CO, CHy,, and volatile organic compound emissions that decompose in the

atmosphere to CO,.

Electricity & MNatural Gas @
$0.0847 Wh &110 A48/ Btu
Biomass Production |Biomass @ Hydrogen Production: Total capital investment
and Deliveny: $75.02/dry shart ton Gasifier Levelized Cost of Capital
FPoplar Planting » SR ——® Fixed D&M Costs
Fertilization WES Wariable O&M Costs
Harvesting PSA Total Levelized Cost
Truck Transport

Electricity @ $0.05364WhH
Diesel @ $3.23/gallon —————»

Electricity @ $0.0256/kWvh

Liguefaction &
Truck Delivery:
Liguefier
Ligquid HZ? Storage
Liguid H2 Truck

Forecourt
Distribution:
Cryogenic Compressar

Cryogenic Pump

Figure 6.7.2. Cost analysis inputs and high-level results for the central biomass—liquid truck

Dispensing

Hydrogen ic $5.73¢kg

ffffffffff —

Cryo-Liguid H2 Storage |

Total capital investment
Levelized Electricity cost
Levelized Diesel cost

— Levelized Labor cost

: Levelized Other operating costs

Levelized Cost of Delivery

Total capital investment
Levelized Cost of Capital
E—bEnergy & Fuel

Other O&M Costs

Levelized Cost of Dispensing

$1,296 20075 / daily kg H2 (effective capacity)

$0.67 20075 / ky H2 dispensed
$0.24 20075 / ky H2 dispensed
$0.42 2007§ / ky H2 dispensed
$2.35 20075 / kg H2 dispensed

§2,001 20075 £ daily kg delivered
$0.59 20075 / ky H2 delivered
$0.03 20075 / ky H2 delivered
$0.09 2007§ / kg H2 delivered
$0.24 20075 / ky H2 delivered

$1.82 2007§ / ky H2 delivered

§2,115 20075 / daily ky

$0.90 2007% / kg H2 dispensed
$0.05 20076 f kg H2 dispensed
$0.61 20075 f kg H2 dispensed
$3.38 2007% f kg H2 dispensed

delivery and cryo-compressed dispensing pathway

Figure 6.7.3 shows the contributions of hydrogen production, delivery, and losses to the
levelized cost of hydrogen shown in Figure 6.7.2.
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Figure 6.7.3. Contribution of hydrogen production, delivery, and losses to the levelized cost of
hydrogen for the central biomass—Iliquid truck delivery and cryo-compressed dispensing pathway

Figure 6.7.4 and Table 6.7.2 show the breakdown of levelized costs for the central biomass—
liquid truck delivery and cryo-compressed dispensing pathway.
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Figure 6.7.4. Breakdown of levelized costs for the central biomass—Iliquid truck delivery and cryo-
compressed dispensing pathway
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Table 6.7.2. Contribution of Production and Delivery Processes to Levelized Hydrogen Cost for the
Central Biomass—Liquid Truck Delivery and Cryo-Compressed Dispensing Pathway

Other Energy/
Cost Component Capital O&M Feedstock Fuel Total
Production $0.64  $0.62 $0.96 $2.21
Feed handling and drying $0.11
Gasification, tar reforming, and quench $0.10
Compression and sulfur removal $0.09
SMR, WGS, and PSA $0.18
Steam system and power generation $0.09
Cooling water and other utilities $0.02
Buildings and structures $0.04
Delivery $1.77  $0.94 $0.66 $3.38
Tractor/trailer $0.18
Terminal $0.31
Liquefier $0.58 $0.17 $0.59 $1.33
Forecourt $0.90 $0.61 $0.05 $1.56
Losses $0.14
Total $2.41 $1.56  $0.96 $0.66 $5.73

6.7.2 Energy Use and Emissions Breakdown

Figures 6.7.5 and 6.7.6 show the WTW energy inputs and losses for the central biomass—Iliquid
truck delivery and cryo-compressed dispensing pathway.

Figures 6.7.7 and 6.7.8 show the WTW emissions resulting from the delivery of 116,000 Btu
hydrogen to a vehicle fuel tank using the central biomass—Iiquid truck delivery and cryo-
compressed dispensing pathway.
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Figure 6.7.5. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the central
biomass—Iliquid truck delivery and cryo-compressed dispensing pathway
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Figure 6.7.6. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen using
the central biomass—Iliquid truck delivery and cryo-compressed dispensing pathway
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Figure 6.7.7. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the central
biomass—Iliquid truck delivery and cryo-compressed dispensing pathway
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Figure 6.7.8. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu hydrogen
to a vehicle using the central biomass—Iliquid truck delivery and cryo-compressed dispensing
pathway
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6.7.3 Sensitivities

6.7.3.1 Production Sensitivities

Several sensitivities were run on the production portion of the central biomass—Iliquid truck
delivery and cryo-compressed dispensing pathway. These sensitivities focused primarily on cost
factors; however, several sensitivities also affect energy use and emissions. Figure 6.7.9 shows
the effects of several production parameters on the pathway’s levelized cost, and Table 6.7.3
shows the effects of varying production energy efficiency on WTW energy use and emissions.

$75 |
Feedstack Cost [$/dry ton) 538 5113

131
Total Capital Investment {SMM) 891 _ 5272
S0%
Operating Capacity Factor 95% 80
54
Staffing (FTE) 25 70
A6%
Production Energy Efficiency 48% 44%
$5.50 %5.75 $6.00 $6.25 $6.50 $6.75 $7.00

Figure 6.7.9. Production sensitivities for the central biomass—Iliquid truck delivery and cryo-
compressed dispensing pathway

Table 6.7.3. The Effects of Production Energy Efficiency on Primary Energy Use and Emissions
from the Central Biomass—Liquid Truck Delivery and Cryo-Compressed Dispensing Pathway

44% 46% 48%
Efficiency Efficiency Efficiency
WTW GHG emissions (g/mile) 200 200 200
WTW fossil energy (Btu/mile) 2,100 2,100 2,100
WTW petroleum energy (Btu/mile) 200 190 190
WTW total energy (Btu/mile) 8,100 7,800 7,600

The assumed electrical grid mix also affects the energy use and emissions. Table 6.7.4 shows the
differences in energy use and GHG emissions between the U.S. average grid mix (which was
used for all other sensitivities) and a hypothetical green grid mix that is 100% renewable energy

(solar and wind).
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Table 6.7.4. The Effects of Fuel Economy and Grid Mix on Use of Primary Energy and Emissions
from the Central Biomass—Liquid Truck Delivery and Cryo-Compressed Dispensing Pathway

U.S. Average U.S. Average “Green” Grid

Grid Mix Grid Mix Mix
(48 mpgge) (68 mpgge) (48 mpgge)
WTW GHG emissions (g/mile) 200 150 30
WTW fossil energy (Btu/mile) 2,100 1,500 300
WTW petroleum energy (Btu/mile) 190 140 150
WTW total energy (Btu/mile) 7,800 5,600 6,600

6.7.3.2 Delivery Sensitivities

Delivery cost, energy use, and emissions are strongly dependent upon the daily consumption of
hydrogen within a city and the delivery distance from the central facility to the city gate.
Sensitivities were run to show some of those effects. Daily consumption was varied by keeping
the city size constant and adjusting the penetration of hydrogen vehicles from the base case of
15%. The resulting consumption is shown in Figure 6.7.10.

1,000,000
Relationship between H2 Vehicle Penetration and H2 Use

800,000

—#=48 mpgge Fuel Economy

=68 mpgge Fuel Economy

600,000

H2 Use (kg / day)

400,000 -

200,000

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
H2 Vehicle Penetration

Figure 6.7.10. Daily hydrogen consumption versus hydrogen vehicle penetration for the central
biomass—Iliquid truck delivery and cryo-compressed dispensing pathway

As expected, there are economies of scale for higher vehicle penetration/hydrogen consumption,
and the levelized cost of delivery decreases as the distance from the production plant to the city
gate is shortened. Figures 6.7.11 and 6.7.12 show those economic effects (the figures show
identical data but are organized differently).
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Figure 6.7.11. Levelized cost versus hydrogen vehicle penetration and distance between
production facility and city gate for the central biomass—Iliquid truck delivery and cryo-
compressed dispensing pathway
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Figure 6.7.12. Levelized cost versus hydrogen vehicle penetration and distance between
production facility and city gate for the central biomass—Iliquid truck delivery and cryo-
compressed dispensing pathway

As Figure 6.7.12 shows, there is a $0.14 increase in levelized cost when the production facility is
assumed to be 150 miles from the city gate as compared to being at the city gate. There is a much
larger levelized-cost increase when the distance is assumed to be 1,000 miles because the
levelized cost of trucking increases with added distance due to additional driver time, additional
fuel requirements, and an increased number of trucks and trailers required. Figure 6.7.13 shows
the liquid truck portion of the levelized cost; note that the base case distance is 62 miles and that
the truck’s levelized cost is $0.18 for all penetration levels at that distance. Because the city size
1s constant and the assumed station size is sufficient to utilize a full truckload at each station,
each delivery has the same travel distance and takes the same amount of time within the city
regardless of penetration level; therefore, the levelized cost within the city gate is constant for all
penetration levels.
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Figure 6.7.13. Truck levelized cost versus distance between production facility and city gate for
the central biomass—Iliquid truck delivery and cryo-compressed dispensing pathway

The most notable feature in Figure 6.7.13 is the insensitivity of transport levelized cost to
changes in FCEV penetration. The significant drop in the levelized cost of hydrogen as FCEV
penetration increases to 15% (shown in Figure 6.7.11) is due to the reduced cost of liquefaction,
which is shown in Figure 6.7.14 (liquefier cost is constant for all distances from the city). Note
that one liquefier is needed for 5% and 15% penetration, two for 25%, three for 50%, four for
75%., and five for 100% penetration. The two liquefiers at 25% penetration are smaller than the
one at 15% penetration, thus their capital cost when normalized to annual throughput is higher.
The higher capital cost results in higher levelized costs.

The majority of the liquefaction system’s cost driver is capital (Table 6.7.2 shows that the capital
accounts for $0.58/kg H» of the $1.33/kg H, total liquefaction cost). As shown in Figure 6.7.15,
capital-cost reduction drives the cost decrease as penetration increases.
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Figure 6.7.14. Liquefaction system levelized cost versus penetration for the central biomass—
liquid truck delivery and cryo-compressed dispensing pathway
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Figure 6.7.15. Liquefaction system capital cost (levelized) versus penetration for the central
biomass—Iliquid truck delivery and cryo-compressed dispensing pathway
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The additional cost variable for the liquefaction system levelized cost is the system efficiency
because increased efficiency reduces the energy required for liquefaction. Figure 6.7.16 shows
the effect of penetration (directly affecting liquefaction system size) on efficiency. As in the
previous figures, smaller liquefaction systems result in lower efficiencies.
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Figure 6.7.16. Liquefaction system efficiency versus penetration for the central biomass—liquid
truck delivery and cryo-compressed dispensing pathway

The effects of penetration and distance between the production facility and the city-gate on
WTW GHG emissions, WTW petroleum use, and WTW fossil energy use are shown in Figures
6.7.17, 6.7.18, and 6.7.19, respectively. In each case, the energy use and emissions decrease as
liquefaction system efficiency increases with penetration and then plateaus as discussed above.
Energy use and emissions are also reduced when the production facility is closer to the city gate
because of reduced diesel use for trucking.
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Figure 6.7.17. WTW greenhouse gas emissions versus penetration for the central biomass—liquid
truck delivery and cryo-compressed dispensing pathway
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Figure 6.7.18. WTW petroleum use versus penetration for the central biomass—Iliquid truck
delivery and cryo-compressed dispensing pathway
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Figure 6.7.19. WTW fossil energy use versus penetration for the central biomass—liquid truck
delivery and cryo-compressed dispensing pathway

The effects of city population on levelized cost of hydrogen, GHG emissions, and petroleum
energy use are shown in Figures 6.7.20, 6.7.21, and 6.7.22. Levelized hydrogen cost decreases
slightly with increasing city population. GHG emissions also generally decrease with increasing
city population, while petroleum energy use increases with increasing city population above a
population of 5,000.

Figure 6.7.23 shows the effect of fuel economy on the levelized cost of hydrogen. As with FCEV
penetration, the number and scale of the liquefiers affects the levelized cost. At 30 mpgge, two
smaller liquefiers are necessary and result in higher costs than the single liquefier needed for the
higher fuel economies does. Because the hydrogen demand is reduced as fuel economies
increase, liquefaction of reduced amounts of hydrogen results in higher levelized costs. The
relationship between fuel economy and city hydrogen use is shown in Figure 6.7.24.

Figures 6.7.25 and 6.7.26 show that GHG emissions and petroleum energy use decrease with
increasing fuel economy, as one might expect.

Figures 6.7.27, 6.7.28, and 6.7.29 show the effects of forecourt size on levelized cost of
hydrogen, GHG emissions, and petroleum energy use for the central biomass—Iliquid truck
delivery and cryo-compressed dispensing pathway.
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Figure 6.7.20. Levelized cost versus city population for the central biomass—Iliquid truck delivery
and cryo-compressed dispensing pathway

130



Effects of City Population on GHG Emissions
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Figure 6.7.21. GHG emissions versus city population for the central biomass—liquid truck delivery
and cryo-compressed dispensing pathway

Effects of City Population on Petroleum Energy Use
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Figure 6.7.22. Petroleum use versus city population for the central biomass—Iliquid truck delivery
and cryo-compressed dispensing pathway
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Effects of Fuel Economy on Levelized Cost
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Figure 6.7.23. Levelized cost versus fuel economy for the central biomass—Iliquid truck delivery
and cryo-compressed dispensing pathway
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Figure 6.7.24. City hydrogen use versus fuel economy for the central biomass—Iliquid truck
delivery and cryo-compressed dispensing pathway
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Effects of Fuel Economy on GHG Emissions
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Figure 6.7.25. GHG emissions versus fuel economy for the central biomass—Iliquid truck delivery
and cryo-compressed dispensing pathway

Effects of Fuel Economy on Petroleum Energy Use
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Figure 6.7.26. Petroleum use versus fuel economy for the central biomass—Iliquid truck delivery
and cryo-compressed dispensing pathway
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Effects of Forecourt Size on Levelized Cost
$9.00
$8.00
0
-
~
©
B
S $7.00
kel
S
o
>
3
$6'00 \\\‘
$5.00
200 400 600 800 1000 1200 1400
Forecourt Slze (kg / day)

Figure 6.7.27. Levelized cost versus forecourt size for the central biomass—liquid truck delivery
and cryo-compressed dispensing pathway
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Figure 6.7.28. GHG emission versus forecourt size for the central biomass—Iliquid truck delivery
and cryo-compressed dispensing pathway
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Effects of Forecourt Size on Petroleum Energy Use
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Figure 6.7.29. Petroleum use versus forecourt size for the central biomass—Iliquid truck delivery
and cryo-compressed dispensing pathway

6.8 Central Natural Gas—Pipeline Delivery

Figure 6.8.1 shows the major inputs, assumptions, and outputs for each of the subsystems
considered in the well-to-tank analysis, including feedstock supply and hydrogen dispensing.
(See Appendix H for more details on this pathway.)

The WTP and WTW cost of hydrogen, energy use, and emissions for the central natural gas—
pipeline delivery pathway are summarized in Table 6.8.1.

6.8.1 Cost Breakdown

Figure 6.8.2 shows the feedstock and energy price inputs and the resulting hydrogen production,
delivery, and distribution costs for the central natural gas—pipeline delivery pathway. The
financial assumptions used in this analysis are detailed in Section 5.

Figure 6.8.3 shows the contributions of hydrogen production, delivery, and losses to the
levelized cost of hydrogen shown in Figure 6.8.2.

Figure 6.8.4 and Table 6.8.2 show the breakdown of levelized costs for the central natural gas—
pipeline delivery pathway.
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Inputs

Assumptions

Outputs

NG Recovery, Processing, & Transport

NG Delivery Pressure
NG Quality at Delivery

Average of gas companies
Average of gas companies

NG Recovery Efficiency 95.7% NG Cost in 2015 $6.09 2007 $/ mmBTU
NG emitted during recovery 400 g/ MMbtu NG NG Share of Levelized Cost $1.52 2007$ / kg H2 dispensed
NG processing energy efficiency 97.2%
Coal Input (including upstream) 200 Btu/116000Btu to Pump NG emitted during processing 30 g/ MMbtu NG WTG CO2 Emissions 600 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 125,600 Btu/116000Btu to Pump NG emitted during transport 199,400 g/ MMbtu NG WTG CH4 Emissions 1,260 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 500 Btu/116000Btu to Pump NG transport distance 500 miles WTG N20 Emissions 3 g CO2 eq./ 116000 Btu
WTG GHG Emissions 1,870 g CO2 eq./ 116000 Btu
Hydrogen Output Pressure 300 psi
Natural gas consumption 0.1564 MMBtu/kg H2 produced Hydrogen Production Hydrogen Outlet Quality 99.9%
Electricity consumption 0.57 kWh / kg H2
Process Water Consumption 3.36 gal / kg H2 Central plant design capacity 379,400 kg /day Total capital investment $632 2007$ / daily kg H2 (effective capacity)
Cooling Water Consumption 1.50 gal / kg H2 Capacity fagtor 90% Levelized Cost of Capital $0.34 2007$ / kg H2 dispensed
necessary 0.35 Fixed O&M Costs $0.06 2007$ / kg H2 dispensed
Total Capital Investment $215,844,000 2007$ Process energy efficiency 71.9% Variable O&M Costs $0.08 2007$ / kg H2 dispensed
Electricity Mix US Mix Total Levelized Cost $2.00 2007$ / kg H2 dispensed
After-tax IRR 10%
Coal Input (including upstream) 2,900 Btu/ 116000Btu to Pump Assumed Plant Life 40 SMR CO2 Emissions 10,200 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 48,800 Btu / 116000Btu to Pump SMR CH4 Emissions 500 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 300 Btu/116000Btu to Pump SMR N20 Emissions 12 g CO2 eq./ 116000 Btu
SMR GHG Emissions 10,700 g CO2 eq./ 116000 Btu
Electricity consumption for compressor 0.56 kWh / kg H2 produced Pipelines for Delivery Total capital investment $3,340 2007$ / daily kg H2 (effective capacity)
Electricity consumption for geo storage 0.01 kWh / kg H2 produced
Total electricity consumption 0.57 kWh / kg H2 produced City Population 1,247,000 people Levelized Cost of Capital $1.71 2007$ / kg H2 dispensed
Hydrogen Vehicle Penetration 15% Energy & Fuel $0.04 2007$ / kg H2 dispensed
City hydrogen use 121,100 kg/day Other O&M Costs $0.40 2007$ / kg H2 dispensed
Total Capital Investment $404,341,000 2007$ Distance from City to Production Facility 62 miles Levelized Cost of Delivery $2.15 2007$ / kg H2 dispensed
Geologic storage capacity 1,324,700 kg H2
Number of trunk pipelines 3 Delivery CO2 Emissions 390 g CO2 eq./ 116000 Btu
Coal Input (including upstream) 2,800 Btu/116000Btu to Pump Service-line length 1.5 miles /line Delivery CH4 Emissions 24 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 2,200 Btu/116000Btu to Pump Number of service lines 122 Delivery N20 Emissions 2 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 100 Btu/116000Btu to Pump Hydrogen losses 0.80% Delivery GHG Emissions 420 g CO2 eq./ 116000 Btu

Hydrogen outlet pressure

12,700 psi

Electricity consumption 4.4 kWh / kg H2 produced Forecourt Dispensing Basis -- Hydrogen Quantity 116,000 Btu (116,000 Btu/gal non-oxygenated
conventional unleaded gasoline)

Total Capital Investment per Station $2,629,000 2007$ / station Average Dispensing Rate per Station 1,000 kg / day Total capital investment $2,650 2007$ / daily kg H2 (effective capacity)
Total Capital Investment $320,679,000 2007$ / all stations Number of Dispensing Stations 122 Levelized Cost of Capital $1.08 2007$ / kg H2 dispensed

Number of Compression Steps 5 Energy & Fuel $0.41 2007$ / kg H2 dispensed
Inlet pressure of hydrogen at stations 300 psi Usable Low Pressure Storage per Station 370 kg H2 Other O&M Costs $0.43 2007$ / kg H2 dispensed

Usable Cascade Storage per Station 130 kg H2 Levelized Cost of Dispensing $1.93 2007$ / kg H2 dispensed
Coal Input (including upstream) 24,400 Btu / 116000Btu to Pump Site storage 42% % of design capacity CSD CO2 Emissions 3,370 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 10,800 Btu/ 116000Btu to Pump # 2-hose Dispensers per Station 2 CSD CH4 Emissions 210 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 900 Btu/116000Btu to Pump Hydrogen Losses 0.50% CSD N20 Emissions 14 g CO2 eq./ 116000 Btu

CSD GHG Emissions 3,590 g CO2 eq./ 116000 Btu
Cost Per Mile $0.69 2007$ / mi

Vehicle Mass 3,020 Ib Vehicle Fuel Share $0.13 2007$ / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/gge Maintenance, Tires, Repairs $0.07 2007$ / mi
Hybridization battery (peak power) 30 kW Vehicle Miles Traveled 15,000 mi/yr Insurance & Registration $0.12 2007$ / mi

Vehicle Lifetime 160,000 mi Depreciation $0.27 2007$ / mi

Purchase Year 2015 Financing $0.10 2007$ / mi

Vehicle Purchase Cost $33,700 2007$
Coal Input (including upstream) 2,300 Btu/ gge fuel consumed Fuel Cell System Cost $4,500 2007% Veh. Cycle CO2 Emissions 1,670 g CO2 eq / gge fuel consumed
Natural Gas Input (including upstream) 12,100 Btu/ gge fuel consumed Hydrogen Storage System Cost $2,400 2007$ Veh. Cycle CH4 Emissions 170 g CO2 eq/ gge fuel consumed
Petroleum Input (including upstream) 6,900 Btu / gge fuel consumed Tax Credit $0 2007% Veh. Cycle N20 Emissions 6 g CO2 eq/ gge fuel consumed

Veh. Cycle GHG Emissions

1,850 g CO2 eq / gge fuel consumed

Figure 6.8.1. Summary of major inputs, assumptions, and outputs by subsystem for the central natural gas—pipeline delivery pathway
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Table 6.8.1. WTP and WTW Results for the Central Natural Gas—Pipeline Delivery Pathway

WTP WTW
Coal input (including upstream)? 30,400 Btu/116,000 Btu 630 Btu/mi
Natural gas input (including upstream)® 187,400 Btu/116,000 Btu 3,910 Btu/mi
Petroleum input (including upstream)? 1,800 Btu/116,000 Btu 40 Btu/mi
Fossil energy input (including upstream)® 219,600 Btu/116,000 Btu 4,580 Btu/mi
WTP CO, emissions” 14,600 /116,000 Btu 300 g/mi
WTP CH,4 emissions 80 /116,000 Btu 2 g/mi
WTP N,O emissions 0 /116,000 Btu 0 g/mi
WTP GHG emissions 16,600 g CO»-eq./ 350 g/mi

116,000 Btu

Cost per kg Cost per mile

Levelized cost of hydrogen $6.07 2007%/kg $0.13  2007%/mi

* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and delivery
pathway as feedstocks and fuels; those used to produce electricity and other materials used in the pathway; and
those used upstream of the pathway to recover, refine, and deliver the feedstock.

® Includes the carbon content of CO, CH,, and volatile organic compound emissions that decompose in the
atmosphere to CO,.

Electricity @
$0.057 4/kyh

Natural Gas Production |Matural Gas @
and Delivery™ $6.09/ MM Bty

Recovery
Frocessing
Pipeline Transport

Electricity for corpressar @ $0.0587 fkWwh

Hydrogen Production:
Desulfurizer
SMR
WGES
P3A

]

Compression &
Pipeline Delivery:

Total capital investment
Levelized Cost of Capital

—— Fixed O&M Costs

“ariahle O&M Costs
Total Levelized Cost

Total capital investment
Levelized Cost of Capital

Electricity for geologic storage
@ $0.0635/kWh

Electricity @ $0.0956/h

Compressor
Geologic Storage
Pipeline

Forecourt
Distribution:

Figure 6.8.2. Cost analysis inputs and high-level results for the central natural gas—pipeline
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$632 20075 / daily kg H2 (effective capacity)
$0.34 20075 7 kg H2 dispensed
$0.06 20075 / kg H2 dispensed
$0.08 200746 / kg H2 dispensed
$2.00 20075 7 kg H2 dispensed

$3,339 20075 7 daily kg H2 (effective capacity)
$1.71 20075 / kg H2 dispensed
$0.04 20075 7 kg H2 dispensed
$0.40 20075 7 kg H2 dispensed
$2.15 200746 / kg H2 dispensed

§2,648 20075 / daily ky H2 (effective capacity)
$1.06 20075 / kg H2 dispensed
$0.41 200746 / kg H2 dispensed
$0.43 20075 7 kg H2 dispensed
$1.93 20075 / kg H2 dispensed
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Figure 6.8.3. Contribution of hydrogen production, delivery, and losses to the levelized cost of
hydrogen from the central natural gas—pipeline delivery pathway

$7.00
LOSSES
$0.03
$6.00 | —
Dispenser & Accessories —|
Low Pressure Storage ——+|
$5.00 Cascade Storage ——+
Compressor —=
° Refrigeration ——»
2 DELIVERY
Eﬂ_ $4.00 $4.08 Geologic Storage —
w
£
M Capital
:’é’ £ Distribution Pipeline —+
= $3.00 —
&
Transmission Pipeline —|
$2.00 Central Compressor
PRODUCTION Feedstock
$1.00 $1.97
SCR NOx Control on Stack
Otherc? &M!al [-—— Balance of Plant and Offsites
$0.00 s . [=— Process Plant Equipment

Figure 6.8.4. Breakdown of levelized costs for the central natural gas—pipeline delivery pathway
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Table 6.8.2. Contribution of Production and Delivery Processes to Levelized Hydrogen Cost for the
Central Natural Gas—Pipeline Delivery Pathway

Other Energy/
Cost Component Capital O&M Feedstock Fuel Total
Production $0.33  $0.14 $1.50 $1.97
Process plant equipment $0.24
Balance of plant and offsites $0.09
SCR NOx control on stack $0.00
Delivery $2.80  $0.83 $0.45 $4.08
Central compressor $0.12
Transmission pipeline $0.30
Distribution pipeline $1.64
Geologic storage $0.09
Gaseous refueling station $1.08 $0.43 $0.41 $1.93
Refrigeration $0.12
Compressor $0.41
Cascade storage $0.12
Low pressure storage $0.30
Dispenser and accessories $0.13
Losses $0.03
Total $3.13 $0.97 $1.50 $0.45 $6.08

6.8.2 Energy Use and Emissions Breakdown

Figures 6.8.5 and 6.8.6 show the WTW energy inputs and losses for the central natural gas—
pipeline delivery pathway.

Figures 6.8.7 and 6.8.8 show the WTW emissions resulting from the delivery of 116,000 Btu
hydrogen to a vehicle fuel tank using the central natural gas—pipeline delivery pathway.
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Figure 6.8.5. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the central
natural gas—pipeline delivery pathway
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Figure 6.8.6. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen using
the central natural gas—pipeline delivery pathway
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Figure 6.8.7. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the central
natural gas—pipeline delivery pathway
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Figure 6.8.8. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu hydrogen
to a vehicle using the central natural gas—pipeline delivery pathway
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6.8.3 Sensitivities
6.8.3.1 Production Sensitivities

Several sensitivities were run on the production portion of the central natural gas—pipeline
delivery pathway. These sensitivities focused primarily on cost factors; however, several
sensitivities also affect energy use and emissions. Figure 6.8.9 shows the effects of several
production parameters on the pathway’s levelized cost.

56.10
Feedstock Cost {$/MMBtu) $3.00 $8.10
5220
Production TCI ($MM) $150 . 5280
0.9
Capacity Factor 0.95 I .85
577
Fixed Operating Costs {SMM/yr) 55 .4I $10.0
$5.00 $5.50 $6.00 $6.50 $7.00

Figure 6.8.9. Production sensitivities for central natural gas—pipeline delivery pathway

The assumed electrical grid mix also affects the energy use and emissions. Table 6.8.3 shows the
differences in energy use and GHG emissions between the U.S. average grid mix (which was
used for all other sensitivities) and a hypothetical green grid mix that is 100% renewable energy
(solar and wind).

Table 6.8.3. The Effects of Fuel Economy and Grid Mix on Use of Primary Energy and Emissions
from the Central Natural Gas—Pipeline Delivery Pathway

U.S. Average U.S. Average “Green” Grid

Grid Mix Grid Mix Mix

(48 mpgge) (68 mpgge) (48 mpgge)
WTW GHG emissions (g/mile) 350 240 250
WTW fossil energy (Btu/mile) 4,600 3,200 3,600
WTW petroleum energy (Btu/mile) 40 30 10
WTW total energy (Btu/mile) 4,800 3,400 4,100

6.8.3.2 Delivery Sensitivities

Pipeline delivery sensitivities are reported for the biomass production scenario in Section 6.4.3.
The effects of the sensitivities will be the same for all pipeline delivery scenarios.
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6.9 Central Wind Electricity—Pipeline Delivery

Figure 6.9.1 shows the major inputs, assumptions, and outputs for each of the subsystems
considered in the well-to-tank analysis, including feedstock supply and hydrogen dispensing.
(See Appendix I for more details on this pathway.)

The WTP and WTW cost of hydrogen, energy use, and emissions for the central wind
electricity—pipeline delivery pathway are summarized in Table 6.9.1.

6.9.1 Cost Breakdown

Figure 6.9.2 shows the feedstock and energy price inputs and the resulting hydrogen production,
delivery, and distribution costs for the central wind electricity—pipeline delivery pathway. The
financial assumptions used in this analysis are detailed in Section 5.

Figure 6.9.3 shows the contributions of hydrogen production, delivery, and losses to the
levelized cost of hydrogen shown in Figure 6.9.2.

Figure 6.9.4 and Table 6.9.2 show the breakdown of levelized costs for the central wind
electricity—pipeline delivery pathway.
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Inputs

Assumptions

Outputs

Coal Input (including upstream)
Natural Gas Input (including upstream)

200
125,600

Btu / 116000Btu to Pump
Btu / 116000Btu to Pump

NG Recovery, Processing, & Transport

NG Recovery Efficiency

NG emitted during recovery

NG processing energy efficiency
NG emitted during processing
NG emitted during transport

95.7%
400 g/MMbtu NG

97.2%
30 g/MMbtu NG

199,400 g/MMbtu NG

NG Delivery Pressure
NG Quality at Delivery

NG Cost in 2015
NG Share of Levelized Cost

WTG CO2 Emissions
WTG CH4 Emissions

$6.09
$1.52

600
1,260

Average of gas companies
Average of gas companies

2007 $ / mmBTU
2007% / kg H2 dispensed

g CO2 eq./ 116000 Btu
g CO2 eq./ 116000 Btu

Petroleum Input (including upstream) 500 Btu / 116000Btu to Pump NG transport distance 500 miles WTG N20 Emissions 3 g CO2 eq./ 116000 Btu
WTG GHG Emissions 1,870 g CO2 eq./ 116000 Btu
Hydrogen Output Pressure 300 psi
Natural gas consumption 0.1564 MMBtu/kg H2 produced Hydrogen Production Hydrogen Outlet Quality 99.9%
Electricity consumption 0.57 kWh / kg H2
Process Water Consumption 3.36 gal/ kg H2 Central plant design capacity 379,400 kg/day Total capital investment $632 2007$ / daily kg H2 (effective capacity)
Cooling Water Consumption 1.50 gal / kg H2 Capacity fagtor 90% Levelized Cost of Capital $0.34 2007$ / kg H2 dispensed
necessary 0.35 Fixed O&M Costs $0.06 2007$ / kg H2 dispensed
Total Capital Investment $215,844,000 2007$ Process energy efficiency 71.9% Variable O&M Costs $0.08 2007$ / kg H2 dispensed
Electricity Mix US Mix Total Levelized Cost $2.00 2007$ / kg H2 dispensed
After-tax IRR 10%
Coal Input (including upstream) 2,900 Btu/ 116000Btu to Pump Assumed Plant Life 40 SMR CO2 Emissions 10,200 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 48,800 Btu/ 116000Btu to Pump SMR CH4 Emissions 500 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 300 Btu/116000Btu to Pump SMR N20 Emissions 12 g CO2 eq./ 116000 Btu
SMR GHG Emissions 10,700 g CO2 eq./ 116000 Btu
Electricity consumption for compressor 0.56 kWh / kg H2 produced Pipelines for Delivery Total capital investment $3,340 2007$ / daily kg H2 (effective capacity)
Electricity consumption for geo storage 0.01 kWh / kg H2 produced
Total electricity consumption 0.57 kWh / kg H2 produced City Population 1,247,000 people Levelized Cost of Capital $1.71 2007$ / kg H2 dispensed

Hydrogen Vehicle Penetration 15% Energy & Fuel $0.04 2007$ / kg H2 dispensed
City hydrogen use 121,100 kg /day Other O&M Costs $0.40 2007$ / kg H2 dispensed
Total Capital Investment $404,341,000 2007% Distance from City to Production Facility 62 miles Levelized Cost of Delivery $2.15 2007$ / kg H2 dispensed
Geologic storage capacity 1,324,700 kg H2
Number of trunk pipelines (3 Delivery CO2 Emissions 390 g CO2 eq./ 116000 Btu
Coal Input (including upstream) 2,800 Btu/116000Btu to Pump Service-line length 1.5 miles / line Delivery CH4 Emissions 24 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 2,200 Btu/ 116000Btu to Pump Number of service lines 122 Delivery N20O Emissions 2 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 100 Btu/ 116000Btu to Pump Hydrogen losses 0.80% Delivery GHG Emissions 420 g CO2 eq./ 116000 Btu
Hydrogen outlet pressure 12,700 psi
Electricity consumption 4.4 kWh / kg H2 produced Forecourt Dispensing Basis -- Hydrogen Quantity 116,000 Btu (116,000 Btu/gal non-oxygenated
conventional unleaded gasoline)
Total Capital Investment per Station $2,629,000 2007$ / station Average Dispensing Rate per Station 1,000 kg /day Total capital investment $2,650 2007$ / daily kg H2 (effective capacity)
Total Capital Investment $320,679,000 2007$ / all stations Number of Dispensing Stations 122 Levelized Cost of Capital $1.08 2007$ / kg H2 dispensed
Number of Compression Steps 5 Energy & Fuel $0.41 2007$ / kg H2 dispensed
Inlet pressure of hydrogen at stations 300 psi Usable Low Pressure Storage per Station 370 kg H2 Other O&M Costs $0.43 2007$ / kg H2 dispensed
Usable Cascade Storage per Station 130 kg H2 Levelized Cost of Dispensing $1.93 2007$ / kg H2 dispensed
Coal Input (including upstream) 24,400 Btu / 116000Btu to Pump Site storage 42% % of design capacity CSD CO2 Emissions 3,370 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 10,800 Btu / 116000Btu to Pump # 2-hose Dispensers per Station 2 CSD CH4 Emissions 210 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 900 Btu/116000Btu to Pump Hydrogen Losses 0.50% CSD N20 Emissions 14 g CO2 eq./ 116000 Btu
CSD GHG Emissions 3,590 g CO2 eq./ 116000 Btu
Cost Per Mile $0.69 2007$ / mi
Vehicle Mass 3,020 Ib Vehicle Fuel Share $0.13 2007 / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/ gge Maintenance, Tires, Repairs $0.07 2007% / mi
Hybridization battery (peak power) 30 kW Vehicle Miles Traveled 15,000 mi/yr Insurance & Registration $0.12 20073 / mi
Vehicle Lifetime 160,000 mi Depreciation $0.27 2007$ / mi
Purchase Year 2015 Financing $0.10 2007$ / mi
Vehicle Purchase Cost $33,700 2007%
Coal Input (including upstream) 2,300 Btu/ gge fuel consumed Fuel Cell System Cost $4,500 2007$ Veh. Cycle CO2 Emissions 1,670 g CO2 eq / gge fuel consumed
Natural Gas Input (including upstream) 12,100 Btu / gge fuel consumed Hydrogen Storage System Cost $2,400 2007$ Veh. Cycle CH4 Emissions 170 g CO2 eq/ gge fuel consumed
Petroleum Input (including upstream) 6,900 Btu / gge fuel consumed Tax Credit $0 2007$% Veh. Cycle N20O Emissions 6 g CO2 eq / gge fuel consumed

Veh. Cycle GHG Emissions

1,850

g CO2 eq / gge fuel consumed

Figure 6.9.1. Summary of major inputs, assumptions, and outputs by subsystem for the central wind electricity—pipeline delivery pathway

144




Table 6.9.1. WTP and WTW Results for the Central Wind Electricity—Pipeline Delivery Pathway

WTP WTW
Coal input (including upstream)? 27,300 Btu/116,000 Btu 570 Btu/mi
Natural gas input (including upstream)® 12,100 Btu/116,000 Btu 250 Btu/mi
Petroleum input (including upstream)? 1,000 Btu/116,000 Btu 20 Btu/mi
Fossil energy input (including upstream)® 40,400  Btu/116,000 Btu 840 Btu/mi
WTP CO, emissions” 3,800 g/116,000 Btu 80 g/mi
WTP CH,4 emissions 10 g/116,000 Btu 0 g/mi
WTP N,O emissions 0 g/116,000 Btu 0 g/mi
WTP GHG emissions 4,000 g COs-eq./ 80 g/mi

116,000 Btu
Cost per kg Cost per mile

Levelized cost of hydrogen ($/kg) $8.41 2007%/kg $0.18 2007%/mi
* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and delivery
pathway as feedstocks and fuels; those used to produce electricity and other materials used in the pathway; and
those used upstream of the pathway to recover, refine, and deliver the feedstock.
® Includes the carbon content of CO, CHy,, and volatile organic compound emissions that decompose in the
atmosphere to CO,.

Electricity Generation |Electricity @ Hydrogen Production: Total capital investment
and Transport: $0.0574/kWh Demineralizer Levelized Cost of Capital
Resource Recovery, »| Elec. Transformer/Rectifier —— Fixed O&M Costs

$1,320 2007$ / daily kg H2 (effective capacity)
$0.67 2007$ / kg H2 dispensed
$0.23 2007$ / kg H2 dispensed

Processing & Delivery
Electricity Generation,
Transmission & Distribution

Electricity for compressor @ $0.0587/kWh

Electrolyzer
Scrubber

I

Electricity for geologic storage
@ $0.0634/kWh

Electricity @ $0.0955/kWh

Compression &
Pipeline Delivery:
Compressor
Geologic Storage
Pipeline

Forecourt
Distribution:
Compressor
Gaseous H2 Storage
Dispensing

Hydrogen @ $8.41/kg

Variable O&M Costs
Total Levelized Cost

Total capital investment
Levelized Cost of Delivery

— Energy & Fuel

Other O&M Costs
Levelized Cost of Delivery

Total capital investment
Levelized Cost of Capital

— Energy & Fuel

Other O&M Costs

Levelized Cost of Dispensing

delivery pathway
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$0.06 2007$ / kg H2 dispensed
$4.33 2007$ / kg H2 dispensed

$3,339 2007$ / daily kg H2 (effective capacity)
$1.71 2007$ / kg H2 dispensed
$0.04 2007$ / kg H2 dispensed
$0.40 2007$ / kg H2 dispensed
$2.15 2007$ / kg H2 dispensed

$2,648 2007$ / daily kg H2 (effective capacity)
$1.08 2007$ / kg H2 dispensed
$0.41 2007$ / kg H2 dispensed
$0.43 2007$ / kg H2 dispensed
$1.93 2007$ / kg H2 dispensed

Figure 6.9.2. Cost analysis inputs and high-level results for the central wind electricity—pipeline



Wind Electrolysis - Delivery of Gaseous
Hydrogen in Pipelines

Losses $0.05

Delivery
$4.08

Production
$4.27

Figure 6.9.3. Contribution of hydrogen production, delivery, and losses to the levelized cost of
hydrogen from the central wind electricity—pipeline delivery pathway
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Figure 6.9.4. Breakdown of levelized costs for the central wind electricity—pipeline delivery

Fuel costs are not the only costs of ownership of a vehicle. Vehicle ownership costs including
fuel, maintenance, tires, repairs, insurance, registration, and vehicle depreciation and financing
are shown in figure 6.9.5. Note that the costs in the figure are not discounted (i.e., a discount rate
was not used to reduce future costs to their net present values). That methodology has the same
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Central Compressor —— [N

Other O&M

T

System

Hydrogen Gas Management
System

«—— Electrolyzer Stack

Mechanical Balance of Plant
Power Electronics
Electrolyte Management

Energy

effect as a discount rate of 0%.

pathway
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Table 6.9.2. Contribution of Production and Delivery Processes to Levelized Hydrogen Cost from
the Central Wind Electricity—Pipeline Delivery Pathway

Other Energy/
Cost Component Capital O&M Feedstock Fuel Total
Production $0.66 $0.29  $3.33 $4.27
Electrolyzer stack $0.43
Hydrogen gas management system $0.10
Electrolyte management system $0.06
Power electronics $0.06
Mechanical balance of plant $0.01
Delivery $2.80 $0.83 $0.45 $4.08
Central compressor $0.12
Transmission pipeline $0.30
Distribution pipeline $1.64
Geologic storage $0.09
Gaseous refueling station $1.08 $0.43 $0.41 $1.93
Compressor $0.46
Cascade storage $0.14
Low Pressure storage $0.34
Dispenser and accessories $0.14
Losses $0.05
Total $3.46 $1.12  $3.33 $0.45 $8.41

Total Vehicle Ownership Costs
($/mile, not discounted)

M Fuel

B Maintenance

® Tires

H Repairs

B [nsurance

H Registration, taxes & fees
¥ Depreciation

¥ Financing

$0.03

Figure 6.9.5. Breakdown of vehicle ownership costs for the central wind electricity—pipeline
delivery pathway

6.9.2 Energy Use and Emissions Breakdown

Figures 6.9.6 and 6.9.7 show the WTW energy inputs and losses for the central wind
electricity—pipeline delivery pathway.
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Figures 6.9.8 and 6.9.9 show the WTW emissions resulting from the delivery of 116,000 Btu
hydrogen to a vehicle fuel tank using the central wind electricity—pipeline delivery pathway.

0 Btu Coal
0 Btu Natural Gas | Electricity Generation Hydrogen Production:
0 Btu Petroleum and Transport: 174 000 Btu Electricity Demineralizer
—_—> Resource Recovery, » Elec. Transformer/Rectifier
Processing & Delivery Electrolyzer
Electricity Generation, Scrubber

Transmission & Distribution

I

2,800 Btu Coal Compression &
1,300 Btu Natural Gas Pipeline Delivery:
100 Btu Petroleum > Compressor — Transport losses 0.77%
Geologic Storage
Pipeline
24 500 Btu Coal Forecourt
10,800 Btu Matural Gas Distribution:
900 Btu Petroleum > Compressor — Dispensing losses 0.50%
Gaseous H2 Storage
Dispensing

v
116,000 Btu
Hydrogen Gas

Figure 6.9.6. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the central
wind electricity—pipeline delivery pathway

40.000 WTW Energy Input (Wind Electrolysis with Pipeline H2 Delivery)
35,000 OPetroleum Input (including upstream)
30,000 } BNatural Gas Input (including upstream)
o . .
g 25,000 Coal Energy Input (including upstream)
(]
3 20,000 f
m
15,000
10,000
5,000 ]
0 1 1 1
Electricity Production  Hydrogen Production Pipeline Transport Forecourt Storage &
& Delivery Dispensing

Figure 6.9.7. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen using
the central wind electricity—pipeline delivery pathway

149



Electricity Generation |CO2 Emissions 0 g Hydrogen Production: CO2 Emissions 0g
and Transport: CH4 Emissions 0 g Demineralizer CH4 Emissions Og
Resource Recaovery, » Elec. Transformer/Rectifier N20 Emissions Og
Processing & Delivery  |N20 Emissions 0 g Electrolyzer GHG Emissions 0Og
Electricity Generation, [GHG Emissions 0 g Scrubber
Transmission & Distribution l
Compression & CO2 Emissions 390 g
Pipeline Delivery: CH4 Emissions 24 g
Electricity —— Compressor —» N20 Emissions 2q
Geologic Storage GHG Emissions 420 g
Pipeline
Forecourt CO2 Emissions 3,400 g
Distribution: CH4 Emissions 210 g
Electricity ——» Compressor —— N20 Emissions 144
Gaseous H2 Storage GHG Emissions 3,600 g
Dispensing
T
116,000 Btu

Hydrogen Gas

Figure 6.9.8. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the central
wind electricity—pipeline delivery pathway

WTW Emissions (Wind Electrolysis with Pipeline H2 Delivery)

4,000

3,500

3,000 | BCO2 BCH4 ON20
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1,500

g CO2 eq/GGE

1,000

500

Electricity Production
& Delivery

Hydrogen Production Pipeline Transport Forecourt Storage &

Dispensing

Figure 6.9.9. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu hydrogen
to a vehicle using the central wind electricity—pipeline delivery pathway

Figures 6.9.10 and 6.9.11 show the energy inputs and emissions, respectively, for the vehicle
cycles in addition to those for the fuel production cycle. The fuel production cycle values are
consistent with those reported in Figures 6.9.7 and 6.9.9.
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40,000 WTW Energy Input Including Vehicle Cycle (Wind Electrolysis w/ Pipeline Delivery)
35,000 OPetroleum Input (including upstream)
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Figure 6.9.10. Life-cycle petroleum, natural gas, and coal inputs for both the central wind
electricity—pipeline delivery pathway and the vehicle cycle

WTW Emissions Including Vehicle Cycle (Wind Electrolysis with Pipeline H2 Delivery)
4,000

3500 | —

O0CO2 BCH4 ON20

3,000 f

2,500

2,000

1,500

g CO2 eq/GGE

1,000

500
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Figure 6.9.11. Life-cycle CO,, CH,4, and N,O emissions for both the central wind electricity—
pipeline delivery pathway and the vehicle cycle

6.9.3 Sensitivities
6.9.3.1 Production Sensitivities

Several sensitivities were run on the production portion of the central wind electricity—pipeline
delivery pathway. These sensitivities focused primarily on cost factors. Figure 6.9.12 shows the
effects of several production parameters on the pathway’s levelized cost.
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Note that the electricity cost is the sensitivity with the greatest potential effect on the levelized
cost. The baseline electricity cost is the industrial electricity price and may be too low for wind
electricity.

Effects of the sensitivities on WTW energy use and emissions are not shown because, due to the

assumption that the electricity feedstock is wind-generated, the production fossil energy use and
emissions are zero at all efficiencies.

$0.057
Feedstock Cost ($/kWh} $0.029 50.086

67%

Production Efficiency 72% . 61%

468
Production TCI {$MIV) 547 I 528

10

Staffing (FTE} 5 I

56.00 $7.00 58.00 $9.00 $10.00 $11.00

Figure 6.9.12. Production sensitivities for the central wind electricity—pipeline delivery pathway

6.9.3.2 Delivery Sensitivities

Pipeline delivery sensitivities are reported for the biomass production scenario in Section 6.4.3.
The effects of the sensitivities will be the same for all pipeline delivery scenarios.

6.10 Central Coal with Carbon Capture and Storage—Pipeline Delivery

Figure 6.10.1 shows the major inputs, assumptions, and outputs for each of the subsystems
considered in the well-to-tank analysis, including feedstock supply and hydrogen dispensing.
(See Appendix J for more details on this pathway.)

The WTP and WTW cost of hydrogen, energy use, and emissions for the central coal with
CCS—pipeline delivery pathway are summarized in Table 6.10.1.

6.10.1 Cost Breakdown

Figure 6.10.2 shows the feedstock and energy price inputs and the resulting hydrogen
production, delivery, and distribution costs for the central coal with CCS—pipeline delivery
pathway. The financial assumptions used in this analysis are detailed in Section 5.

Figure 6.10.3 shows the contributions of hydrogen production, delivery, and losses to the
levelized cost of hydrogen shown in Figure 6.10.2.
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Figure 6.10.4 and Table 6.10.2 show the breakdown of levelized costs for the central coal with
CCS—ypipeline delivery pathway.
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Inputs Assumptions Outputs
Coal Production & Delivery Coal price at H2 production $34 2007 $ / ton
Coal Share of Levelized Cost $0.30 2007$ / kg H2 dispensed
Energy Recovery 99.3%
WTG CO2 Emissions 110 g CO2 eq./ 116000 Btu
Coal Input (including upstream) 116,400 Btu / 116000Btu to Pump WTG CH4 Emissions 430 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 200 Btu/116000Btu to Pump WTG N20 Emissions 1 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 700 Btu/116000Btu to Pump Average distance from coal mine to H2 prod. 65 miles WTG GHG Emissions 540 g CO2 eq./ 116000 Btu
Hydrogen Output Pressure 300 psi
Coal consumption 7.8 kg (dry) / kg H2 produced Hydrogen Production & Carbon Capture and Sequestration (CCS) Hydrogen Outlet Quality 99.9%
Natural gas consumption 0.0 MMBtu/kg H2 produced
Electricity consumption 1.72 kWh / kg H2 Central plant design capacity 307,700 kg /day Total capital investment $2,500 2005$ / daily kg H2 (effective capacity)
Process Water Consumption 2.91 gal/ kg H2 produced Capacity factor 90% Levelized Cost of Capital $1.29 2005$ / kg H2 dispensed
Cooling Water Consumption 0.00 gal / kg H2 produced Number of production facilities necessary 0.44 Fixed O&M Costs $0.30 2005% / kg H2 dispensed
Process energy efficiency 56.8% Variable O&M Costs $0.18 2005$ / kg H2 dispensed
Total Capital Investment $691,378,000 2005% Electricity Mix US Mix Total Levelized Cost $2.06 2005% / kg H2 dispensed
After-tax IRR 10%
Coal Input (including upstream) 99,400 Btu/ 116000Btu to Pump Assumed Plant Life 40 Production CO2 Emissions 4,510 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 7,200 Btu/116000Btu to Pump CO2 Captured for Sequestration 90% Production CH4 Emissions 440 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 1,100 Btu/ 116000Btu to Pump CO2 Captured for Sequestration 4,925,000 kg CO2 / day ProductionN20 Emissions 9 g CO2 eq./ 116000 Btu
Production GHG Emissions 4,960 g CO2 eq./ 116000 Btu
Pipelines for Delivery Total capital investment $3,340 2007$ / daily kg dispensed
Electricity consumption for compressor 0.56 kWh / kg H2 dispensed
Electricity consumption for geo storage 0.01 kWh / kg H2 dispensed City Population 1,247,000 people Levelized Cost of Capital $1.71 2007$ / kg H2 dispensed
Total electricity consumption 0.57 kWh / kg H2 dispensed Hydrogen Vehicle Penetration 15% Energy & Fuel $0.04 2007$ / kg H2 dispensed
City hydrogen use 121,100 kg /day Other O&M Costs $0.40 2007$ / kg H2 dispensed
Total Capital Investment $404,341,000 2007% Distance from City to Production Facility 62 miles Levelized Cost of Delivery $2.15 2007$ / kg H2 dispensed
Geologic storage capacity 1,325,000 kg H2
Number of trunk pipelines 3 Delivery CO2 Emissions 390 g CO2 eq./ 116000 Btu
Coal Input (including upstream) 3,700 Btu/116000Btu to Pump Service-line length 1.5 miles / line Delivery CH4 Emissions 24 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 1,300 Btu/116000Btu to Pump Number of service lines 122 Delivery N20 Emissions 2 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 100 Btu/116000Btu to Pump Hydrogen losses 0.76% Delivery GHG Emissions 420 g CO2 eq./ 116000 Btu
Hydrogen outlet pressure 12,700 psi
Electricity consumption 4.4 KWh / kg H2 Forecourt Dispensing Basis -- Hydrogen Quantity 116,000 Btu (116,000 Btu/gal non-oxygenated
conventional unleaded gasoline)
Total Capital Investment per Station $2,629,000 2007$ / station Average Dispensing Rate per Station 1,000 kg/day Total capital investment $2,650 2007$ / daily kg H2 (effective capacity)
Total Capital Investment $320,679,000 2007$ / all stations Number of Dispensing Stations 122 Levelized Cost of Capital $1.08 2007$ / kg H2 dispensed
Number of Compression Steps 5 Energy & Fuel $0.41 2007$ / kg H2 dispensed
Inlet pressure of hydrogen at stations 300 psi Usable Low Pressure Storage per Station 370 kg H2 Other O&M Costs $0.43 2007$ / kg H2 dispensed
Usable Cascade Storage per Station 130 kg H2 Levelized Cost of Dispensing $1.93 2007$ / kg H2 dispensed
Coal Input (including upstream) 24,400 Btu/116000Btu to Pump Site storage 42% % of design capacity | CSD CO2 Emissions 3,370 g CO2 eq./ 116000 Btu
Natural Gas Input (including upstream) 10,800 Btu / 116000Btu to Pump # of 2-hose Dispensers per Station 2 CSD CH4 Emissions 210 g CO2 eq./ 116000 Btu
Petroleum Input (including upstream) 900 Btu/ 116000Btu to Pump Hydrogen Losses 0.50% CSD N20 Emissions 14 g CO2 eq./ 116000 Btu
CSD GHG Emissions 3,590 g CO2 eq./ 116000 Btu
Cost Per Mile $0.69 2007% / mi
Vehicle Mass 3,020 Ib Vehicle Fuel Share $0.13 2007 / mi
Fuel cell size 70 kW Fuel Economy 48.0 mi/gge Maintenance, Tires, Repairs $0.07 2007% / mi
Size of hybridization battery 30 kW Vehicle Miles Traveled 15,000 mi/yr Insurance & Registration $0.12 2007$ / mi
Vehicle Lifetime 160,000 mi Depreciation $0.27 2007$ / mi
Purchase Year 2015 Financing $0.10 2007$ / mi
Vehicle Purchase Cost $33,700 2007$%
Coal Input (including upstream) 2,300 Btu/ gge fuel consumed Fuel Cell System Cost $4,500 2007$ Vehicle Cycle CO2 Emissions 1,670 g CO2 eq/ gge fuel consumed
Natural Gas Input (including upstream) 12,100 Btu / gge fuel consumed Hydrogen Storage System Cost $2,400 2007$ Vehicle Cycle CH4 Emissions 170 g CO2 eq/ gge fuel consumed
Petroleum Input (including upstream) 6,900 Btu / gge fuel consumed Tax Credit $0 2007$ Vehicle Cycle N20 Emissions 6 g CO2 eq/ gge fuel consumed
Vehicle Cycle GHG Emissions 1,850 g CO2 eq / gge fuel consumed

Figure 6.10.1. Summary of major inputs, assumptions, and outputs by subsystem for the central coal with CCS—pipeline delivery pathway
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Table 6.10.1. WTP and WTW Results for the Central Coal with CCS—Pipeline Delivery Pathway

WTP WTW
Coal input (including upstream)? 128,000 Btu/116,000 Btu 5,100 Btu/mi
Natural gas input (including upstream)® 19,500 Btu/116,000 Btu 410 Btu/mi
Petroleum input (including upstream)? 2,800 Btu/116,000 Btu 60 Btu/mi
Fossil energy input (including upstream)® 150,300 Btu/116,000 Btu 5,560  Btu/mi
WTP CO, emissions” 8,400 g/116,000 Btu 180 g/mi
WTP CH,4 emissions 40 g/116,000 Btu 1 g/mi
WTP N,O emissions 0 g/116,000 Btu 0 g/mi
WTP GHG emissions 9,500 g COs-eq./ 200 g/mi

116,000 Btu

Cost per kg Cost per mile

Levelized cost of hydrogen $6.14 2007 $/kg $0.13 2007 $/mi

* Coal, natural gas, and petroleum inputs include those used directly in the hydrogen production and delivery

pathway as feedstocks and fuels; those used to produce electricity and other materials used in the pathway; and
those used upstream of the pathway to recover, refine, and deliver the feedstock.
® Includes the carbon content of CO, CH,, and volatile organic compound emissions that decompose in the

atmosphere to CO,.

Hydrogen Production

Coal Mining Coal @ &CCs: Total capital mvestment $2,497 2005% / daly kg H2 (effective capacity)
& Delivery™: $33 98/short ton Gasifier Levelized Cost of Gapital $1.29 2005% { kg H2? dispensed
Mining/Recovery » Shift Converter [——» Fxed ORM Gosts $0.30 20053% { kg H2? dispensed
Rail Transport H2S Removal Variable O&M Costs $0.18 2005% / kg H2? dispensed
CO2 Removal Total Levelized Cost $2.06 2005% { kg H2 dispensed
PSA
Compression & Total capital mvestment $3,339 2007% / daly kg dispensed
Bechicity for compressor @ $0.05874&Vh Pipeline Delivery: Levelized Cost of Gapital $1.71 2007% { kg H2? dispensed
> Compressor —* Enemgy & Fuel $0.04 20075 { kg H2 dispensed
Blecticity for geologic Geologic Storage Other O&M Costs $0.40 20075 { kg H2 dispensed
@ 3$0.0634100h Pipeline Levelized Cost of Delivery $2.15 2007$ { ky H2 dispensed
Forecourt Total capital ivestment $2,648 2007% / daly kg H2 (effectve caparcity)
Becticity @ $0.0955%\h Distribution: Levelized Cost of Capital $1.08 2007$ / ky H2 dispensed
> Compressor — Enemy & Fuel $0.41 2007% { kg H2 dispensed
Gaseous H2 Storage Other O&M Costs $0.43 2007% { kg H2 dispensed
Dispensing Levelized Cost of Dispensing $1.93 2007% { kg H2 dispensed
T
Hydiogen @ $6.14/kg
*This b the coal that is ¢ to hydrogen or Host as a process feedstock.

It does not nchude coal used as a heating fuel or to produce elecincity.

Figure 6.10.2. Cost analysis inputs and high-level results for the central coal with CCS—pipeline

delivery pathway
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Coal Gasification with CCS - Delivery of Gaseous
Hydrogen in Pipelines

Losses $0.03

Production
$2.04

Delivery
$4.08

Figure 6.10.3. Contribution of hydrogen production, delivery, and losses to the levelized cost of
hydrogen for the central coal with CCS—pipeline delivery pathway
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Figure 6.10.4. Breakdown of levelized costs for the central coal with CCS—pipeline delivery
pathway

156



Table 6.10.2. Contribution of Production and Delivery Processes to Levelized Hydrogen Cost from
the Central Coal with CCS—Pipeline Delivery Pathway

Other Energy/
Cost Component Capital O&M Feedstock Fuel Total
Production $1.27  $0.48 $0.29 $2.04
Coal handling prep and feed $0.10
Feedwater and misc. BOP systems $0.02
Gasifier and accessories $0.23
Air separation unit $0.25
Hydrogen separation and gas cleanup $0.34
Heat-recovery steam generator ducting
and stack $0.06
Steam turbine generator $0.04
Cooling water system $0.02
Ash handling system $0.03
Accessory electric plant $0.04
Instrumentation and control $0.03
Buildings and structures $0.02
ZnO polisher and CO, comp. $0.08
Delivery $2.80  $0.83 $0.45 $4.08
Central compressor $0.12
Transmission pipeline $0.30
Distribution pipeline $1.64
Geologic storage $0.09
Gaseous refueling station $1.08 $0.43 $0.41 $1.93
Refrigeration $0.12
Compressor $0.41
Cascade storage $0.12
Low pressure storage $0.30
Dispenser and accessories $0.13
Losses $0.03
Total $4.07 $1.31  $0.29 $0.45 $6.14

6.10.2 Energy Use and Emissions Breakdown

Figures 6.10.5 and 6.10.6 show the WTW energy inputs and losses for the central coal with
CCS—ypipeline delivery pathway. The WTW energy inputs to coal mining and delivery include
those necessary to produce 116,000 Btu of coal for gasification. Additional WTW energy inputs
for coal needed for heating, electricity, and process inefficiency are reported as inputs to
hydrogen production.

Figures 6.10.7 and 6.10.8 show the WTW emissions resulting from the delivery of 116,000 Btu
hydrogen to a vehicle fuel tank using the central coal with CCS—vpipeline delivery pathway.
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99 400 Btu Coal
7,200 Btu Natural Gas
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200 Btu Natural Gas Coal Mining & CCS:
700 Btu Petroleum & Delivery™ 216,000 Btu Coal Gasifier
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Rail Transport H2S Remaoval
CO2 Removal
PSA
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3,700 Btu Coal Compression &
1,300 Btu Natural Gas Pipeline Delivery:
100 Btu Petroleum Compressor — Transport losses 0.77%
Geologic Storage
Pipeline
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24 400 Btu Coal Forecourt
10,800 Btu Matural Gas Distribution:
900 Btu Petroleum Compressor — Dispensing losses 0.50%
Gaseous H2 Storage
Dispensing

v

|

116,000 Btu
Hydrogen Gas

Figure 6.10.5. WTW energy inputs to deliver 116,000 Btu hydrogen to a vehicle using the central
coal with CCS—pipeline delivery pathway

WTW Energy Input (Coal Gasification with CCS & Pipeline H2 Delivery)
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Figure 6.10.6. WTW petroleum, natural gas, and coal inputs to deliver 116,000 Btu hydrogen using
the central coal with CCS—pipeline delivery pathway
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Hydrogen Production

Coal Mining CO2 Emissions 110 g & CCS: CO2 Emissions 4,500 g
& Delivery™ CH4 Emissions 430 g Gasifier CH4 Emissions 440 g
Mining/Recovery > Shift Converter — N20 Emissions 9qg
Rail Transport N20 Emissions 1 g H25 Removal GHG Emissions 5,000 g

GHG Emissions 540 g CO2 Remaoval

PTA
Compression & CO02 Emissions 390 g
Electricity Pipeline Delivery: CH4 Emissions 24 g
Compressor —» N20 Emissions 2y
Geologic Storage GHG Emissions 420 g
Pipeline

Forecourt CO2 Emissions 3,400 g
Electricity Distribution: CH4 Emissions 210 g
Compressor — N20 Emissions 14 g
Gaseous H2 Storage GHG Emissions 3,600 g

Dispensing

|
116,000 Btu

Hydrogen Gas

Figure 6.10.7. WTW emissions resulting from delivery of 116,000 Btu hydrogen using the central
coal with CCS—pipeline delivery pathway
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Figure 6.10.8. WTW CO,, CH,4, and N,O emissions resulting from delivery of 116,000 Btu hydrogen
to a vehicle using the central coal with CCS—pipeline delivery pathway

6.10.3 Sen