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Infrastructure Planning in the Energy Sector
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In this study we develop a flexible optimisation model that yields a large-scale hydrogen transmission network. The resulting network minimises the 
total expenditure on hydrogen across regions in the United States. The model consists of an upstream hydrogen production cost module that assesses the 
total cost of producing hydrogen via electric power within a region and a transmission module that determines the delivery rate for hydrogen between 
nodes. These modules are then paired with forecasted demand for hydrogen at each node. These inputs are fed into a linear program which solves for 
the optimal hydrogen transmission network. The model is meant to provide insight to policymakers as they navigate questions around hydrogen’s role 
within their country’s future energy system and the midstream infrastructure necessary to minimise the region’s total expenditure on hydrogen. Results 
from this study could also inform an investor’s decision as to whether an investment in hydrogen transmission infrastructure is justified. We perform 
a case study for the United States where this model will be used to estimate an optimal 2050 hydrogen network between major regions. We find that 
in order for hydrogen transmission to be justified, the power prices must be differentiated enough to enable hydrogen arbitrage opportunities between 
the regions. If these power prices are not differentiated enough the optimal hydrogen transmission network could be no network at all.

Introduction

Hydrogen is anticipated to play a critical role in a decar-
bonised future as a low-carbon energy vector. However, 

if the cost of hydrogen is too high, demand will not material-
ise, and if demand does not materialise there is no incentive 
to invest in production capacity which may serve to reduce 
the production cost of hydrogen. Moreover, hydrogen pro-
duction costs vary widely based on the commodity price of 
the hydrogen production resource – examples include either 
electric power or natural gas. Large-scale hydrogen transmis-
sion infrastructure could serve to minimise the delivered cost 
of hydrogen to higher production cost regions and accelerate 
market growth for hydrogen it becomes more economically 
feasible. However, in the United States there are currently no 
federal statutes that detail who has the authority to site hy-
drogen transmission infrastructure at the federal level. At a 
high-level, it is unclear whether this sort of federal guidance 
is necessary for the development of this infrastructure – it is 
theoretically possible that all demand for hydrogen within a 
given region could be met with supply from that same region. 
If this is the case, the federal guidance would not be necessary. 
Rather, the States would each need to develop statutes which 
allocate authority regarding the regulation of hydrogen trans-
mission infrastructure within their boundaries. In the United 
States, unless there is trade between states, referred to as in-
terstate commerce, there is no need for federal intervention. 
To justify the evaluation of a regulatory framework for mid-
stream hydrogen infrastructure at the federal level in the Unit-
ed States, one must first evaluate whether such a transmission 
network has any place in the United States’ energy future.

This paper introduces a novel midstream hydrogen infra-
structure expansion model, which identifies an optimal hy-

drogen infrastructure network under different market devel-
opment conditions. The results from this model can be used 
to assess different regulatory frameworks for midstream hy-
drogen infrastructure development in the United States. Ca-
pacity expansion models have been created, and are currently 
utilised commercially, for the electric power and natural gas 
sectors throughout the world (Energy Exemplar N.d.-a) (En-
ergy Exemplar N.d.-b) (RBAC N.d.). The novelty associated 
with the model presented, is it optimises a hydrogen network 
for a least cost solution wherein the total cost of hydrogen is 
minimised across the country rather than a more traditional 
energy commodity. The introduced model is also malleable 
enough to be adapted for any region so long as there are rea-
sonable electric power price and hydrogen demand forecasts. 
In the United States context, results from this model could 
be used to determine whether the government should opt to 
investigate regulatory frameworks to enable the development 
of hydrogen infrastructure within their respective countries. 
More broadly, this model could be used by a system planner 
to determine whether an investment in hydrogen transmis-
sion infrastructure would be prudent. 

Assessing Midstream Hydrogen Infrastructure Build-out 
and Cost Impacts

To understand the midstream infrastructure requirements 
for the hydrogen sector in the United States, it’s important 
to understand potential hydrogen demand scenarios across 
different regions and the supply constraints associated with 
meeting this demand. Given a view of the United States’ hy-
drogen supply and demand balance, it is possible to estimate 
the required midstream infrastructure needed to enable af-
fordable trade of hydrogen between regions. An optimal net-
work of hydrogen transmission infrastructure would enable 
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arbitrage opportunities between states and yield minimised 
cost for hydrogen across the country. The following model 
assesses this infrastructure requirement based on the following 
elements:

1. Model 2050 hydrogen production costs via electrolysis 
in each region

2. Estimate different 2050 demand scenarios for hydrogen 
in the United States and allocate demand to regions

3. Model transmission costs associated with moving hy-
drogen between regions via inter-regional pipeline

4. Optimise hydrogen network to minimise delivered cost 
of hydrogen in each region

The model returns the necessary connections between re-
gions in the United States, on a capacity basis, to minimise 
total hydrogen expenditure. If the optimal results show con-
nections between regions, this implies that the construction of 
a network could serve to lower total expenditures on hydro-
gen throughout the country rather than having each region 
rely on its own hydrogen supply. 

Upstream: Modeling the Cost of Producing Hydrogen 
Across Each Region

To estimate the hydrogen production cost via electrolysis, 
the model calculates annual costs associated with operating 
an electrolyser normalised by the total quantity of hydrogen 
produced in the year. The annual costs are broken down into 
the following sub-costs: (i) capital costs, (ii) operation and 
maintenance costs, and (iii) feed stock costs.

Downstream: Hydrogen Demand by Region

It is impossible to accurately forecast how demand for hy-
drogen might materialise across each region within the En-
ergy Information Agency’s (EIA) Annual Energy Outlook 
(AEO) (EIA 2020). Current demand for hydrogen across all 
sectors in the United States is on the order of 10 million tons 
of hydrogen per year – 1.1 quadrillion British thermal units 
(Quads) (DOE 2020). Today’s demand for hydrogen is not 
ubiquitous in the United States. Rather, demand is limited 
primarily to regions with crude oil refining and ammonia 
production capacity. This demand is already considered in 
the current 1.1 quads of hydrogen demanded today (DOE 
2020). This model allocates this 1.1 quads of demand for hy-
drogen across the West South Central (70%), Pacific (20%), 
and East North Central (10%) regions in order to ensure new 

demand does not cannibalise current demand. New demand 
for hydrogen is split as detailed above and added to current 
demand.

Transmission Network Modeling

This model is structured such that a given pipeline is meas-
ured by the total capacity of hydrogen it can move in power 
terms. While the power capacity for a pipeline is generally a 
function of the diameter of the pipeline and the pressure at 
which the gas is moving on the pipeline. This study assumes 
a hydrogen pipeline has an equivalent power capacity of 13 
gigawatts (GW) based on the European Hydrogen Backbone 
(Wang, et al 2020). Similarly, the effective capital expenditure 
for a hydrogen pipeline would generally be a function of the 
diameter of the pipeline and the pressure at which it oper-
ates. There are also capital costs associated with constructing 
the compression system required to move hydrogen along the 
pipeline. This cost relies on the total distance hydrogen must 
be moved on the system. 

This model assumes the total cost of transporting hydrogen 
between regions is based on a cost-of-service rate-making 
scheme. Assuming a single entity owns the hydrogen trans-
mission capacity, that entity would roll all investment in their 
system into a rate base. The entity would earn a rate of return 
on the capital they invest and structure their rates such that 
this value – along with annual operation and maintenance ex-
penses – is covered by the rates they charge their customers for 
using their service. The annual cost associated with operating 
the pipeline divided by the anticipated hydrogen shipped on 
the pipeline yields the rate a transmission company would be 
allowed to charge a customer looking to use their asset under 
a regulated rate-making scheme.

This relationship is based on a cost-of-service rate-making 
scheme and will yield a total cost per kilogram of hydrogen 
moved between different regions based on an allowed rate of 
return on capital spent by the entity. This value will differ as 
pipelines are built to connect different regions. A difference 
in length will drive a difference in total installed cost of the 
pipeline and this will be reflected in the total transmission 
cost. The model limits pipeline construction only to adjacent 
regions. 

The overnight capital cost associated with constructing a 
new hydrogen pipeline is equal to the rated hydrogen trans-
mission capacity (in terms of power, not energy) multiplied 
by a set capital cost for the hydrogen pipeline and the total 
length of the pipeline. The overnight capital cost associated 
with the compression system to move the hydrogen on the 
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pipeline is equal to the power required to move hydrogen, 
which is a function of the length of the pipeline, multiplied 
by the capital cost for the compressor and the compressor ef-
ficiency. 

The depreciation for new pipeline system built in each year 
is assumed to be at a 40-year fixed depreciation rate based on 
the total capital expenditure associated with constructing new 
length of pipe. The annual operation and maintenance cost 
associated with operating the pipeline system, which includes 
the compression system, is assumed to equal 1.7% of the sys-
tem’s rate base (Wang, et al 2020).

The power consumed in compression to move hydrogen 
from region to region is equal to the effective utilisation of the 
pipeline multiplied by the power capacity of the compression 
system. This quantity is then multiplied by the price of pow-
er within the production region, which is influenced by the 
price elasticity of demand within the region.

The unit cost of moving a quantity of hydrogen on the built 
system will then be added to the production cost of hydro-
gen in the origin region. The total delivered hydrogen cost is 
equal to the production cost of hydrogen in the origin plus 
the transmission cost associated with moving the hydrogen 
from the origin to the destination. 

Objective Function and Model Formulation

The objective of the model is to solve for a transmission net-
work such that the total cost paid for hydrogen across all re-
gions is minimised. This is quantified through the sum of the 
product of each region’s delivered hydrogen price and quanti-
ty of hydrogen demanded. 

The results of this model will yield the total cost paid for 
hydrogen across all regions and the optimal hydrogen trans-
mission network associated with producing such costs. This 
model can be used to determine whether a federal regulatory 
framework is necessary, or the issue of hydrogen infrastructure 
siting might be best suited for the state-level.

Hydrogen Network Modelling Results

The output of this model is a hydrogen transmission net-
work which minimises total hydrogen expenditure across all 
regions in 2050. In a case which yields network connections, 
there are arbitrage opportunities to produce hydrogen in a 
different region and move that hydrogen into the demand 
region. More specifically, the sum of hydrogen production 
cost and transmission cost is lower than the cost of producing 

hydrogen within the demand region. However, just because 
a region imports hydrogen does not necessarily mean there 
is no internal supply to meet demand as well. As demand for 
hydrogen increases in a given region, so too does the electric 
power price within the region. This section presents the results 
of a case with a medium delivered power cost and medium 
hydrogen demand in 2050. 

Scenario – Mid Hydrogen Demand

This scenario evaluates a 2050 future with mid-case hydro-
gen demand (4.1 quads) and mid-case electric power costs 
across the United States. In this scenario, the model finds the 
total expenditure on hydrogen is lower in the case with an 
installed hydrogen transmission network than the case with-
out a network. The optimal transmission network is shown in 
Figure 1 below.

The total expenditure on hydrogen in this scenario without 
a network is $177 billion. If a transmission network is con-
structed, the total expenditure is $175 billion. Moreover, the 
total expenditure on hydrogen transmission infrastructure, 
which includes both the cost associated with constructing the 
pipelines and the compressors, is $60 billion.

Discussion of Results

The key metric to measure the relative economic efficiency 
of a future with or without a hydrogen transmission network 
is the ratio of total expenditure on hydrogen in each power 
cost and hydrogen demand case with the network to the 

Figure 1. Optimal Network -- Widths of Arrows Reflect 
Connection Capacities between Regions

Source: Authors’ own compilation
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total expenditure without the network. Table 1 summarises 
these ratios across 9 different power price and hydrogen 
demand cases.

In each case with a ratio less than one, hydrogen consumers 
are saving billions of USD on total hydrogen expenditures. 
This lower cost for hydrogen yields lower unit costs across the 
board for products and services which use hydrogen as a feed-
stock for their processes. 

Conclusion and Areas for Future Work

Through the utilidation of this model, we have found the 
development of an interstate hydrogen transmission network 
could prove to minimise the total expenditure on hydrogen 
throughout the country based on the delivered costs and ar-
bitrage opportunities the network enables. The regions con-
sidered in this model are quite coarse, encapsulating multiple 
states each. So, even in a case wherein no network proves to 
minimise the total expenditure on hydrogen, there could have 
been interstate commerce between each of the states a respec-
tive region. Based on these results, we come to the conclusion 
that it is necessary for the federal government in the United 
States to begin to explore how they might go about regulating 
the development of interstate hydrogen transmission infra-
structure to minimise regulatory risk and ensure development 
of this infrastructure to enable low-cost reliable hydrogen sup-
ply to demand centers throughout the United States. 

There are three key areas on which we plan to expand this 
work:

1. The development of bulk hydrogen storage

2. The supply of hydrogen via steam methane reforming 
with carbon capture and sequestration (blue hydrogen) 
within the United States

3. Increased resolution of regions to include state level, or 
country level supply and demand forecasts

A key limitation to this model is that it does not account 
for the bulk storage of hydrogen in the pipeline system itself, 
underground, or aboveground. The inclusion of storage will 
certainly affect the optimal network buildout. Also, as has 
been noted, this model only includes hydrogen production 
from electric power via an electrolyser in 2050. In the United 
States natural gas is cheap and abundant. Based on the geolo-
gy of a given region, blue hydrogen might prove to be a more 
economic supply of hydrogen than electrolytic hydrogen. A 
next rendition of this model will integrate geologic availabil-
ity and roll blue hydrogen into the supply stack to see if this 
new supply will ultimately decrease the total expenditure on 
hydrogen even further. As mentioned earlier, the regions we 
have considered in this study are quite coarse – encompassing 
multiple states within a given region. A next step associated 
with this model development is to increase the resolution of 
the regions to include supply and demand dynamics at the 
state level, or perhaps even at the county level to yield a better 
sense of how an optimal network might be built out and how 
much interstate commerce occurs in a low hydrogen demand 
scenario with minimal arbitrage opportunities.

Table 1. Ratio of Total Expenditures with and without 
Hydrogen Transmission Network Across each Power Cost 

and Hydrogen Demand Case
Source: Authors’ own compilation
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