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A B S T R A C T   

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 

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 

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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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.1 

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) [34–37]. 

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

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 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  

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  

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  

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. 
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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]. 

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 

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. 

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%)  
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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 

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 

Fig. 2. HVDC Transmission Line v. Hydrogen Pipeline: NPC Ratio – SOFC Ef
ficiency 70%. 

Fig. 3. HVDC Transmission Line v. Hydrogen Pipeline: NPC Ratio – SOFC Ef
ficiency 90%. 

Fig. 4. HVDC Transmission Line w/Energy Storage v. Hydrogen Pipeline: NPC 
Ratio – LCOS $140/MWh. 

Fig. 5. HVDC Transmission Line w/Energy Storage v. Hydrogen Pipeline: NPC 
Ratio – LCOS $210/MWh. 
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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. 
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