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The majority penetration of Variable Renewable Energy (VRE) will challenge the stability of electrical trans-
mission grids due to unpredictable peaks and troughs of VRE generation. With renewable generation located
further from high demand urban cores, there will be a need to develop new transmission pathways to deliver the
power. This paper compares the transport and storage of VRE through a hydrogen pipeline to the transport of
VRE through a High Voltage Direct Current (HVDC) transmission line. The analysis found a hydrogen pipeline

can offer a cost-competitive method for VRE transmission compared to a HVDC transmission line on a life-cycle
cost basis normalized by energy flows for distances at 1000 miles with 2030 technology. This finding has im-
plications for policy makers, project developers, and system operators for the future development of transmission
infrastructure projects given the additionality which hydrogen pipelines can provide in terms of energy storage.

1. Introduction

The goals of the Paris Agreement have pushed national governments
to strive to decarbonize their energy systems with policy makers facing
an array of infrastructure investment decisions [1,2]. Key to meeting the
goals of the Paris Agreement is the installation of Variable Renewable
Energy (VRE) generation, like wind and solar, at utility scale. According
to the Energy Information Agency [3], the United States has quadrupled
the net installed generating capacity of utility scale wind and solar be-
tween 2008 and 2018, resulting in a total of 126.3 GW of generation.
The installation of utility scale VRE has increased significantly with the
maturation of the technologies and VRE installation is expected to
continue to grow.

The continued increase in VRE generation, as a percentage of total
generating capacity, poses a challenge to the stability of electrical grids
due to the intermittency of VRE. Many studies [4-6] have shown that
future reliance on VRE as the primary means of generation will require a
significant increase in generation capacity to account for the temporal
and geographic generation intermittency observed with VRE. Caglayan
et al. [4] showed that when utilizing VRE generation there can be sig-
nificant variations in the power generated annually within the same
projected area, necessitating a large overbuild of generation capacity to
develop a stable VRE based transmission system. Budischak et al. [5]
demonstrated the relationship between a grid increasingly reliant VRE
and the need for increased generation and power output for a stable
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electrical grid. Cebulla et al. [6] investigated 17 studies of electrical
energy storage finding as VRE increases its prevalence in an electrical
grid generating capacity increases linearly while power generation in-
creases exponentially. Furthermore, despite the overgeneration of VRE,
any VRE reliant grid would require a significant amount of storage to
handle periods of low generation and high demand.

Researchers have worked to identify means to store large quantities
of renewable energy, including through batteries, compressed air energy
storage, flywheels, pumped hydropower and hydrogen. Although mul-
tiple technologies and battery chemistries are currently under devel-
opment, current electro-chemical storage systems are limited in scale
and duration [7,8]. The opportunities for green hydrogen production
from curtailed VRE, and its subsequent ability to be economically stored
and easily accessed have been well established [4,5,9-11]. To achieve
megawatt or gigawatt scale seasonal energy storage, hydrogen storage
in large geologic formations has been found to be the most economical
solution [7].

Considering the geographic diversity needed to develop a stable VRE
dependent power system, the location of VRE generators will not easily
integrate with the infrastructure developed for previous power genera-
tion sources. Optimal VRE sites often are located far from the urban
demand centers and new carbon free means for transmitting this energy
will be necessary. High Voltage Direct Current (HVDC) transmission
lines are often considered ideal for energy transport due to their ability
to transmit large quantities of energy over long distances with few losses
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[12]. There has also been extensive investigation of the feasibility of
hydrogen pipeline networks for VRE transport. In the majority of these
analyses the hydrogen was often assumed to be utilized as part of a
power-to-gas system [9,11], or to fuel hydrogen fuel cell vehicles [10,
13,14]. However, with technological advances in fuel cells, hydrogen’s
ability to be a means of zero carbon renewable energy storage, as well as
an energy carrier, make it ideal for VRE transport and worthy of com-
parison against HVDC transmission lines considering the need to
decarbonize power production. There is a need for a direct transmission
comparison model between hydrogen pipelines and overhead HVDC
transmission lines which allows policy makers, infrastructure investors,
and independent systems operators to understand the economics and
key components behind each mode.

A few previous direct comparisons of VRE transport through
hydrogen pipelines and HVDC transmission lines exist. Welder et al.
[15] conducted an analysis of utilizing excess power to produce, store,
and transport hydrogen within Germany in 2050 as a means to balance
the electrical grid. They found developing hydrogen infrastructure as a
means of storing and transporting electrical power complemented the
electrical transmission network. However, they stopped short of rec-
ommending a full-scale replacement of electrical transmission with
hydrogen noting that there are economic use cases for new HVDC
transmission. The U.S. Department of Energy [16] is investigating
alternative modes of energy transmission including hydrogen pipelines
and HVDC transmission lines, however the analyses to date have
neglected the cost of producing the hydrogen and converting it back to
electricity. Taieb & Shaaban [17] investigated utilizing hydrogen pipe-
lines and HVDC transmission lines to connect a 108 MW offshore
windfarm to an onshore AC grid. Their analysis has several significant
differences from this paper: including the offshore environment, shorter
project lifespan, use of Voltage Source Current (VSC) HVDC trans-
mission technology, significantly lower nameplate VRE generator, and
failing to consider HVDC energy curtailment or the inclusion of
hydrogen energy storage. Finally Keith & Leightly [18] presented a
comprehensive analysis of developing a 4000 MW wind farm in North
Dakota, and compared the total system economics utilizing a hydrogen
pipeline and HVDC transmission lines to transport the power to Chicago.
However, while the report is comprehensive it fails to consider recent
technological improvements in hydrogen technology, did not consider
higher pipeline operating pressures, or size the VRE generator to the
pipeline capacity.

This paper presents a technical and economic comparison model for
the transport of onshore wind generated VRE through hydrogen pipe-
lines against HVDC transmission lines. The second section of this paper
addresses the hydrogen pipeline system; first outlining the assumptions
made to develop the model for the hydrogen pipeline, then describing
the design capacity of the pipeline, and finishing with the capital cost
model. The third section covers the assumptions and cost estimates
developed for the Polymer Electrolyte Membrane (PEM) electrolyzer,
the Solid Oxide Fuel Cell (SOFC) and hydrogen storage cavern. The
fourth section summarizes the design and capital cost estimate for the
HVDC transmission line. The final three sections summarize the results,
provide sensitivity analyses of the model, and concludes with a brief
discussion of other topics and policy considerations for future research.

2. Hydrogen pipeline system design
The hydrogen pipeline system has four major components, the first

component is the PEM electrolyzer to convert the VRE into hydrogen gas
for the pipeline. The PEM electrolyzer was selected over liquid alkaline
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electrolyzers for VRE due to its ability to handle partial loads and
operate at high pressures [11,19]. The second component of the system
is the hydrogen pipeline itself, which transports the energy from the
point of generation to the demand center. The third component is the
hydrogen storage facility to store excess energy generated during pe-
riods of low electrical demand. These storage facilities can be developed
from retired oil and gas fields, salt and hard rock formations, or fabri-
cated large pressure vessels [20]. The final component of the system is
the conversion of hydrogen back into useable power. While multiple
technologies exist and have been examined in the context of
Power-to-Gas-to-Power systems, the SOFC was chosen due to its energy
efficiency compared to turbines and projected future improvements and
cost reductions when manufactured at scale [21-23]. The SOFC utilizes
a solid electrolyte like the PEM electrolyzers, however the SOFC oper-
ates at a significantly higher temperature and, unlike the PEM electro-
lyzers, cannot vary power generation as significantly.

2.1. System assumptions

The design and construction of a long-distance hydrogen pipeline or
HVDC transmission line requires detailed analysis and design from a
team of experts across many disciplines. Absent a physical project, this
analysis will make several simplifying assumptions to develop the cost
comparison for the 36” hydrogen pipeline and dual 3 GW HVDC trans-
mission lines, including ground conditions, operational life of compo-
nents, and operational and maintenance costs. These assumptions were
developed though a comprehensive review of academic journal articles
and government research publications. In the case of PEM electrolyzers
and SOFCs the best projections for the technologies’ maturity and cost
reductions were utilized assuming 2030 technology and production
capabilities.

In addition to the technical assumptions, the scale of the projects and
scope of the comparison was also assumed. Due to the capital expenses
required for the pipeline it was deemed impractical to develop a pipeline
of a smaller diameter given the significant upfront development ex-
penses and capital costs. This resulted in the capacity of energy trans-
mission of the hydrogen pipeline being significantly larger than the
HVDC transmission line. To compare the two methods of transmission
the results were normalized to a USD dollar per Annual Megawatt
(MWa) — mile ($/[MWa mi]) basis.

2.2. Hydrogen pipeline design

To develop a comparison between a hydrogen pipeline and a HVDC
transmission line a simplified pipeline was developed to compare energy
flows. The pipeline was modeled to estimate the capacity the pipeline
could conceivably deliver from energy produced by VRE sources.
Through developing a theoretical pipeline, a direct comparison could be
made to the theoretical HVDC transmission line. Previous research was
consulted and relied upon when developing an understanding of the
behavior of hydrogen when it is compressed and transported via a
pipeline [13,24-26]. For the purposes of the comparison a full ther-
modynamic analysis was not conducted and is outside of the scope of
this paper.

A full thermodynamic analysis would have included modeling the
changes in pressure, temperature, internal friction of the pipe,
compressibility of the gas, and heat transfer of the gas among other
variables. Extensive work has been conducted on this subject matter, it
was decided to utilize an equation which linked the gas flow to the
square of the pressure drop between the pipe segments. This equation
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Table 1
Referenced natural gas pipelines utilized for construction cost development.
Date Submitted Length (mi) Capacity (MMcf/d) Diameter Compression (HP) States

Atlantic Coast Mar. 2016 564.1 1500 42/36 117,545 NC VA WV
Sabal Trail Nov. 2014 516.2 1075 36 209,900 AL FL GA
Rover Feb. 2015 511.5 3250 42 213,420 OH PA WV MI
Mountain Valley Oct. 2015 301.0 2000 42 171,600 VA WV
Nexus Nov. 2015 255.9 1500 36 130,000 MI, OH
Midship Dec. 2019 233.3 1440 36 118,400 OK

was used by De Wolf and Smeers [25], and André et al. [10] in their
analysis of a national French hydrogen pipeline network. A mean
pipeline gas temperature of 25 °C was assumed and a compressibility
factor of 1.015 was chosen based on Kuczynski et al. [26]. To determine
the coefficient of friction of the pipe the Prandtl-Nikuradse Equation was
utilized, assuming full roughness, as used in Kuczynski et al.’s [26]
investigation of the thermodynamic and technical issues of hydrogen
pipelines and varying admixtures of hydrogen in methane pipelines.
Details on the equations utilized for the pipeline modeling can be found
in Appendix A.

The approximate capacity of the 1000-mile pipeline was determined
assuming pumping stations every ~125-miles (200 km) and a pressure
drop from 1500 psi to 1000 psi (10.3 MPa—6.89 MPa). The maximum
energy capacity of the pipeline was well above the capacity considered
for the comparator HVDC line. With appropriate compression it was
estimated a 36” diameter hydrogen pipeline could transport up to 10 GW
of power generated from a VRE source to the SOFC 1000-miles away. '

2.3. Hydrogen pipeline capital & operating costs

To develop the capital and operating costs of a hydrogen pipeline,
previous academic research on natural gas pipeline construction costs
was reviewed. Rui et al. [27] utilized natural gas pipeline data between
1992 and 2008 from the Federal Energy Regulatory Commission (FERC)
filings to develop a regression model estimate. The data set encompassed
412 projects with a majority (78%) being pipelines shorter than 60
miles. The lack of scale in terms of the size and length of the projects
made the analysis a poor fit to accurately develop costs for a 1000-mile
hydrogen transmission pipeline.

To develop the pipeline construction costs six recently proposed
pipeline projects longer than 200 miles were selected from the corporate
filing data for the Certificate of Public Convenience and Necessity pulled
directly from the FERC website [28-33], see Table 1 for a summary of
the pipelines. Contained in Exhibit K of every filing, the developers
provided a high-level breakdown of the projected capital cost expendi-
tures. Included in the cost estimate was a breakdown of the major
components of the pipeline including the metering & regulation facil-
ities, and compressors. These cost estimates were utilized to develop an
average cost per mile for 36-inch and 42-inch diameter pipelines. A cost
per M&R facility, and cost per MW of compression was also developed
using the data from the FERC filings, see Table 2 for resulting cost
summary in USD. To ensure the cost data was comparable for each
pipeline, the cost estimate from Exhibit K was consolidated into four
major cost categories (ROW, Material, Labor, and Miscellaneous). These
costs were then adjusted for inflation from the respective FERC sub-
mission dates to the baseline of November 2019 based on PPI data series
from the United States Bureau of Labor Statistics (for Labor, Material
and General Expenses), and United States Department of Agriculture (for
ROW land costs) [34-371].

The pipelines were selected as they were the most contemporary
projects which had been filed with FERC between 2014 and 2017. The

1 Nameplate VRE generation 13 GW; total energy delivered to the grid would
be ~6 GW due to the efficiencies of the PEM Electrolyzer and the SOFC.

Table 2

Summary of average costs of natural gas pipelines.
Cost Category Value Units
Pipeline Capital Cost — 36” Dia. Mainline 5,734,024 $/mi
ROW Cost 413,541 $/mi
Compressor Capital Cost 4,677,915 $/MW
Metering & Regulation Capital Cost 11,554,285 $/ea

data set is limited with only six pipeline projects being utilized in the
cost estimate analysis. This presents several challenges including bias on
high construction costs for individual projects, lack of differentiation
based on terrain and region, and the lack of inclusion of any cost-
overruns.

In addition to the capital expenses, the projected operating expenses
for the first three years of operation were pulled from the Exhibit L’s in
the same FERC filings. A ratio of operating costs from Exhibit L to capital
expenditures from Exhibit K was developed for each of the projects and
then averaged across the projects irrespective of pipeline diameter. The
result was an assumed annual operating expenditure of 1.17% of capital
costs, which was utilized to calculate the operating expense of the
pipeline over the 40-year analysis period.

The FERC data provided insight into the capital costs of a natural gas
pipeline, which were then adjusted to reflect additional costs required to
upgrade the infrastructure to transport hydrogen. The material costs
were adjusted by a conversion factor to account for the additional ma-
terial costs required to handle hydrogen gas. These factors were devel-
oped by Fekete et al. [38] for 1000 psi and 1500 psi hydrogen pipelines.
Starting with the base costs for a natural gas pipeline, the authors
determined the escalation factor needed to utilize the pipelines for
transport of hydrogen gas. This analysis was conducted for 12-, 24- &
36-inch diameter pipes and compared the construction costs for the old
and new proposed ASME B31.12 design standards which replaced X52
steel with X72 steel for hydrogen pipelines. The change in steel allowed
for reductions in the steel schedule used in hydrogen pipeline con-
struction resulting in less material needed. The use of X72 steel allowed
for hydrogen pipelines to be constructed at 36-inch diameters and 1500
psi, which previously had not been permitted under the prior code.
Fekete et al.’s market research found a 10% price premium for X72 steel
over X52. Since the new X72 required thickness for 36” 1500 psi
hydrogen pipelines matched the existing X52 baseline natural gas steel
schedule thickness required for 36” 1500 psi natural gas pipelines, the
material costs were adjusted by 10% to reflect the change in materials,
see Table 3 for the summary of Hydrogen Pipeline costs.

Table 3

Capital costs of 36” diameter hydrogen pipeline.
Cost Category Value Units
Pipeline Capital Cost - Mainline 5,836,756 $/mi
ROW Cost 413,541 $/mi
Compressor Capital Cost 4,902,187 $/MW
Metering & Regulation Capital Cost 12,125,704 $/ea




M.A. Semeraro III

In addition to material cost adjustments, the power of the compres-
sors used to transport the gas was adjusted to account for the properties
of hydrogen gas. Bossel et al. [24] demonstrated hydrogen gas requires
3.85x’s more energy to be compressed than methane to move an equal
amount of energy. Bossel et al.‘s factor was applied to scale up the total
power utilized for natural gas compression along the length of the
pipeline, normalized by the volume capacity of the pipeline (MW/bcf),
to provide the needed compression within the hydrogen pipeline model.

3. PEM electrolyzer, Solid Oxide Fuel Cells, and hydrogen
storage

3.1. State of technological development

The technology surrounding the construction of hydrogen pipelines
is rather mature, while there are reliability concerns surrounding the
compression of the hydrogen gas there already over 2800 miles of
hydrogen pipelines which are in operation throughout the world [39].
Furthermore, the geologic storage of hydrogen gas is possible with
current technologies. The technological maturity of electrolyzers and
fuel cells is less developed and subject to future development to improve
reliability and drive down capital and operating costs. Currently no
manufacturing capacity exists to produce the PEM electrolyzers or
SOFCs on the scale required for the project considered herein. While
there are examples of 20 MW PEM electrolyzer projects which are
currently under development in Europe and Canada, a project of the
scale proposed, 6-13 GW, is orders of magnitude larger than current
projects under construction.

With regards to SOFCs, an August 2019 report from the U.S.
Department of Energy on the Solid Oxide Fuel Cell Program [21] indi-
cated the technology is advancing towards commercialization at the
scale required for the pipeline. Although 200- & 250-kW fuel cell sys-
tems have been in field operation, they cannot easily be scaled to 10 GW.
Current SOFCs have not displayed the reliability or lifespan needed for
the pipeline system. Therefore, given the state of PEM electrolyzer and
SOFC technology, it is necessary to make several assumptions regarding
the future capital cost reductions, operating costs, and lifecycle im-
provements of both technologies.

3.2. PEM electrolyzers

A recent report by Mayyas et al. [40] was consulted for future PEM
electrolyzer capital cost projections which estimated capital costs for an
installed PEM electrolyzer to be $841/kW with the production of ten, 1
MW systems a year. With increased production the report estimated the
overall capital cost could be reduced to $462/kW for a production rate
of 1000 units a year. Given that a project of this size would require
anywhere between 6000 and 13,000 - one MW units it was assumed that
the cost savings would be realized in the event a pipeline of this scale
was developed. The PEM electrolyzer is assumed to have an overall
system efficiency of 80% of the HHV of hydrogen which is within the
expected observed operating ranges of existing electrolyzers [4,7,11,41,
42]. To develop the operating costs for the PEM electrolyzer Schmidt
et al. [42] consulted a number experts within the field finding that by
2030 PEM electrolyzers are expected to have a lifespan of 40,000-85,
000 h (10-90th percentiles) depending on the level of research &
development conducted, as well as the scaling up of the market.
Therefore it is assumed the PEM stack will have a life of 10 years prior to
replacement, with a stack replacement cost of $90/kW [40]. The phys-
ical plant is assumed to last significantly longer than the stack with
normal maintenance, for the purposes of this analysis it was assumed to
last 40 years and the electrolyzer would be subject to an annual Oper-
ation and Maintenance (O&M) expense of 3% of original capital costs
[43,44].
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3.3. Solid Oxide Fuel Cells

For the SOFC capital and operational costs, academic literature and
government reports were utilized to develop a basis of cost assumptions.
These assumptions align with the goals of the U.S. Department of
Energy’s Solid Oxide Fuel Cell Program [21], particularly regarding fuel
cell efficiency, capital cost, and service life. A manufacturing cost
analysis by the Battelle Memorial Institute [45] estimated the capital
cost of a SOFC to be $1180.74/kW, this is higher than the $900/kW
target set by the SOFC Program, however rational recognizing the
technology has not yet matured. It was assumed that the fuel cell would
have a lifetime of over 40,000 h, sufficient for five years of operation,
and the replacement fuel cell stack would cost 17.2% of the original
capital cost without any decrease in replacement cost during the pipe-
line’s lifetime. For the baseline comparison it was assumed that the fuel
cell would have an efficiency of 60% with a negligible degradation in the
performance in terms of impact on delivered energy over its five-year
life [5,21,23]. Finally, annual operating expenses was assumed to be
1.3% of capital expenditures based on the Battelle analysis [45].

3.4. Hydrogen storage

A unique aspect of the hydrogen pipeline transmission system
compared to the HVDC transmission line is the ability to store the excess
curtailed energy during periods of high generation and low demand.
While there are significant energy losses during the transmission of
hydrogen due to the PEM electrolyzer and the SOFC efficiencies, the
ability for the system to utilize the estimated 42.1% of energy which
would otherwise be curtailed provides the pipeline with an advantage
over the HVDC transmission line without energy storage [5]. To esti-
mate the costs associated with storing the excess energy the work of
Lord, Kobos & Borns [20] was consulted in developing a cost estimate
for a hydrogen storage salt cavern capable of storing an average of 75
GWh of excess VRE generated in the form of 1912 tons of hydrogen gas.
The capital and operating costs were built on the cost assumptions for
the cavern and well, adjusted for inflation to November 2019 dollars
using the BLS’s PPI industry group for Other pipeline transportation
[37]. For the storage facility the geologic site prep and well development
costs were estimated, it was assumed that the compression which was
estimated for the pipeline would be sufficient to drive the operation of
the storage facility. An additional M&R facility was added to manage the
gas transiting to and from the storage cavern. It was assumed that the
cavern, along with the ability to line pack the pipeline, would be suffi-
cient for the operation of the pipeline system to consistently utilize the
excess VRE which would not be utilized by the HVDC transmission line.
This assumption is grounded in the role the pipeline would serve for the
electrical grid as a means of consistently transmitting large amounts of
VRE and varying output as needed to match demand. If a larger amount
of storage is necessary, or if the storage is seasonal in nature, other
means of storage such as additional salt caverns, depleted oil and gas
reservoirs or aquifers may be advisable for further investigation.

4. HVDC transmission line design

System operators considering the challenge of transporting power
from new VRE generators to urban areas have preferred HVDC trans-
mission lines to reduce overall system losses and transport energy more
cheaply and efficiently than the existing High Voltage Alternating Cur-
rent (HVAC) electrical transmission lines. HVDC lines have a cost benefit
over HVAC with T.S. Kishore & S.K. Singal [12] finding that DC lines
require only 70% of the investment of comparable AC lines while
experiencing ~25-30% less ohmic loss. There are currently two primary
technologies which HVDC transmission lines utilize Current Source
Converters (CSC), which have been utilized in the majority of the
existing long distance HVDC transmission lines, and the newer Voltage
Source Converters (VSC) [46,47]. VSC provides benefits over CSC
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including the ability for multiple terminals, better control of active and
reactive power, back-to-back AC system linking, and quick system
control. It is for these reasons it is considered to be ideal for use in
connecting Off-Shore and On-Shore Windfarms to an AC grid [17,46,48,
49]. However, while VSC shows significant promise, the technology is
currently not as well suited for long distance high voltage transmission
as it incurs more losses than CSC systems, is limited in capacity, has
higher capital costs, and can impose more stress on equipment insu-
lation [46,50,51]. While it is foreseen that VSC will improve in the
future there is uncertainty to the extent or timeline, as this model is
considering long distance high-capacity GW scale transmission lines CSC
HVDC technology was selected.

To develop the comparator HVDC transmission line Pletka et al.’s
[52] report “Capital Costs for Transmission and Substations” for the
Western Electricity Coordination Council was utilized. The report pro-
vided detailed assumptions on the capacity of electrical transmission
lines, required ROW width and transmission line losses. The report was
used to develop the cost estimate for a 3000 MW, 600 KV bi-pole
transmission line with two AC/DC converter stations. It was assumed
that the HVDC line would utilize aluminum conductor steel reinforced
conductors (ACSRs) for the length of the line with mono-pole steel
structures which traversed rolling hills, requiring a ROW width 225 ft.
Furthermore, AC/DC converter stations would be required on either end
of the line, converter station losses were assumed to be one percent of
the transmitted power at each station, in line with the assumptions of
Lauria et al. [53] in their analysis of offshore wind transmission. Further
details on the equations utilized to develop the transmission line can be
found in Appendix B.

4.1. HVDC transmission line capital & operating costs

Pletka et al.’s report was also utilized to develop the capital costs for
the HVDC transmission line and AC/DC converter stations. The model
was utilized to develop a cost per mile for the HVDC transmission line,
the base 3000 MW, 600 kV line was selected and adjusted with cost
multipliers to account for terrain, conductor and structure type [52].
These costs were originally developed using 2014 dollars and adjusted
for inflation to November 2019 dollars using the BLS’s PPI for new
construction - labor [34]. Land costs for ROW were adjusted to match
the Net Present Cost (NPC) of the ROW cost of the hydrogen pipeline on
a mile-foot basis to normalize ROW unit land costs across the two al-
ternatives. ROW costs were compared to USDA Land Values, August
2019 as well as the Bureau of Land Management per-acre rent schedule
to identify the acceptable range of land costs [35,54]. In accordance
with FERC regulations the construction capital costs were adjusted with
a 10% overhead rate and an Allowance for Funds Used During Con-
struction (AFUDC) rate of 7.5%. The base costs for the two AC/DC
converter stations were adjusted for inflation in the same manner as the
transmission line. For the operational costs of the transmission line, it
was assumed that the annual O&M costs would amount to 3.02% of the
capital costs. This was the mean O&M costs as a percentage of trans-
mission assets found through a 2010 study by the Bonneville Power
Administration [55] of the O&M costs of transmission & distribution
companies within the United States.

5. Model results

The NPC of the total capital and operating expenditures over the 40-
year lifespans of the hydrogen pipeline and the HVDC transmission line
was calculated to compare their respective economic performance. The
NPCs were then divided by the respective discounted sums of total en-
ergy transmitted in MWa over the asset lives. The VRE generation profile
was assumed to follow the wind profile from Budischak et al. with a
40.84% capacity factor [5]. A discount rate of 8% was utilized for all
discount calculations with no inflation considered. A further breakdown
of the equations utilized for the energy and financial calculations
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Fig. 1. HVDC Transmission Line v. Hydrogen Pipeline: NPC Ratio — Base
Case Scenario.

Table 4
NPC comparison of hydrogen pipelines & HVDC transmission lines — base case.

Lifecycle Costs ($/MWa-mi)

Hydrogen Pipeline 1226
HVDC Transmission Line 1400
NPC Ratio (-12.4%)

involved in the NPC analysis can be found in Appendices C, D, E & F with
the full python code in Appendix G. The NPC of a hydrogen pipeline was
found to be significantly greater (+57.9%) than the HVDC transmission
line when accounting for the infrastructure necessary to produce, store,
and convert the hydrogen into electricity. When normalizing the NPCs
for the discounted energy transmitted by the two systems the hydrogen
pipeline economics improve (Fig. 1). At 13,000 MWs and 1000 miles the
hydrogen pipeline is more economical and is cheaper (—12.4%) than the
HVDC transmission line on a dollar per average megawatt annual mile
basis over the 40-year lifespan of the two projects, Table 4.

6. Discussion and sensitivity analyses

Several sensitivity analyses were performed to assess the of impact
individual components on the results of cost comparison model. The
impacts of the changes were assessed through comparing the new NPC
Ratio against the original conditions. Within the hydrogen pipeline
system several sensitivity analyses focused on the SOFCs due to the
needed technical advancements and their critical role in generating
power. Other significant parameters included ROW costs, HVDC capital
costs, and the impact of power curtailment and energy storage on the
HVDC transmission line economics.

Future SOFC capital cost reductions did not have as significant an
impact on the NPC Ratio as improvements to the SOFC efficiency, with a
10% reduction in SOFC costs resulting in an NPC Ratio of —16.9% at
1000 miles and 13 GW. While of SOFCs efficiencies are currently around
60%, combined heat and power systems utilizing SOFCs are estimated to
be able to reach 90% overall efficiency [21]. A focus on improvements to
the efficiency and lifespan of the SOFCs would improve the economics of
the hydrogen pipeline system. SOFC efficiencies of 70%-90% would
make hydrogen pipelines more economical with lower VRE nameplate
capacity and shorter transmission distances (Fig. 2 & Fig. 3). Improve-
ments to the lifespan of the SOFC stack from 5 to 10 years resulted in a
marginal improvement of NPC Ratio in favor of pipelines to —16.5% at
1000 miles and 13 GW.
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There were several variables which influenced the economics of each
transmission mode differently. ROW costs had a significant impact on
overall project economics however, due to the wider ROW needed for
the HVDC transmission lines, higher ROW costs impacted the economics
of the HVDC lines more than the hydrogen pipeline. A 50% reduction in
average ROW cost would result in the HVDC transmission line being
more economical in all circumstances considered. Likewise, utilizing
lattice structured transmission towers over tubular steel monopoles
would result in the HVDC transmission lines being more economical
over all considered VRE nameplate values and distances. While lattice
structured towers are cheaper, transmission line operators have
increasingly chosen to utilize monopole towers due to their ease to
install, compact nature, increased strength, and popularity within
communities, particularly with ROW challenges [56].

The final significant sensitivity analysis conducted concerned the
curtailment of power in the HVDC transmission line. The curtailment
results in an effective annual HVDC transmission load factor of ~23%,
low for electrical transmission lines which can average 60% or more [12,
57]. Utilizing the curtailed energy would require the HVDC transmission
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line develop a means of energy storage similar to the salt caverns in the
hydrogen pipeline. A scenario was analyzed without renewable
curtailment and a means of energy storage was added to the trans-
mission and cost model. Schmidt et al.‘s [7] 2030 Levelized Cost of
Storage (LCOS) price of $190/MWh was used, with the $50/MWh cost of
electricity removed for a net LCOS of $140/MWh. Adding electrical
storage marginally improves the HVDC transmission line’s performance,
with the hydrogen pipeline still competitive at 1000 miles and 13 GWs
VRE, though the analysis revealed a significant dependance on the LCOS
(Fig. 4 & Fig. 5).

7. Conclusion

The increase in VRE generation will require additional energy
transmission capacity across long distances to population centers. This
necessitates the development of new carbon free transmission means
from locations which previously had not been considered large sources
of electrical power. The additional investment will be significant and
require capital and physical resources. This paper has detailed a
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technical and economic model to assess the competitiveness of hydrogen
pipelines utilizing 2030 technology against HVDC transmission lines
and subsequently reviewed several sensitivity analyses and key param-
eters which impact both modes.

As VRE generation continues to comprise a larger percentage of the
electricity mix, more renewable energy generation will be curtailed.
With increased energy curtailment a single hydrogen pipeline project
can be a cost-competitive means to take advantage of VRE generation at
all hours, providing a convenient and flexible manner to store energy
and a consistent source of power on-demand. While the base assump-
tions utilized demonstrate a means for hydrogen pipelines to be
competitive with HVDC transmission lines, the sensitivity analyses
showed there are many circumstances where hydrogen pipelines may
remain uncompetitive. However, as the technologies surrounding
hydrogen mature, the costs of hydrogen generation, fuel cells, hydrogen
storage, and compression are expected to decrease, resulting in greater
cost advantages over HVDC transmission lines.

The analysis conducted has been at a high level and should serve as a
proof of technical and economic concept that individual hydrogen
pipelines have the potential to play a significant role in future power
decarbonized transmission systems. The model presented can serve as a
foundation for further cost analyses, policy investigations, and techno-
logical road maps to further reduce the cost of storing and transmitting
VRE. Due to the relative lack of long-distance hydrogen pipelines
currently in operation, there are additional technical, policy, and safety
considerations which should be explored in future research. Scenarios
which were not considered including repurposing of natural gas pipe-
lines for pure hydrogen transport, reconductoring and converting
existing HVAC transmission lines, or the introduction of novel means of
energy generation and storage, have the potential to further reduce the
cost of VRE transmission and aide in the decarbonization of power
generation.

Credit author statement

Michael Semeraro: Conceptualization, Methodology, Formal anal-
ysis, Investigation, Writing

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
The author interned within Shell Hydrogen while completing his cour-
sework and the thesis this manuscript was developed from. Subsequent
to completing his studies, the author assumed a role within the
Hydrogen Product Strategy Team at Shell Hydrogen.

Acknowledgements

The author would like to thank Capstone advisor Barbara Kates-
Garnick, The Fletcher School, who reviewed and advised this research,
and Jason Munster, Shell Hydrogen, who reviewed and provided
encouragement to revise and submit for publication.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.esr.2021.100658.

Energy Strategy Reviews 35 (2021) 100658
References

[1] C. Bataille, H. Waisman, M. Colombier, L. Segafredo, J. Williams, The deep
decarbonization pathways project (DDPP): insights and emerging issues, Clim. Pol.
16 (2016) S1-S6, https://doi.org/10.1080/14693062.2016.1179620.

[2] D.L. McCollum, W. Zhou, C. Bertram, H.S. De Boer, V. Bosetti, S. Busch, J. Després,
L. Drouet, J. Emmerling, M. Fay, O. Fricko, S. Fujimori, M. Gidden, M. Harmsen,
D. Huppmann, G. Iyer, V. Krey, E. Kriegler, C. Nicolas, S. Pachauri, S. Parkinson,
M. Poblete-Cazenave, P. Rafaj, N. Rao, J. Rozenberg, A. Schmitz, W. Schoepp,

D. Van Vuuren, K. Riahi, Energy investment needs for fulfilling the Paris agreement
and achieving the sustainable development goals, Nat. Energy. 3 (2018) 589-599,
https://doi.org/10.1038/541560-018-0179-z.

[3] U.S. Energy Information Agency, Electric Power Annual 2018 Table 4.2.B, 2019.
https://www.eia.gov/electricity/annual/. (Accessed 23 January 2020).

[4] D.G. Caglayan, H.U. Heinrichs, J. Linssen, M. Robinius, D. Stolten, Impact of
different weather years on the design of hydrogen supply pathways for transport
needs, Int. J. Hydrogen Energy 44 (2019) 25442-25456, https://doi.org/10.1016/
j.ijhydene.2019.08.032.

[5] C. Budischak, D. Sewell, H. Thomson, L. MacH, D.E. Veron, W. Kempton, Cost-
minimized combinations of wind power, solar power and electrochemical storage,
powering the grid up to 99.9% of the time, J. Power Sources 225 (2013) 60-74,
https://doi.org/10.1016/j.jpowsour.2012.09.054.

[6] F. Cebulla, J. Haas, J. Eichman, W. Nowak, P. Mancarella, How much electrical
energy storage do we need? A synthesis for the U.S., Europe, and Germany,

J. Clean. Prod. 181 (2018) 449-459, https://doi.org/10.1016/j.
jclepro.2018.01.144.

[7] O. Schmidt, S. Melchior, A. Hawkes, 1. Staffell, Projecting the future levelized cost
of electricity storage technologies, Joule 3 (2019) 81-100, https://doi.org/
10.1016/j.joule.2018.12.008.

[8] K. Marnell, M. Obi, R. Bass, Transmission-scale battery energy storage systems: a
systematic literature review, Energies 12 (2019) 1-31, https://doi.org/10.3390/
enl12234603.

[9] B. Simonis, M. Newborough, Sizing and operating power-to-gas systems to absorb
excess renewable electricity, Int. J. Hydrogen Energy 42 (2017) 21635-21647,
https://doi.org/10.1016/j.ijjhydene.2017.07.121.

[10] J. André, S. Auray, J. Brac, D. De Wolf, G. Maisonnier, M.M. Ould-Sidi,

A. Simonnet, Design and dimensioning of hydrogen transmission pipeline
networks, Eur. J. Oper. Res. 229 (2013) 239-251, https://doi.org/10.1016/j.
€jor.2013.02.036.

[11] S. Schiebahn, T. Grube, M. Robinius, V. Tietze, B. Kumar, D. Stolten, Power to gas:
technological overview, systems analysis and economic assessment for a case study
in Germany, Int. J. Hydrogen Energy 40 (2015) 4285-4294, https://doi.org/
10.1016/j.ijhydene.2015.01.123.

[12] T.S. Kishore, S.K. Singal, Optimal economic planning of power transmission lines: a
review, Renew. Sustain. Energy Rev. 39 (2014) 949-974, https://doi.org/10.1016/
j.rser.2014.07.125.

[13] J. André, S. Auray, D. De Wolf, M.M. Memmah, A. Simonnet, Time development of
new hydrogen transmission pipeline networks for France, Int. J. Hydrogen Energy
39 (2014) 10323-10337, https://doi.org/10.1016/j.ijhydene.2014.04.190.

[14] N. Johnson, J. Ogden, A spatially-explicit optimization model for long-term
hydrogen pipeline planning, Int. J. Hydrogen Energy 37 (2012) 5421-5433,
https://doi.org/10.1016/j.ijhydene.2011.08.109.

[15] L. Welder, P. Stenzel, N. Ebersbach, P. Markewitz, M. Robinius, B. Emonts,

D. Stolten, Design and evaluation of hydrogen electricity reconversion pathways in
national energy systems using spatially and temporally resolved energy system
optimization, Int. J. Hydrogen Energy (2019), https://doi.org/10.1016/j.
ijhydene.2018.11.194.

[16] B.D. James, D.A. DeSantis, J.M. Huya-Kouadio, C. Houchins, G. Saur, Analysis of
Advanced H 2 Production Pathways June 2018, 2018. https://www.hydrogen.ene
rgy.gov/pdfs/review18/pd102_james_2018_p.pdf.

[17] A. Taieb, M. Shaaban, Cost Analysis of Electricity Transmission from Offshore
Wind Farm by HVDC and Hydrogen Pipeline Systems, 2019 IEEE PES GTD Gd. Int.
Conf. Expo. Asia, GTD Asia, 2019, pp. 632-636, https://doi.org/10.1109/
GTDAsia.2019.8715900.

[18] G. Keith, W. Leighty, Transmitting 4,000 Mw of New Windpower from North
Dakota to Chicago: New HVDC Electric Lines or Hydrogen Pipeline, 2002, https://
doi.org/10.1109/pess.2002.1043288.

[19] R. Escobar-Yonoff, D. Maestre-Cambronel, S. Charry, A. Rincén-Montenegro,

1. Portnoy, Performance assessment and economic perspectives of integrated PEM
fuel cell and PEM electrolyzer for electric power generation, Heliyon 7 (2021),
e06506, https://doi.org/10.1016/j.heliyon.2021.e06506.

[20] A.S. Lord, P.H. Kobos, D.J. Borns, Geologic storage of hydrogen: scaling up to meet
city transportation demands, Int. J. Hydrogen Energy 39 (2014) 15570-15582,
https://doi.org/10.1016/j.ijhydene.2014.07.121.

[21] U.S. Department, Of Energy, Report on the Status of the Solid Oxide Fuel Cell
Program, 2019. https://www.energy.gov/fe/report-congress-status-solid-oxide-
fuel-cell-program.

[22] N. Chitgar, M. Moghimi, Design and Evaluation of a Novel Multi-Generation
System Based on SOFC-GT for Electricity, Fresh Water and Hydrogen Production,
Energy, 2020, https://doi.org/10.1016/j.energy.2020.117162.

[23] A.J. Martin, A. Hornés, A. Martinez-Arias, L. Daza, Recent advances in fuel cells for
transport and stationary applications, renew. Hydrog. Technol. Prod. Purification,
Storage, Appl. Saf. (2013) 361-380, https://doi.org/10.1016/B978-0-444-56352-
1.00015-5.


https://doi.org/10.1016/j.esr.2021.100658
https://doi.org/10.1016/j.esr.2021.100658
https://doi.org/10.1080/14693062.2016.1179620
https://doi.org/10.1038/s41560-018-0179-z
https://www.eia.gov/electricity/annual/
https://doi.org/10.1016/j.ijhydene.2019.08.032
https://doi.org/10.1016/j.ijhydene.2019.08.032
https://doi.org/10.1016/j.jpowsour.2012.09.054
https://doi.org/10.1016/j.jclepro.2018.01.144
https://doi.org/10.1016/j.jclepro.2018.01.144
https://doi.org/10.1016/j.joule.2018.12.008
https://doi.org/10.1016/j.joule.2018.12.008
https://doi.org/10.3390/en12234603
https://doi.org/10.3390/en12234603
https://doi.org/10.1016/j.ijhydene.2017.07.121
https://doi.org/10.1016/j.ejor.2013.02.036
https://doi.org/10.1016/j.ejor.2013.02.036
https://doi.org/10.1016/j.ijhydene.2015.01.123
https://doi.org/10.1016/j.ijhydene.2015.01.123
https://doi.org/10.1016/j.rser.2014.07.125
https://doi.org/10.1016/j.rser.2014.07.125
https://doi.org/10.1016/j.ijhydene.2014.04.190
https://doi.org/10.1016/j.ijhydene.2011.08.109
https://doi.org/10.1016/j.ijhydene.2018.11.194
https://doi.org/10.1016/j.ijhydene.2018.11.194
https://www.hydrogen.energy.gov/pdfs/review18/pd102_james_2018_p.pdf
https://www.hydrogen.energy.gov/pdfs/review18/pd102_james_2018_p.pdf
https://doi.org/10.1109/GTDAsia.2019.8715900
https://doi.org/10.1109/GTDAsia.2019.8715900
https://doi.org/10.1109/pess.2002.1043288
https://doi.org/10.1109/pess.2002.1043288
https://doi.org/10.1016/j.heliyon.2021.e06506
https://doi.org/10.1016/j.ijhydene.2014.07.121
https://www.energy.gov/fe/report-congress-status-solid-oxide-fuel-cell-program
https://www.energy.gov/fe/report-congress-status-solid-oxide-fuel-cell-program
https://doi.org/10.1016/j.energy.2020.117162
https://doi.org/10.1016/B978-0-444-56352-1.00015-5
https://doi.org/10.1016/B978-0-444-56352-1.00015-5

M.A.

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

Semeraro III

U. Bossel, B. Eliasson, G. Taylor, The future of the hydrogen economy: bright or
bleak? Cogener. Compet. Power J. 18 (2003) 29-70, https://doi.org/10.1080/
15453660309509023.

D. De Wolf, Y. Smeers, Optimal dimensioning of pipe networks with application to
gas transmission networks, Oper. Res. 44 (1996) 596-608. http://www.jstor.
org/stable/172002.

S. Kuczynski, M. taciak, A. Olijnyk, A. Szurlej, T. Wiodek, Thermodynamic and
technical issues of hydrogen and methane-hydrogen mixtures pipeline
transmission, Energies 12 (2019), https://doi.org/10.3390/en12030569.

Z. Rui, P.A. Metz, D.B. Reynolds, G. Chen, X. Zhou, Regression models estimate
pipeline construction costs, Oil Gas J. 109 (2011) 120-127.

L.L.C. Midship Pipeline Company, FERC Docket No. CP17-458-002, December,
Abbreviated Application for Certificate Authority, vol. 20, 2019, p. 2019.

L.L.C. Sabal Trail Transmission, November, Abbreviated Application for
Certificates of Public Convenience and Necessity and Related Authorizations, FERC
Docket No. CP15-17-000, vol. 21, 2014, p. 2014.

Atlantic Coast Pipeline LLC, March, Amendment to Application for a Certificate of
Public Convenience and Necessity and Blanket Certificates, FERC Docket No. CP15-
554-001, vol. 11, 2016, p. 2016.

L.L.C. Nexus Gas Transmission, November, Abbreviated Application for Certificates
of Public Convenience and Necessity and Related Authorizations, FERC Docket No.
CP-16-22-000, vol. 20, 2015, p. 2015.

L.L.C. Rover Pipeline, February, Rover Pipeline Project, FERC Docket No. CP15-93-
000, vol. 20, 2015, p. 2015.

L.L.C. Mountain Valley Pipeline, October, Application for Certificate of Public
Convenience and Necessity and Related Authorizations, Docket No. CP16-10-000,
vol. 23, 2015, p. 2015.

U.S. Bureau of Labor Statistics, PPI Industry Data for New Industrial Building
Construction, Not Seasonally Adjusted, 2020. https://data.bls.gov/timeseries/
pcu236211236211. (Accessed 30 January 2020).

U.S. Department, Of Agriculture, Land Values 2019 Summary — August 2019.
Average Farm Real Estate Value- United Sates: 2005-2019, 2019. https://www.
nass.usda.gov/Publications/Todays_Reports/reports/land0819.pdf. (Accessed 14
January 2020).

U.S. Bureau of Labor Statistics, PPI Commodity Data for Net Inputs to Other
Nonresidential Construction, Goods, Not Seasonally Adjusted, 2020. https://data.
bls.gov/timeseries/WPUIP2312301. (Accessed 30 January 2020).

U.S. Bureau of Labor Statistics, PPI Industry Group Data for Other Pipeline
Transportation, Not Seasonally Adjusted, 2020. https://beta.bls.gov/dataViewer
/view/timeseries/PCU4869-4869-. (Accessed 30 January 2020).

J.R. Fekete, J.W. Sowards, R.L. Amaro, Economic impact of applying high strength
steels in hydrogen gas pipelines, Int. J. Hydrogen Energy 40 (2015) 10547-10558,
https://doi.org/10.1016/j.ijhydene.2015.06.090.

Pacific Northwest National Laboratory, Hydrogen Pipelines | Hydrogen Tools,
2016. https://h2tools.org/hyarc/hydrogen-data/hydrogen-pipelines. (Accessed 10
January 2020).

A. Mayyas, M. Ruth, B. Pivovar, G. Bender, K. Wipke, A. Mayyas, M. Ruth,

B. Pivovar, G. Bender, K. Wipke, Manufacturing cost analysis for Proton Exchange
Membrane water electrolyzers manufacturing cost analysis for Proton Exchange
Membrane water electrolyzers, Natl. Renew. Energy Lab. (2019) 65. https://www.
nrel.gov/docs/fy100sti/72740.pdf.

K.W. Harrison, R. Remick, G.D. Martin, A. Hoskin, Hydrogen Production:
Fundamentals and Case Study Summaries Preprint, 18th World Hydrog, Energy
Conf., 2010. http://www.osti.gov/bridge.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Energy Strategy Reviews 35 (2021) 100658

O. Schmidt, A. Gambhir, 1. Staffell, A. Hawkes, J. Nelson, S. Few, Future cost and
performance of water electrolysis: an expert elicitation study, Int. J. Hydrogen
Energy 42 (2017) 30470-30492, https://doi.org/10.1016/j.ijhydene.2017.10.045.
M. Penev, J. Zuboy, C. Hunter, Economic analysis of a high-pressure urban pipeline
concept (HyLine) for delivering hydrogen to retail fueling stations, Transport. Res.
Transport Environ. 77 (2019) 92-105, https://doi.org/10.1016/j.trd.2019.10.005.
M. ReuB, T. Grube, M. Robinius, P. Preuster, P. Wasserscheid, D. Stolten, Seasonal
storage and alternative carriers: a flexible hydrogen supply chain model, Appl.
Energy 200 (2017) 290-302, https://doi.org/10.1016/j.apenergy.2017.05.050.
Battelle Memorial Institute, Manufacturing Cost Analysis of 100 and 250 kW Fuel
Cell Systems for Primary Power and Combined Heat and Power Applications, 2016.
https://www.energy.gov/sites/prod/files/2016,/07 /£33 /fcto_battelle_mfg_cost_ana
lysis_pp_chp_fc systems.pdf. (Accessed 21 February 2020).

F. Wang, L. Bertling, T. Le, A. Mannikoff, A. Bergman, An overview introduction of
VSC-HVDC: state-of-art and potential applications in electric power systems, CIGRE
2011 Bol. Symp. - Electr. Power Syst. Futur. Integr. Supergrids Microgrids. (2011).
N. Flourentzou, V.G. Agelidis, G.D. Demetriades, VSC-based HVDC power
transmission systems: an overview, IEEE Trans. Power Electron. 24 (2009)
592-602, https://doi.org/10.1109/TPEL.2008.2008441.

Y. Xue, V. Akhmatov, Grid-connection of large offshore windfarms utilizing VSC-
HVDC: modeling and grid impact, Wind Eng. 33 (2009) 417-432, https://doi.org/
10.1260/030952409790291172.

P. Bresesti, W.L. Kling, R.L. Hendriks, R. Vailati, HVDC connection of offshore wind
farms to the transmission system, IEEE Trans. Energy Convers. 22 (2007) 37-43,
https://doi.org/10.1109/TEC.2006.889624.

O.E. Oni, K.I. Mbangula, L.E. Davidson, A review of LCC-HVDC and VSC-HVDC
technologies and applications, Trans. Environ. Electr. Eng. 1 (2016) 68, https://
doi.org/10.22149/teee.v1i3.29.

G. Li, J. Liang, T. Joseph, T. An, J. Lu, M. Szechtman, B.R. Andersen, Q. Zhuang,
Feasibility and reliability analysis of LCC DC grids and LCC/VSC hybrid DC grids,
IEEE Access 7 (2019) 22445-22456, https://doi.org/10.1109/
ACCESS.2019.2898387.

R. Pletka, J. Khangura, A. Rawlines, E. Waldren, D. Wilson, Capital Costs for
Transmission and Substations Updated Recommendations for WECC Transmission
Expansion Planning B&V Project No. 181374, 2014.

S. Lauria, M. Schembari, F. Palone, M. Maccioni, Very long distance connection of
gigawattsize offshore wind farms: extra high-voltage AC versus high-voltage DC
cost comparison, IET Renew. Power Gener. 10 (2016) 713-720, https://doi.org/
10.1049/iet-rpg.2015.0348.

U.S. Bureau of Land Management, Calendar Year 2016-2025 Linear Right-Of-Way
Rental Schedule, 2015. https://www.blm.gov/policy/im-2016-008. (Accessed 30
January 2020).

Bonneville Power Administration, Electric Transmission & Distribution
Benchmarking Results from the 2010 Study May 2011 Completion, 2011, in: https
://www.bpa.gov/Finance/FinancialPublicProcesses/CapitallnvestmentReview/ci
rdocuments/cap_investment benchmark.pdf. (Accessed 21 February 2020).

R. Bantupalli, S. Potireddy, K.V.G.D. Baljai, B. Santhosh Kumar, Advantages of
monopole transmission tower with new generation conductors, Int. J. Adv. Res.
Eng. Technol. 11 (2020) 79-90, https://doi.org/10.34218/1JARET.11.3.2020.007.
H. Thomas, A. Marian, A. Chervyakov, S. Stiickrad, D. Salmieri, C. Rubbia,
Superconducting transmission lines - sustainable electric energy transfer with
higher public acceptance? Renew. Sustain. Energy Rev. 55 (2016) 59-72, https://
doi.org/10.1016/j.rser.2015.10.041.


https://doi.org/10.1080/15453660309509023
https://doi.org/10.1080/15453660309509023
http://www.jstor.org/stable/172002
http://www.jstor.org/stable/172002
https://doi.org/10.3390/en12030569
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref27
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref27
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref28
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref28
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref29
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref29
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref29
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref30
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref30
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref30
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref31
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref31
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref31
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref32
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref32
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref33
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref33
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref33
https://data.bls.gov/timeseries/pcu236211236211
https://data.bls.gov/timeseries/pcu236211236211
https://www.nass.usda.gov/Publications/Todays_Reports/reports/land0819.pdf
https://www.nass.usda.gov/Publications/Todays_Reports/reports/land0819.pdf
https://data.bls.gov/timeseries/WPUIP2312301
https://data.bls.gov/timeseries/WPUIP2312301
https://beta.bls.gov/dataViewer/view/timeseries/PCU4869--4869--
https://beta.bls.gov/dataViewer/view/timeseries/PCU4869--4869--
https://doi.org/10.1016/j.ijhydene.2015.06.090
https://h2tools.org/hyarc/hydrogen-data/hydrogen-pipelines
https://www.nrel.gov/docs/fy10osti/72740.pdf
https://www.nrel.gov/docs/fy10osti/72740.pdf
http://www.osti.gov/bridge
https://doi.org/10.1016/j.ijhydene.2017.10.045
https://doi.org/10.1016/j.trd.2019.10.005
https://doi.org/10.1016/j.apenergy.2017.05.050
https://www.energy.gov/sites/prod/files/2016/07/f33/fcto_battelle_mfg_cost_analysis_pp_chp_fc_systems.pdf
https://www.energy.gov/sites/prod/files/2016/07/f33/fcto_battelle_mfg_cost_analysis_pp_chp_fc_systems.pdf
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref46
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref46
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref46
https://doi.org/10.1109/TPEL.2008.2008441
https://doi.org/10.1260/030952409790291172
https://doi.org/10.1260/030952409790291172
https://doi.org/10.1109/TEC.2006.889624
https://doi.org/10.22149/teee.v1i3.29
https://doi.org/10.22149/teee.v1i3.29
https://doi.org/10.1109/ACCESS.2019.2898387
https://doi.org/10.1109/ACCESS.2019.2898387
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref52
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref52
http://refhub.elsevier.com/S2211-467X(21)00044-4/sref52
https://doi.org/10.1049/iet-rpg.2015.0348
https://doi.org/10.1049/iet-rpg.2015.0348
https://www.blm.gov/policy/im-2016-008
https://www.bpa.gov/Finance/FinancialPublicProcesses/CapitalInvestmentReview/cirdocuments/cap_investment_benchmark.pdf
https://www.bpa.gov/Finance/FinancialPublicProcesses/CapitalInvestmentReview/cirdocuments/cap_investment_benchmark.pdf
https://www.bpa.gov/Finance/FinancialPublicProcesses/CapitalInvestmentReview/cirdocuments/cap_investment_benchmark.pdf
https://doi.org/10.34218/IJARET.11.3.2020.007
https://doi.org/10.1016/j.rser.2015.10.041
https://doi.org/10.1016/j.rser.2015.10.041

	Renewable energy transport via hydrogen pipelines and HVDC transmission lines
	1 Introduction
	2 Hydrogen pipeline system design
	2.1 System assumptions
	2.2 Hydrogen pipeline design
	2.3 Hydrogen pipeline capital & operating costs

	3 PEM electrolyzer, Solid Oxide Fuel Cells, and hydrogen storage
	3.1 State of technological development
	3.2 PEM electrolyzers
	3.3 Solid Oxide Fuel Cells
	3.4 Hydrogen storage

	4 HVDC transmission line design
	4.1 HVDC transmission line capital & operating costs

	5 Model results
	6 Discussion and sensitivity analyses
	7 Conclusion
	Credit author statement
	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


