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ABSTRACT

Reducing the cost of delivering hydrogen to fueling stations and dispensing it into fuel cell electric vehicles (FCEVs) is one critical element of efforts
to increase the cost-competitiveness of FCEVs. Today, hydrogen is primarily delivered to stations by trucks. Pipeline delivery is much rarer: one
urban U.S. station has been supplied with 800-psi hydrogen from an industrial hydrogen pipeline since 2011, and a German station on the edge of an
industrial park has been supplied with 13,000-psi hydrogen from a pipeline since 2006. This article compares the economics of existing U.S.
hydrogen delivery methods with the economics of a high-pressure, scalable, intra-city pipeline system referred to here as the “HyLine” system. In the
HyLine system, hydrogen would be produced at urban industrial or commercial sites, compressed to 15,000 psi, stored at centralized facilities,
delivered via high-pressure pipeline to retail stations, and dispensed directly into FCEVs. Our analysis of retail fueling station economics in Los
Angeles suggests that, as FCEV demand for hydrogen in an area becomes sufficiently dense, pipeline hydrogen delivery gains an economic advantage
over truck delivery. The HyLine approach would also enable cheaper dispensed hydrogen compared with lower-pressure pipeline delivery owing to
economies of scale associated with integrated compression and storage. In the largest-scale fueling scenario analyzed (a network of 24 stations with
capacities of 1500 kg/d each, and hydrogen produced via steam methane reforming), HyLine could potentially achieve a profited hydrogen cost of
$5.3/kg, which is approximately equivalent to a gasoline cost of $2.7/gal (assuming FCEVs offer twice the fuel economy of internal combustion
engine vehicles and vehicle cost is competitive). It is important to note that significant effort would be required to develop technical knowledge,
codes, and standards that would enable a HyLine system to be viable. However, our preliminary analysis suggests that the HyLine approach merits
further consideration based on its potential economic advantages. These advantages could also include the value of minimizing retail space used by
hydrogen compression and storage sited at fueling stations, which is not reflected in our analysis.

1. Introduction

One of the largest challenges to widespread consumer adoption of fuel cell electric vehicles (FCEVs) is the lack of an extensive
network of hydrogen refueling stations. One recent study suggests a U.S. network of approximately 1500-3300 hydrogen stations
would be required to serve 1.8-4.5 million FCEVs (Melaina et al., 2017). This refueling network would require 1.3-3.4 million kg/d
of hydrogen for the scenario studied. However, only about 40 retail hydrogen stations are operating in the United States today, most
of which are concentrated in California (AFDC, 2018).

To be competitive, hydrogen must be produced, delivered to stations, and dispensed at a cost comparable to competing fuels (after
adjusting for the efficiency differences between FCEVs and other vehicle types)—while offering the reliability and convenience of
gasoline fueling. However, owing to small scale and limited competition, dispensed hydrogen fuel prices currently are higher,
averaging about $16.30/kg in California in the third quarter of 2018 (CEC and CARB, 2018). About half of the levelized cost of retail
station hydrogen can be attributed to hydrogen delivery, compression, and dispensing costs (CEC and CARB, 2017). The U.S. De-
partment of Energy (DOE) estimates that a dispensed cost of about $7/kg must be achieved to make FCEVs competitive with gasoline
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internal combustion engine vehicles in early FCEV markets (DOE, 2015d).

Today, hydrogen is primarily delivered to stations in gaseous form by trucks, with smaller numbers of stations served by truck
delivery of liquid hydrogen, onsite electrolysis of water, or onsite steam methane reforming (SMR) (CaFCP, 2018). Pipeline delivery
of hydrogen is another option, which may provide cost synergies where large industrial hydrogen demands—such as petroleum
refining and ammonia production—already exist. Compared with other delivery options, pipelines generally have low operating
expenses, high reliability, long service life, and low public visibility. Pipeline networks can be integrated with several different
hydrogen production facilities (as is the case for today’s industrial hydrogen pipelines on the Gulf Coast"), which can mitigate
shortages in supply if one facility goes offline or there is a spike in demand.

In 2011, a hydrogen station supplied by a low-pressure hydrogen pipeline opened in Torrance, a dense urban area in the Los
Angeles, California, region. The pipeline is a spur connected to a larger pipeline—fed by two large SMR plants delivering 800-psi
industrial hydrogen—that runs underneath the street adjacent to the station. The hydrogen is purified, compressed, stored, and
dispensed (at 5000 and 10000 psi) onsite at the station. The station remains operational and is the only U.S. hydrogen station
supplied via pipeline (Air Products et al., 2013; Brindle, 2016).

This article compares the economics of various existing hydrogen-delivery methods with the economics of a novel variation on
pipeline delivery: a high-pressure, scalable, intra-city pipeline system referred to here as the “HyLine” system. In the HyLine system,
hydrogen would be produced at industrial or commercial sites near and within urban areas, compressed to 15,000 psi, stored at
centralized facilities as necessary, delivered via high-pressure pipeline to retail stations, and dispensed directly into FCEVs.

The primary potential advantages of the HyLine system relate to its minimization of hydrogen storage and compression
equipment sited at retail refueling stations. Centralization of compression could reduce costs via economies of scale, because
compressor costs do not scale linearly with size: one large compressor is significantly cheaper than two smaller compressors of the
same total capacity. In addition, compressor efficiency increases with size, because a lower percentage of hydrogen leaks between
high- and low-pressure stages (DOE, 2015c). HyLine connection might also minimize operating costs at fueling stations, by re-
ducing maintenance needs and costs associated with accepting regular hydrogen deliveries from trucks. Finally, eliminating
compression and storage at fueling stations could also reduce land-area requirements, which would lower station capital cost and
make stations easier to site.

However, development of high-pressure hydrogen pipelines within urban areas, per the HyLine concept, also presents various
challenges, which are described in Section 2 along with a real-world example of a hydrogen station supplied via high-pressure
pipeline. Sections 3 and 4 present our methods and results for comparing the delivered cost of hydrogen from HyLine versus other
delivery methods, and Section 5 discusses the results. This preliminary analysis is meant to help determine whether HyLine has
potential economic benefits that might justify the significant research, development, and demonstration that would be required to
realize its implementation.

2. Challenges and real-world experience related to high-pressure hydrogen pipelines

This section discusses challenges related to implementing high-pressure hydrogen pipelines in urban areas, and it describes real-
world implementation of a high-pressure hydrogen pipeline within an industrial park in Germany.

2.1. Challenges related to implementing high-pressure hydrogen pipelines in urban areas

Because the HyLine system represents a novel application of energy distribution within urban areas, enabling such a system would
require development of technical knowledge, codes, and standards that account for its unique attributes. This article focuses on the
potential delivered costs of hydrogen using HyLine rather than these requirements. Thus, this section highlights key technical issues
only briefly. If HyLine is deemed worthy of further exploration based on its potential economic and logistical benefits, then these
issues would need to be examined in greater depth.

The HyLine system operates at pressures significantly higher than those typically used for pipeline transport of gases.
Transmission pipelines within the vast U.S. natural gas system typically operate at pressures of 200-1500 psi, which are 10-75 times
lower than the maximum HyLine operating pressure. Typically, pressures are stepped down further, to 0.25-200 psi, in natural gas
distribution pipelines (American Gas Association, 2019). Today’s hydrogen pipelines, which are associated with industrial facilities
such as oil refineries and chemical plants, operate at pressures around 500-1200 psi (U.S. Drive, 2013). Use of pipelines at HyLine
pressures would need to be preceded by sufficient engineering knowledge, operating experience, and time to enable widespread
acceptance.

Beyond its general characteristics as a high-pressure gas, high-pressure hydrogen presents unique challenges related to its impact
on metallic materials. These effects—often captured under the term “hydrogen embrittlement”—include effects on fracture tough-
ness, ductility, and fatigue resistance. Although the phenomenon has been studied since the beginning of the 20th century, its
mechanisms and impacts are still debated among researchers. In general, hydrogen atoms dissolve into metals and change their
properties in a way that reduces strength and crack resistance, which manifests when the metals are subjected to mechanical stress

! An extensive hydrogen pipeline network serves the high concentration of refineries and hydrogen producers along the U.S. Gulf Coast (Air
Products, 2018). Additional outside-the-plant-gate pipelines are operational in California and Indiana (Praxair, 2018). More than 1600 miles of U.S.
hydrogen pipelines are in service today, typically at pressures of no more than 1000 psi (U.S. Drive, 2017, PHMSA, 2019).

93



M. Penev, et al. Transportation Research Part D 77 (2019) 92-105

(e.g., pressure in the case of pipelines). Hydrogen may penetrate metals concurrently with mechanical stress/deformation, which
often localizes the interaction to a stress-concentration site such as a crack (Furtado and Barbier, 2014). In any case, science and
engineering efforts have addressed embrittlement issues sufficiently to enable the safe handling of pressurized hydrogen in various
applications, as evidenced by hydrogen’s industrial uses, FCEV onboard fueling systems, hydrogen fueling stations, hydrogen piping
and pipelines, and so forth as well as the development of codes and standards such as American Society of Mechanical Engineers
(ASME) B31.12 (discussed below).

A significant volume of fracture-mechanics data has been reported from testing of metals in gaseous hydrogen at pressures less
than about 3000 psi (e.g., Ronevich et al., 2016; San Marchi et al., 2010, 2011; Slifka et al., 2014). Conversely, the published fatigue
and fracture data evaluated in gaseous hydrogen at pressures greater than about 3600 psi are extremely limited owing to two primary
factors: (1) fracture-mechanics experiments conducted in gaseous hydrogen are challenging and can be performed by only a small
number of laboratories at high pressure (Somerday et al., 2017), and (2) pipelines are typically not operated at pressures greater than
1500 psi. In contrast, the fatigue and fracture properties of pressure-vessel steels have been studied in gaseous hydrogen at pressures
around 15,000 psi (San Marchi et al., 2019), and these steels are used to store hydrogen at such high pressures. Additional evaluation
is needed on the performance of pipeline steels at pressures and loading conditions relevant to the HyLine system (e.g., fatigue and
fracture tests in gaseous hydrogen at a pressure of 15,000 psi) to assess the system’s technical feasibility.

Following assessments of technical feasibility, construction of pipelines at the pressures of interest in a HyLine system would
require revisions to the ASME B31.12 code. Code revisions are rigorous and time-consuming, and they rely on robust experimental
data. Sandia National Laboratories and the National Institute of Standards and Technology are among the organizations that have
provided data to inform the code’s treatment of hydrogen embrittlement in the past. The ASME B31.12 code currently considers
pressures up to 15,000 psi for many piping materials, “provided the material suitability is demonstrated by tests in hydrogen,”
although the code’s maximum allowable hydrogen pipeline pressure is currently only 3000 psi (ASME, 2015, p. 15).

The current ASME B31.12 code relates a pipeline’s operating pressure to its design requirements. The relationship includes a
design factor based on the types of areas through which the pipeline will travel. Area types range from Location Class 1 (sparsely
populated) to Location Class 4 (densely populated). Location Class 4 includes areas “where multistory buildings are prevalent,
where traffic is heavy or dense, and where there may be numerous other utilities underground” (ASME, 2015, p. 132). The design
factor decreases as the location class increases. As a result—for a given steel pipeline design pressure, material, and outer dia-
meter—pipelines in densely populated areas must be thicker (and therefore more expensive) than those in sparsely populated
areas. The current design specifications account for hydrogen embrittlement based on the characteristics of the pipeline materials
(ASME, 2015, p. 135). A code revision that enables HyLine systems would need to account for the effects that higher pressures have
on those materials. The current ASME code also mandates a full risk assessment when buildings intended for human occupancy are
within a proposed hydrogen pipeline’s potential impact area, with reference to a Compressed Gas Association procedure for risk
assessment (ASME, 2015, p. 132). To accommodate HyLine pressures, the risk-assessment requirements would need to be revisited
as well.

High-pressure pipelines in urban areas must also undergo the most stringent risk-management procedures. The U.S. Department
of Transportation’s Pipeline and Hazardous Materials Safety Administration (PHMSA) requires gaseous pipeline operators to im-
plement special protections for “high consequence areas” (HCAs). An HCA is defined as “a geographic territory in which, by virtue of
its population density and proximity to a pipeline, a pipeline failure would pose a higher risk to people.” Operators must evaluate
whether any HCAs fall within impact circles calculated based on the location of pipelines, maximum allowable operating pressure
(MAOP), pipeline diameter, and a factor varying by properties of the transported gas. Higher MAOPs result in larger impact circles. If
an HCA lies within an impact circle, the operator must implement an integrity-management program that includes “threat assess-
ments, both baseline and periodic internal inspection, pressure testing, or direct assessment (DA), and additional measures designed
to prevent and mitigate pipeline failures and their consequences” (PHMSA, 2008, 2011, 2016; RSPA, 2003). A HyLine system im-
plemented within an urban area would likely require a stringent integrity-management program.

HyLine systems would present other implementation challenges as well. Construction projects in urban areas are subject to
numerous requirements and processes overseen by various authorities, such as fire marshals, zoning departments, and public works
departments. Projects crossing jurisdictional boundaries, as HyLine pipelines might do, would require additional coordination across
all the affected jurisdictions. Because they involve pipelines, HyLine projects would also fall under the regulations and oversight of
PHMSA, which might require regulatory revisions.

Clearly the challenges to implementing a HyLine system are significant, and the concept’s novelty could result in additional,
unforeseen challenges. However, previous experience with pipeline distribution of hydrogen to refueling stations could facilitate the
required steps. The next subsection describes a high-pressure hydrogen pipeline that has been operating for more than 12 years in
Frankfurt, Germany.

2.2. German experience with a hydrogen fueling station supplied via high-pressure pipeline

As part of the Zero Regio project funded by the European Commission, a hydrogen refueling station opened in November 2006 on
the edge of the Industrial Park Hochst in Frankfurt, Germany’s Hochst district. It was formally evaluated for 3 years, during which
time 850 kg of hydrogen were consumed by fuel cell vehicles. Hydrogen was initially supplied to the station via two sources: (1) truck
deliveries of liquid hydrogen, and (2) a 1.7-km (1.1-mi) high-pressure pipeline delivering byproduct hydrogen from a chemical plant
through the industrial park to the station. The initial permitting process for the station was completed in two stages. Approval for the
station building was obtained in 10 weeks, and approval for the three dispensers (two supplied by the pipeline and one supplied by
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Table 1

Initial Specifications of the Zero Regio (Hochst, Frankfurt, Germany) High-Pressure Hydrogen Pipeline Refueling System (evaluated 2006-2009).
Storage
After initial compression 25m? at 3260 psi

Final Compression

Type Linde ionic compressor

Maximum capacity 80kg/h

Inlet pressure 3260 psi

Maximum outlet pressure 13,000 psi

Pipeline

Length 1.1 mi

Installation ~Half aboveground (hanging pipe)~Half underground (polyethylene sleeve in sand bed)
Inner diameter 0.71 in

Outer diameter 1.3 in

Wall thickness 0.31 in

Steel material (DIN no.) 1.4462

Yield strength 65,300 psi

Welding type Gas tungsten arc welding (GTAW)"
Minimum operating pressure 4350 psi

Maximum operating pressure 14,500 psi

Station

Number of dispensers (pipeline supply)® 2

Dispensing pressures 5000 psi; 10,000 psi (cold fill)

Sources: Lienkamp and Rastogi (2007); Zero Regio (2010); personal communication with Heinrich Lienkamp, Zero Regio infrastructure project
coordinator (April 2019).

@ Also known as tungsten inert gas (TIG) welding or, in Germany, Wolfram-Inertgas-Schweifen (WIG-Schweif3en).

b The station also had a third dispenser dispensing liquid hydrogen (which was delivered to the station via truck) using a standard Linde system.

liquid hydrogen) was obtained in 4.5 months (Lienkamp, 2007; Lienkamp and Rastogi, 2010; Zero Regio, 2010).? Table 1 shows the
initial configuration of the station components related to high-pressure pipeline delivery.

Hydrogen gas generated as a byproduct of electrolytic chlorine production was initially stored in a large tank at near-atmospheric
pressure. Hydrogen bound for the refueling station would be extracted from the large tank, dried, cleaned, compressed, and stored at
3260 psi near the production plant. No gaseous hydrogen was stored onsite at the refueling station; all storage was upstream of the
high-pressure pipeline (Zero Regio, 2010).

The stored hydrogen was compressed from 3260 psi to 13,000 psi by a Linde ionic compressor with a capacity of 80 kg/h and
buffer storage at 4350 psi. This compression technology uses ionic fluids with zero vapor pressure as liquid pistons with the goal of
providing near-isothermal compression and low maintenance requirements. However, the compressor required unexpected main-
tenance during the 3-year project evaluation and ended the period with an availability of 86%. The Zero Regio project represented
the first application of this prototype technology for compressing hydrogen to such high pressure (Lienkamp and Rastogi, 2007, 2012;
Zero Regio, 2010).

Following compression, the hydrogen was transported across the industrial park to the refueling station through a 1.1-mile
pipeline with a design pressure of 14,500 psi. The pipeline material—a fully welded duplex stainless steel, material DIN no.
1.4462—was chosen based on its mechanical strength, resistance to hydrogen embrittlement and external corrosion, workability,
availability, and price. Although this was the world’s first hydrogen pipeline operating at such high pressures, it achieved an
availability of 96% during the project-evaluation period. The only incident occurred during the startup phase, when insufficient
purging of the pipeline with hydrogen resulted in too much nitrogen entering vehicle tanks (the fuel cells were not damaged). The
Zero Regio final report concluded, “Transport of hydrogen with high pressure pipelines is technically feasible” (Lienkamp and
Rastogi, 2007, 2012; Zero Regio, 2010).

The pipeline hydrogen was delivered to a refueling station on the edge of the Industrial Park Hochst, where it directly supplied a
5000-psi dispenser and a 10,000-psi dispenser (i.e., without any storage sited at the station). The 5000-psi hydrogen was not pre-
cooled. The 10,000-psi was precooled to —40 °C to enable fast filling (3-5 min to fill with 4 kg of hydrogen). During the project-
evaluation period, the 5000-psi dispenser achieved an availability of 95%. The 10,000-psi dispenser’s availability was only 64%
because of damage from an accident; a station customer negligently reversed a conventional car into the dispenser, but no hydrogen
leakage occurred. A new dispenser replaced the damaged unit (Lienkamp and Rastogi, 2012, 2016; Zero Regio, 2010).

The high-pressure hydrogen pipeline and refueling station have remained operational up to the present, now fueling hydrogen cars
and buses. After the project-evaluation period, the ionic compressor was replaced by a Hofer piston compressor, which has worked well
since. The pipeline has continued to supply the refueling station reliably and without incident (personal communication with Heinrich
Lienkamp, Zero Regio infrastructure project coordinator, April 2019). Although this German high-pressure hydrogen pipeline has
operated within an industrial park rather than a dense urban area, the experience indicates the feasibility of the HyLine concept.

2 Because permitting processes are very different in Germany and the United States, the time required to permit such a project in the United States
may be very different.

95



M. Penev, et al. Transportation Research Part D 77 (2019) 92-105

Map from Google

Fig. 1. Actual station locations in Los Angeles (all circles) and hypothetical smallest modeled HyLine station network (numbered circles connected
by lines at upper left) (CARB, 2018).

3. Economic analysis methods and inputs

We use the National Renewable Energy Laboratory’s Hydrogen Financial Analysis Scenario Tool (H2FAST) to model the eco-
nomics of a hypothetical HyLine system connecting hydrogen stations in the Los Angeles metro area (NREL, 2018). The smallest
modeled system connects eight existing stations, shown in the northwest corner of Fig. 1. We assume a total pipeline length of 38
miles (4.8 miles per station) based on the 27 miles of straight-line distance between the stations and a detour index (ratio of pipeline
miles to straight-line miles) of 1.4.> The current real-world capacity of the eight stations is 2720 kg/day, or 340 kg/d per station on
average (CEC and CARB, 2018). In our analysis, we assume each station has a capacity of exactly 400 kg/d in our smallest-delivery
scenario (3200 kg/d total), to account for near-term capacity growth. We also model two expanded scenarios with larger numbers of
higher-capacity stations along the same pipeline route: 16 stations at 950 kg/d each (15,200 kg/d total), and 24 stations at 1500 kg/d
each (36,000kg/d total). In all scenarios, we assume 65% utilization, which represents a midpoint between today’s approximate
utilization of 50% and an estimate of 80% for more established markets.

In each scenario, we model hydrogen production via SMR or electrolysis at a single station—station #1 in Fig. 1—and that station
also hosts hydrogen compression and storage adequate to satisfy the needs of all stations. The other stations are equipped only with
cooling units, flow regulation, and dispensers. Most of the stations are connected in a loop. Thus, if a pipeline disruption occurred
along the network, an alternative route could deliver hydrogen from station #1 to all or most other stations, depending on the
location of the disruption. Although we locate all production, compression, and storage at one site for all scenarios to simplify this
exploratory analysis, in practice a substantial HyLine network likely would be supplied by multiple sites, which would strengthen the
network’s reliability but might increase costs owing to somewhat diminished economies of scale. Supply-side cost data are from
DOE’s Hydrogen Analysis (H2A) production models and the Hydrogen Delivery Scenario Analysis Model (HDSAM) (DOE, 2015a,
2015b, 2015¢).

We also use this station configuration to analyze pressure-drop considerations using ASPEN Engineering software. For this
simplified analysis, we assume an average hydrogen capacity of 2500 kg/d per station across the eight stations in our smallest HyLine
network. This is a much higher per-station capacity than in our cost-modeling scenarios, and it assumes a well-developed FCEV
market following historical demand patterns observed with gasoline stations.* The pipeline would need to be designed to satisfy the

3 The detour index of 1.4 is based on estimated on-road driving distance, which may be a plausible approximate for pipeline installation (Boscoe
et al., 2012).

42016 California sales = 15.5 billion gallons (FHWA, 2017), California stations = 8456 stations (CEC, 2018), ratio of FCEV to internal com-
bustion engine vehicle fuel economy = 2 (DOE, 2015d). Average hydrogen station size: 15.5 billion gal/yr + 365 d/yr + 8456 stations + 2 Gal/kg
H, = 2500 kg H,/d per station.
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Table 2
ASPEN Modeling of 1.6-in. (inner diameter) HyLine Pipeline Pressure Drop Across an Eight-Station Network with an Average Station Capacity of
104 kg/h and Peak Flow of 208 kg/h.

Station# 1 & prod. 2 3 4 5 6 7 8
Peak dispensing rate (kg/h) 208 208 208 208 208 208 208 208
Delivery pipe segment 1-2 2-3 3-4 4-5 5-6 6-7 7-8
Delivery pipe segment length (miles) 4.68 4.32 5.19 6.98 10.04 2.72 1.67
Pipe segment peak flow (kg/h) 1664 1456 1248 1040 832 624 416 208
Station delivery pressure (psig) 15,000 14,700 14,493 14,318 14,164 14,038 14,023 14,020
Segment pressure drop (psi) 300 207 176 153 126 15 2
Station delivery pressure (bar) 1035 1015 1000 988 978 969 968 968

Table 3

Specifications and costs of materials potentially applicable to low- and high-pressure hydrogen pipelines.
Working Bar MPa Material Allowable pipe Conditioning Inner Wall Outer Weight Material cost
pressure (psig) stress (MPa) diameter (in) thickness (in) diameter (in) (metric ton/  $/mile

mile)

600 41 4 316L 115 Annealed 4.00 0.07 4.15 7.71 54,000
600 41 4 XM-11 230 Annealed 4.00 0.04 4.07 3.78 26,000
600 41 4 XM-19 230 Annealed 4.00 0.04 4.07 3.78 26,000
600 41 4 316L 345 Strain-hardened 4.00 0.02 4.05 2.50 26,000
600 41 4 XM-19 575 Strain-hardened 4.00 0.01 4.03 1.49 16,000
15,000 1,034 103 316L 115 Annealed 1.61 1.57 4.75 128.76 901,000
15,000 1,034 103 XM-11 230 Annealed 1.61 0.50 2.60 26.86 188,000
15,000 1,034 103 XM-19 230 Annealed 1.61 0.50 2.60 26.86 188,000
15,000 1,034 103 316L 345 Strain-hardened 1.61 0.29 2.20 14.42 151,000
15,000 1,034 103 XM-19 575 Strain-hardened 1.61 0.16 1.93 7.40 78,000

The options for low- and high-pressure pipelines are based on personal communication with Chris San Marchi and Joe Ronevich, Sandia National
Laboratories (2019). Pipeline sizing is based on ASME B31.3 and B31.12 (ASME, 2015, 2017). The cost analysis assumes a steel pipe cost of $7,000/
metric ton, approximated based on web searching. The relative factor cost for strain hardening is 1.5.

peak fueling demand of stations as well as capacity expansion over time. The peak hydrogen flow can be assessed by considering the
fueling behavior seen in California’s emerging hydrogen market, where the peak flow is about twice as high as the average flow (CEC
and CARB, 2017). Thus, a station with average flow of 2,500 kg/d (104 kg/h) would have a peak flow of 208 kg/h. Table 2 shows the
pressure drop of hydrogen in a 1.6-in. (internal diameter) pipeline across the eight-station network. At the end of each segment,
208 kg/h of peak hydrogen flow are extracted, and the remaining flow goes to downstream stations. The 15,000-psi initial pipeline
pressure enables a delivery pressure of at least 14,000 psi at all the stations. Therefore, the stations have an adequate pressure
differential for efficiently fueling light-duty FCEVs, which have onboard tank pressures of 10,000 psi, without the need for onsite
compression or high-pressure storage.

The 1.6-in. inner diameter is much smaller than would be expected for a pipeline operating at typical lower pressures of 200-1500
psi, because the higher pressure makes the hydrogen behave more like a liquid. The liquid-like behavior enables a small-diameter
pipeline to meet the pressure-drop requirements. Table 3 shows estimated specifications and costs per mile for 1.6-in. pipeline designs
that might be suitable for 15,000-psi operation (along with parameters for low-pressure pipeline options). The costs range from about
$80,000/mile (for strain-hardened XM-19 steel) to $900,000/mile (for annealed 316L steel); because of the much higher cost of
annealed 316L steel, one of the other options likely would be used. Those options have outer diameters of about 2-3 in.

We use historical data on pipeline costs to estimate the installed cost of high-pressure pipelines with outer diameters of 2-3 in.
Fig. 2 shows historical pipeline cost estimates by outer diameter based on Oil and Gas Journal (O&GJ) data for pipeline projects
during 1991-2012, and it plots DOE’s HDSAM urban and rural pipeline-cost equations derived from the O&GJ data (O&GJ, 2018;
DOE, 2015c).> Urban pipelines are substantially more expensive than comparable-diameter rural pipelines owing to higher con-
struction costs in urban settings, which accounts for much of the large spread of costs observed in the figure. These data suggest
installed urban pipeline costs of well under $2 million/mile for pipelines 2-3 in. in diameter.

Key considerations for urban pipelines include specific street rights of way, existing underground infrastructure, time of day
specified for construction, and cost of managing traffic. Small-diameter pipelines may enable use of cost-reducing technologies such
as directional drilling and routing of sleeves inside existing retired pipelines (personal communication with Sempra Energy and
Southern California Gas, 2018).

Based on this analysis, we assume an installed pipeline cost of $2 million/mile in our central scenarios. We believe this estimate
leaves a margin for additional unexpected costs such as those related to high-pressure pipeline operation, a higher detour index

5 The O&GJ data are from 1467 reported projects with pipeline lengths of 0.01-8400 miles per project.
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Fig. 2. Pipeline costs based on O&GJ data between 1991 and 2012 as a function of pipeline diameter. For data points, bubble area is proportional to
pipeline length and is capped at 500 miles. Cost by pipeline diameter is weighted by pipeline length. Note: The dashed red line is a fit to the average
values represented by the red circles. Some random spread in pipeline diameter is plotted into the O&GJ data to reduce overlap of data points. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

needed to avoid existing underground infrastructure, and allowance for marginally higher-diameter and higher-capacity pipelines.
Excluding the high-cost annealed 316L material, estimated material costs would represent 4%-9% of total pipeline costs, suggesting
that the material cost of thicker walls required for high-pressure pipelines will not have a substantial impact on overall pipeline cost.
However, because pipeline of this diameter is substantially denser than typical pipelines with outer diameters of 2-3 in. owing to its
unusually thick walls, we expect installation to require cranes and incur somewhat higher installation expense. Our sensitivity
analysis considers pipeline costs of $1-$3 million/mile. It is important to note that the cost of right-of-way varies widely throughout
the United States, and it is expected to be higher in dense urban areas (such as Los Angeles).

In addition to the three HyLine scenarios, we develop comparable scenarios for station networks supplied via three other
pathways: gaseous hydrogen truck delivery, liquid hydrogen truck delivery, and low-pressure hydrogen pipeline delivery. Table 4
summarizes key inputs for each pathway and scenario based primarily on values from DOE’s HDSAM and H2A models, assuming
low-volume component manufacturing (DOE, 2015a, 2015b, 2015c). The leveraged, after-tax, nominal internal rate of return is
10%, and no incentives are assumed; see the H2FAST website and user manual for all financial assumptions used in the calculations
(NREL, 2018).

The gaseous and liquid truck pathways assume large-scale, centralized hydrogen production, with much of the hydrogen used for
applications other than vehicle refueling stations. The trucks fill up with hydrogen at the production plants (after hydrogen lique-
faction in the case of liquid trucks) and deliver it to the refueling stations, where it is stored, compressed, and dispensed. Because
gaseous delivery trucks carry much less hydrogen than liquid delivery trucks do, gaseous truck delivery would be impractical in our
most mature scenario (24 stations with capacities of 1500 kg/d), so we exclude it from this scenario. The low-pressure pipeline and
HyLine scenarios are largely identical: hydrogen is produced at a single site on the network and delivered to refueling stations in
pipelines with capital costs of $2 million/mile; we assume the same capital costs because the low-pressure pipeline would have a
larger diameter, whereas the HyLine pipeline would have higher material costs per mile, and the resulting net cost differential is
likely within the uncertainty level of the pipeline-cost estimation. In the low-pressure pipeline pathway, hydrogen is compressed to
only 600 psi at the production site, compared with 15,000 psi in the HyLine pathway. Thus, the low-pressure pipeline pathway
requires storage and compression at all refueling stations, whereas the HyLine pathway does not.

4. Results

Fig. 3 shows delivered hydrogen cost results for SMR-produced hydrogen using the various delivery pathways and refueling
station scenarios. With the smallest fueling network (eight stations with capacities of 400 kg/d), hydrogen from the HyLine pathway
costs more than hydrogen from the gaseous and liquid truck pathways, and it costs less than hydrogen from the low-pressure pipeline
pathway. The truck pathways realize economies of scale from centralized hydrogen production, saving almost $5/kg in this scenario
compared with the two pipeline scenarios, which both use smaller production units. The truck pathways also save around $7/kg in
delivery costs, although this is more than offset for liquid trucks by $8/kg of liquefaction costs. The resulting trucked-hydrogen costs
are in line with hydrogen prices recently observed in California (CEC and CARB, 2018). HyLine realizes its largest advantage through
retail costs (mostly storage and compression costs) that are $5-$8/kg lower than the retail costs from the other pathways.

98



Transportation Research Part D 77 (2019) 92-105

(8pd 1x2u UO panunu02)

- - ST - - ST - - - ST —  (s1eak) pouad uonemnaideq
(1e24/$)
- - 8S6°1EYE - - 8S6°1EYE - - - 8S6°1EVE - $1s00> Suneiado paxig
- - 1 - - 1 - - - 1 - (s1ea£) dn-durer puewa(q
- - %L6 - - %L6 - - - %L6 - (%) uonezinn Xepy
- - TIS0T - - TIS0T - - - CIS01 - (3/ymy) asn 29[
- - ot - - o - - - oy - (s1eak) 91T
- - 184°G9SCETT - - 1I8LG9STEI'T - - - I8L°G9STEIL - ($9102) 350> dep
- - ,912TLT - - 91z‘LT - - - 912°LT - (p/3y) £eded
uomnpoejenbry
00b°0EL LY 00b°0EL LY 00tv12°99 00589Z°0Z  005°892°0C 00vv1299  00¥%12°99 000'S2y Y 000°STH Y 00¥¥12°99  00¥‘¥1299 s1500 Superado dqeLeA
(1ea4/%)
8LLESYT 8LLESYT 08€°886°C 9TLTOV'T  9TLCHPT 08€°886°C 08€°886°C LOEYLS LOEYLS 08€°886°C 08€°886C [eardes juswadeldoy
114 114 0Z 114 114 114 114 114 114 114 0z (steak) porrad uoneaidaq
(1ea4/%)
SSLTEE9 GSLTEEQ €01°981°8 SPLYSY'E  SPLYSKE €01°981°8 €01°981°8 TLICEP T TLI€EP'T €01°981°8 €01°981°8 3500 3unerado paxrg
1 1 1 1 1 1 1 1 1 1 1 (s1ea£) dn-durer puewaq
%L6 %L6 %L6 %L6 %L6 %L6 %L6 %L6 %L6 %L6 %L6 (%) uonezinn Xepy
€S €S €S €S €S €S €S €S €S €S €S (B51/4my) asn 9
ot ot ov ot ot ov ot ot of of ot (sxeak) 217
6T0°0LT°9ET 620°0LT°9ET 62C°LE]'SIT 886'TLI°I8 886°ILII8  6CCLES'SIT 6TTLEY'SIL ¥8G°048°TE  ¥8S0L8°TE  6TTLES'SIT 6TTLES'SIT ($9102) 150> dep
000°9€ 000°9€ 000°0S 00Z‘ST 00T‘ST 000°0S 000°0S 00Z°e 002‘€ 000°0S 000°0S (p/3y) £aeded
419ZA[019[g uonINpoId
000CIL8 000TIL8 00S€61°€9 006‘TIF‘S  006°TIH‘S 00S€61°€9  00S‘E61E9 006°£0S‘€  006°L0S‘E 00S°€61°€9  00SE6IE9 150> Sunerado d[qeliep
(1ea4/$)
09.°10€ 09L°10€ 8€L6ETT 788°6L1 788°6L1 8€L6ETT 8€L°6ET°T £29°0L £29°0L 8€L°6ETT 8EL6ETT [eardes Juswadeldoy
114 114 0z 0g 114 114 114 114 0z (114 0z (steak) porrad uoneaidaq
(1ea4/%)
£LT8%90° £Z8%90°E 85€°T06'8 968CT9TT  968CITC 85€°T06'8 8GE‘T06°8 0T¥9TIZ‘T  0TF9ICT 8S€°106°8 8S€°106'8 3500 3uperado paxig
1 1 1 1 1 1 1 1 1 1 1 (s1ea£) dn-durer puewaq
%06 %06 %06 %06 %06 %06 %06 %06 %06 %06 %06 (%) uonezinn Xepy
6950 6950 695°0 6950 6950 6950 6950 6950 695°0 6950 695°0 (3/ymy) asn 2911
9ST°0 9510 9ST°0 9510 9510 9ST°0 9510 9510 9510 9ST°0 9510 (3y/n1guur) asn HN
[0]4 of oy of of oy of of of of of (s1eak) 311
$10°98°09 ¥10°98+°09 2T0°86Y‘8¥C TLI'9S0°9€E TLI9S0°9€  TTO‘86¥'8¥C TTO‘861'8+C LYL9ST'YT LPLOSTYT  TTO'86V'8YC  TTO86F'8HCT ($9102) 150> dep
000°9€ 000°9€ L8E6LE 00Z‘ST 00Z‘ST L8E6LE L8E6LE 00Z°€ 00Z°€ L8E6LE L8E6LE (p/3y) £yeded
(HINS uononpoig
(Teq 000T) (1eq 000T)
(18q 000T) dUITAH adid 1eq ot yonn gHT suriAH  odid 1eq oy Yonn gHT — }onn gHD SuriAH  odid 1eq op ¥onn gHT — Yona gHO L1412

(suomess [[e I0J S[e10} 1B SIN[BA) $Z X SUOTIEIS P/ 00ST

(suonesls [[e 10§ S[e10) AIe SAN[EA) 9T X SUONEIS P/3Y 0S6

(suome)s [[e 10j S[e10) Ik SON[BA) § X SUOTIBIS P/3Y 00t

OLIBURDS SUOLIRIS

99

M. Penev, et al.

. '(s)Nsa1 1502 a1 10j » "1 pue ¢ ‘31, 99s) OLIRUIIG pue Aemyied AISAIP(-US0IpAH yoeq 10J sinduj sisA[euy-1s0D) Aoy
¥ dIqelL



Transportation Research Part D 77 (2019) 92-105

M. Penev, et al.

(93pd 3x2u U0 panuNU0D)

S S S S S S [ [ G (s1eak) porrad uonemnaidaq

52200 52200 §220°0 52200 52200 52200 52200 52200 52200 (%) soxe) sa[es

5200 520°0 5200 520°0 520°0 520°0 520°0 5200 520°0 (%) $93) pIed 11paID
(Te34/$)

95991LT TSI°STS0T 9€L°T0T‘8 8YT'E9T‘T ¥86°€0T°S 9/E8EE  8TE'6IET ¥90°LYLT 919°0¥8°‘T $1500> Supeiado paxig

€ € € € € € € € € (s1ea£) dn-durer puewaq

%S9 %S9 %S9 %S9 %S9 %S9 %S9 %S9 %S9 (%) uonezinn xep

S2E0 6v0'S THsS'o S2E0 168'1 S2E0 S9T°S 2950 696'T (B51/4Mmy) asn 3[4

0t 0t 0t 0t 0t 0t 0t ot ot (sxeak) a7

0¥t 2C6'Sy 959°eH 1161 968°911°C6 88 11T°1T 02510988 9€1C98‘S  TLT'9S8CT ObP 169°LT  $T9°€01‘CE ($9102) 350> dep

000°9€ 000°9€ 000°9€ 002‘ST 002'ST 002‘€ 002‘€ 002°€ 002‘e (p/3) Aioeded

€ € € € € € € € € s1eak dn-durey

uone)s ey

- - 110°0 - 1€0°0 - - 110°0 1€0°0 (33/1e8) 9sn as31Q
(1824/$)

- - ov1I‘12S - LLE'S66°T - - ov112S LLES66°T Tearded juswoderdoy

ST ST S ST S ST ST S S (s1eaf) porrad uonewardeq
(1824/$)

£85°ThEE £8S‘ThE‘E 80€°S0T°T £85°ThEE G/5°506°C L8SThE'E  L8S‘THEE 80€‘S0C‘T G/5°506°C $1500 uperado paxiy

€ € 0 € 0 € € 0 0 (s1eak) dn-durer puews(q

%001 %00T %001 %001 %001 %001 %001 %00T %001 (%) uonezInn Xep

0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ (s1eak) 311

668°96G°LL 66896S°LL 0000258 668°96G°LL €I¥'€668E 668°96S°LL 668965 LL 0000258 €1v'€66'8E ($9102) 350> dep

000°9¢ 000°9€ 91C°LT 00Z‘ST 912'LT 00zZ°€ 00zZ‘€ 912'LT 91Z'LT (p/3) Aioeded

4 4 - 4 - 4 4 - - (nw/N$910g) 3500 Surdig

AxaArpap aurpadid 1o yonay,
(1824/$)

L18°THT 0vE‘6S 01e‘e 80911 16,°6€6 S00°1E ¥85‘8 01e‘e 16,°6€6 [exdes Juswadeldoy

01 0t ST 01 ST 01 o1 ST ST (steak) porrad uoneaidaq
(1824/$)

TIT°0SY €SY°0TT SPO‘EITT 8L1°G€T ¥LT910Y 09818 599°CT SYO‘€ITT ¥LT910Y 3500 3unjerado paxLi

T T T T 1 1 T 1 1 (s1ea£) dn-durer puewaq

%L6 %L6 %16 %L6 %16 %L6 %L6 %16 %16 (%) uonezinn xep

ey 8€€°0 100°0 6vEY T6L'1 TSEY 66€°0 1000 T6L'T (B51/4my) 3sn 91

0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ 0€ (s1eak) 311

pPSE6SSLST 6SL°€99°8€ 8L5668°€T »090°G2S599 S60°60€°9S p9LT°S00°YT  T99°LL8E 8LS668°€C  S60°60€°9S ($9102) 150> dep

000°9€ 000°9€ ,91T°LT 00Z‘ST 91CLT 00Z°€ 002‘€ 91¢'LT 912LT (p/3y) Aiveded
Jossaxduwod

Surdid o [euruIay,

(1eq 000T) (189 0001)
(18q 000T) dUITAH adid 1eq ot yponn gHT SurtdH yonn gHO SuriAH  °did 1eq op Jonn gHT YOI gHOD L1412

(suomels [[e J0j S[e)0} Ik SAN[BA) HZ X SUOTIRIS P/ 00ST

(suonels [[e 10 S[e10) oIk SANeA) 9T X SUONEIS P/3Y 056

(suomnels [[e I0j S[e10) Ik SON[EA) § X SUONIEIS P/3Y 00

OLIBUIDS SUOTIRIS

(panuyuod) ¢ S1qel,

100



Transportation Research Part D 77 (2019) 92-105

M. Penev, et al.

*A3o[out}da) Yons jo $1509 21Ny [enuajod )ewNss sAN[EA PIALIOP-INVSAH 3S3YL “Aepo) S[qe[IeAr [[RI2ISUINIOD J0U Ik SUITAH 10§ parmbar ndygnoxyp pue oner uoissaiduiod oY) yim siossarduro)
‘ua801pAy jo wreido[ny 1ad 1500 aures ay) JuIpeIf
‘uor3a1 o) Inoy3noay) puewap usBoIpAy ssaIppe 01 pasn aq pnom Ajoeded sty Je syona pue juswdmbs jo s19s ajdnnur Jeyy swmnsse s3s0d urpuodsalriod YL “(Yoea p/3Y 0OS‘T I8 SUONRIS ) OLIRUIIS
Aoedes-1say31y o ur A1oeded uonels 8101 p/SY 000°9E Y3 URYI 19MO] ST Ya1ym ‘p/3Y 91 LT Jo A11oeded [RUTWIOU B UO Paseq 318 $1S0D YOIl Pue ‘euruua) ‘uonoejenbiy s Aemyped yonn pmbiy ayy,
'JS02 UO SBY (WoIsAS SUITAH 9yl Ul SB) 18q 00T 01 SON[BA [RUONIUSAUOD WOI) 2nssaid Ul aseardul ue Jey 1oedur
o3 1y31yS1y 03 pa[epowr sem orreudds adid 1eq-gf YL ‘suonels SurpEny Aep/3N-004 (8) 10j parmbar Ajddns syoapja1 sorreuads surfAH pue adid 1eq-of 93 YIIm pajerosse Ajoeded uononpoid oy, ‘Aepol
Ansnpur ur uourod a1e Aroeded SIYl JO SYINS PIZI[IN 9q P[Nod BIep 1500 urpuodssiiod syl Jeyl Yons ‘Apns 9sed SUIWLIODY SUBYIDIA WEIS PIZI[RNUS) YZH 9Y) Ul 1By} YDIBW 0] USSOYD SeM SI9NUe)
pue sypNI PIm pajenosse Aeded uononpoid o], ‘SI9UL] pue SYONI J0J S[RUTULIS]) PUnoIe 1[iq aq A[PYI] pnom Ajpeded 10y31y yonur Jo sTun YIS INsal B sy “(SUR[ew[a9ls ‘UOTBILIqR] SITUOIIIID
‘Bunewsse[3 “3+9) uoI3a1 3} UI $10199S ISIDAIP UT PIZIDUOUI 3 UBD SINUB) PUB SYONI M pajerdosse Aloeded uononpoid ‘Apaneursly ‘suonels Surjany uadoipAy Aq paznsuow aq Afrreuwrtid Aayi
pinom A1oeded uononpoid paleIdosse Ay} 4nsal e sy “A1snpul ul paimbai A[uowwrod jou axe Y31y s1yl samnssaid uaBoIpAY asnedaq ‘sIoNue] pue sydNI) SNoased se SALISNPUI I9Y10 AURW SB 9AIdS JOU P[NoMm
(w=3s£s SurTAH o3 ur se) suredid 1eq-00T e Jeys uonduwmnsse mo woiy wa)s skemyied surTdy pue ‘urpdid req-gp “IoNue) Yonn Sy YIM pajeposse Lpedes uononpord ur santedsip a31e] 9yl
‘sfppowl WYSAH PUB VZH S, A0d Ul BIEp UO paseq a1 sindul d[Wouo0dd pue [edIuydd], ,

(UMI/$)
890°0 890°0 890°0 890°0 890°0 890°0 890°0 890°0 890°0 890°0 890°0 1502 *23[° UOIPNPOId
(nIguu/$)
01S'€ 01S'€ 01S'€ 01S'€ 01S'€ 01S°€ 01S°€ 01S'€ 01S'€ 01S°€ 01S°€ 1500 sed [emieN
sooud A31ouy
(189 000T) (189 000T)
(18q 000T) dUITAH adid 1eq ot yponn gHT suriAH  odid 1eq oy Yonn gHT — }Pnn gHD SuriAH  °did 1eq op Jonn gHT YOI gHOD L1412
(suoriels [[e I0j S[e10} dIe SAN[BA) $g X SUOTIEIS P/3Y 00ST (suone)s [[e 10J S[e10) oIk SAN[eA) 9 X SUONeIs p/3Y 0S6 (suoneis [[e I10j s[e10] a1k SANJeA) § X SUONEIS p/3Y 00 OLTRUIDS SUONIEIS

(panuyuod) ¢ S1qel,

101



M. Penev, et al. Transportation Research Part D 77 (2019) 92-105

¥ Production  ®Liquefaction Terminal  ®Delivery M Retail
F ¢ cH2truck T 132
B2 LH2tuce DRI . 6.4
g 7 40 barpipe [ I, 216
§ % 1000 bar pipe I I 171

GH2tuck [ o2
LH2 truck [ . 133
40 bar pipe [ NN 10.7

1000 bar pipe T 7.1

950 kg/day
x16 stations

> n
© C
% H2tuc I . 27
g 2 40 bar pipe [T NN o5
9 & 1000 bar pipe I I 53
0 5 10 15 20 25
Profited cost ($/kg)

Fig. 3. Delivered hydrogen costs based on SMR hydrogen production, four delivery pathways, and three refueling station scenarios. For delivery
trucks, “terminal” entails compression, storage, and filling of trucks. For pipelines, it entails compression and storage at the production site.

As the refueling station networks and capacities grow, HyLine becomes the lowest-cost option. In the middle scenario (16 stations
with capacities of 950 kg/d), HyLine hydrogen costs 20% less than the next-closest option (gaseous truck delivery). At this scale, the
truck pathways’ production and delivery cost advantages narrow substantially as the pipeline pathways realize production and
delivery economies of scale. At the same time, HyLine maintains a $2-$5/kg advantage in retail costs. In the final scenario (24
stations with capacities of 1500 kg/d), HyLine’s advantages are amplified. It achieves a cost of $5.3/kg, which is 60% lower than the
liquid truck cost and 40% lower than the low-pressure pipeline cost.®

Many of the same trends are visible when hydrogen is produced via electrolysis, although the total costs are higher across all
scenarios and pathways (Fig. 4). Because economies of scale due to centralized production have less impact, even in the smallest
refueling scenario HyLine’s hydrogen costs are nearly equal to the lowest-cost option (gaseous truck delivery). In the largest refueling
scenario, the HyLine costs reach $12.3/kg, which is 40% lower than the liquid truck cost and 20% lower than the low-pressure
pipeline cost.

Fig. 5 and Fig. 6 show the sensitivity of the results to changes in key HyLine parameters, based on the middle scenario (16 stations
with capacities of 950 kg/d). For SMR production, pipeline cost has the largest impact, with costs ranging from $6.6/kg at a pipeline
cost of $1 million/mile, to $7.6/kg at $2 million/mile (Fig. 5). Natural gas cost, compressor cost, and retail equipment life are the
next most influential parameters. For electrolysis production, electricity cost is the dominant parameter (Fig. 6). The hydrogen cost
falls to $12.7/kg at an electricity cost of $0.047/kWh and rises to $15.1/kg at an electricity cost of $0.088/kWh. For both production
pathways, varying no single parameter results in a hydrogen cost higher than the costs from the other pathways shown in Fig. 3 and
Fig. 4.

5. Discussion

Because local delivery and dispensing constitute a large portion of total hydrogen fuel costs for FCEVs, reducing local delivery and
dispensing costs is critical to making hydrogen fueling competitive. As FCEV demand for hydrogen in an area becomes sufficiently
dense, truck delivery of hydrogen to retail fueling stations becomes less attractive and pipeline delivery becomes more attractive for
economic and logistical reasons. Pipeline delivery of hydrogen can also facilitate the growth of renewable electricity generation by
providing a bridge between the electricity, transportation, and natural gas sectors, thus improving the stability and economics of
electric grids with high variable generation penetrations.

We evaluate the HyLine pipeline approach to local hydrogen delivery and dispensing, which offers additional benefits beyond
conventional pipeline approaches. Its high pressure (15,000 psi) results in lower dispensed hydrogen costs compared with con-
ventional (600 psi) pipelines owing to economies of scale associated with integrated compression and storage. It not only requires
significantly smaller pipe diameters for pressure-drop considerations, but also reduces the need for hydrogen compression and
storage sited at all retail stations, which provides further economic and logistical benefits. At the same time, siting the hydrogen
production, compression, and storage at one or more sites within the fueling network provides scalability, reducing the need for retail
stations to make large upfront investments while increasing system reliability and manageability.

Our preliminary economic analysis suggests that HyLine could provide hydrogen at costs that approach the target of $4/gasoline-

6 Gaseous truck delivery is excluded from this scenario; see Section 3.
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Fig. 4. Delivered hydrogen costs based on electrolytic hydrogen production, four delivery pathways, and three refueling station scenarios. For
delivery trucks, “terminal” entails compression, storage, and filling of trucks. For pipelines, it entails compression and storage at the production site.
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Fig. 5. Sensitivity of hydrogen cost to key input parameters for the SMR HyLine system (based on 16 stations with capacities of 950 kg/d). Note: The
input values for all parameters are meant to approximate reasonable lowest, most likely, and highest values. The distribution of cost sensitivity
results depends largely on the input assumptions, which are not always symmetrical. For example, the storage results have a larger differential
between high cost and baseline cost than between low cost and baseline cost, because the baseline storage assumption (1 day of storage) is a full day
lower than the high assumption (2 days) but only 0.2 days higher than the low assumption (0.8 days).

gallon equivalent, set by DOE’s Office of Energy Efficiency and Renewable Energy Fuel Cell Technologies Office, for competitiveness
with gasoline engine vehicles in high-volume markets. The relatively low costs associated with delivery and dispensing in a HyLine
system could also facilitate use of a broader range of hydrogen production technologies, while ensuring affordable hydrogen fuel.

The cost results may not apply to hydrogen markets with different characteristics than those in our study. The viability of capital-
intensive infrastructure will depend on proximity and certainty of demand, both of which vary across the United States. More detailed
analysis of the costs and characteristics of HyLine networks in diverse geographic areas—using a range of values for key in-
puts—would help clarify when and where the approach might become attractive as well as which variables are most impactful. In
addition, the use of a HyLine approach for applications beyond light-duty vehicles, particularly for industrial and heavy-duty ap-
plications in rural areas where high-pressure pipelines may be easier to site, should be evaluated.
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Production electricity cost (S/kWh)
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Fig. 6. Sensitivity of hydrogen cost to key input parameters for the electrolysis HyLine system (based on 16 stations with capacities of 950 kg/d).
Note: The input values for all parameters are meant to approximate reasonable lowest, most likely, and highest values. The distribution of cost
sensitivity results depends largely on the input assumptions, which are not always symmetrical. For example, the storage results have a larger
differential between high cost and baseline cost than between low cost and baseline cost, because the baseline storage assumption (1 day of storage)
is a full day lower than the high assumption (2 days) but only 0.2 days higher than the low assumption (0.8 days).

In any case, our preliminary analysis suggests that, because of its multiple inherent benefits, the HyLine approach merits further
research and development. A key first step is materials research and development as well as development of codes and standards that
address the unique aspects of high-pressure hydrogen pipelines. Because codes and standards development requires significant time,
initiating it in the near term would help enable construction of this architecture as FCEV densities begin to reach required levels in
certain areas. The historical experience with natural gas pipelines—for which engineering designs led to safety best practices and
then codes and standards—offers a relevant precedent for the development of HyLine codes and standards. In addition, detailed
analysis of the retail space reduction and corresponding value of minimizing hydrogen compression and storage sited at refueling
stations would provide a fuller picture of HyLine’s potential benefits.
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