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Abstract: The year 2014 marked hydrogen fuel cell electric vehicles (FCEVs) first becoming
commercially available in California, where significant investments are being made to promote
the adoption of alternative transportation fuels. A refueling infrastructure network that guarantees
adequate coverage and expands in line with vehicle sales is required for FCEVs to be successfully
adopted by private customers. In this paper, we provide an overview of modelling methodologies
used to project hydrogen refueling infrastructure requirements to support FCEV adoption,
and we describe, in detail, the National Renewable Energy Laboratory’s scenario evaluation and
regionalization analysis (SERA) model. As an example, we use SERA to explore two alternative
scenarios of FCEV adoption: one in which FCEV deployment is limited to California and several
major cities in the United States; and one in which FCEVs reach widespread adoption, becoming a
major option as passenger vehicles across the entire country. Such scenarios can provide guidance
and insights for efforts required to deploy the infrastructure supporting transition toward different
levels of hydrogen use as a transportation fuel for passenger vehicles in the United States.
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1. Introduction

Alternative fuels are being largely supported by federal and local entities in the United States as a
solution to reduce greenhouse gas (GHG) emissions from the transportation sector, improve local air
quality, stimulate economic growth, reduce oil consumption, and increase national energy security.
While deployment of hydrogen fuel cell electric vehicles (FCEVs) within the U.S. light-duty vehicle
(LDV) sector has received limited attention so far, 2014 marked the first year in which FCEVs became
commercially available in California [1], where significant investments are being made to deploy a
successful hydrogen refueling infrastructure system, and FCEVs are a part of transformation pathways
toward a sustainable energy future [2]. Hydrogen is a clean energy carrier that can be produced via
several pathways, including electrolysis, that can use electricity produced from renewable energy
sources. Electrolytic hydrogen production could facilitate the integration of renewable energy sources
by providing a flexible demand for electricity that would otherwise be curtailed [3–5]. Over the next
decades, FCEVs might become a major component of transportation electrification efforts across the
entire country, especially for those applications in which adoption of battery electric vehicles is more
challenging, such as large vehicles with long range and fast refueling requirements.

Conditio sine qua non for the successful adoption of FCEVs by private customers is the availability of
a refueling infrastructure network that guarantees adequate coverage—including corridors connecting
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densely populated areas, which are likely to be early FCEV markets—and expands in line with vehicle
adoption patterns [6]. However, the early rollout of refueling infrastructure may be hindered by the
lack of fuel demand, which makes the financial case for building refueling stations less profitable.
In particular, low utilization rates of hydrogen refueling stations in the early years (when few FCEVs
are on the road) negatively impacts their finances significantly, making the case for building hydrogen
stations harder [7]. To solve this conundrum, often referred to as a “chicken-and-egg” problem, incentives
and support can be provided to build hydrogen refueling stations and transition the market through the
early phase, also known as the “valley of death”. Modelling and projections tools provide policymakers
and automakers important data to inform decisions about infrastructure investment and guide the
transition through the “valley of death”.

In this context, we review modelling methodologies used to project hydrogen refueling
infrastructure requirements to support FCEV adoption and describe the demand-side and refueling
station placement modules of the National Renewable Energy Laboratory’s (NREL’s) scenario
evaluation and regionalization analysis (SERA) model. We also report two alternative deployment
case studies for hydrogen refueling infrastructure to satisfy growing demand for use in passenger
vehicles in the United States. SERA determines the optimal production and delivery scenarios for
hydrogen, given hydrogen production resource availability in the United States and technology cost.
Given annual hydrogen demands on a city-by-city basis, forecasts of feedstock costs, and a catalogue
of available hydrogen production and transportation technologies, the model generates “blueprints” for
hydrogen infrastructure buildout that minimize the overall capital, operating, and feedstock costs for
infrastructure networks that meet the specified demand profiles. The buildout of hydrogen refueling
stations over time, in different geographic regions, is modelled to maximize coverage and strategically
provide access to potential FCEV early adopters.

The two case study scenarios described in this paper are self-consistent and in line with
both near-term (5–10 years) ongoing activities, such as hydrogen refueling station deployment in
California and in other regions of the country [8–11], and long-term research and development (R&D)
objectives and deployment ambitions (e.g., [12,13]). In particular, one deployment scenario—Urban
Scenario—focuses on deployment in California, where that state has committed significant resources
to promote FCEV adoption, and in a limited number of big cities across the country. A second
scenario—National Expansion Scenario—explores opportunities related to a more widespread adoption
of FCEV across the entire United States.

The objective of this paper is to provide an overview of the models used to project hydrogen
refueling infrastructure requirements to support FCEVs and detail the geospatial disaggregation
of FCEV adoption and related deployment of hydrogen refueling infrastructure. The paper also
illustrates what successful scenarios of fuel cell electric vehicle adoption and related infrastructure in
the United States might look like, and lay the modelling foundation to answer questions, such as How
many refueling stations will be required to support a growing number of FCEVs across the United
States? What would be the impact of different regional deployment (i.e., FCEVs concentration in large
urban areas as opposed to widespread adoption) and station size? How will coverage for hydrogen for
use in transportation evolve over time (i.e., when will hydrogen stations be introduced in the different
U.S. urban areas) under different vehicle demand scenarios? What level of costs may be required to
support the deployment of a successful hydrogen refueling infrastructure network? What are the
main levers to optimize stations operation and maximize fuelling availability so as to more efficiently
support FCEV adoption?

2. Refueling Infrastructure Modelling Methodologies

Given the key role of refueling infrastructure to enable and support the adoption of FCEVs
(“chicken-and-egg” problem), several models have been developed to explore and inform infrastructure
roll-out plans and generate “blueprints” for hydrogen infrastructure buildout. In general, these models
usually focus on specific regions characterized by a high probability of FCEV adoption based on
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population, socioeconomic and policy factors, estimated early-adopter presence, and other drivers.
Areas of potential hydrogen demand are then aggregated into clusters to determine if and when they
will warrant infrastructure investment [14–20]. Clusters in which refueling stations are predicted to
be deployed are then connected to each other using “connector” stations along major roads between
the clusters.

Within a particular cluster, models project station placement based on three main approaches
(Table 1): generalized, p-median, and flow-intercepting. Generalized modelling approaches include
using stated or revealed surveys to guide station placement (e.g., place stations near home/work, at all
major intersections, etc.). Another general framework for station placement is to use a set of rules to
guide placement, including mimicking the existing gasoline station network or placing stations to
ensure customers are within a maximum driving time from a station. Finally, generalized approaches
also include solving optimization algorithms based on simplified geometric representations of cities
with no local resolution.

Hydrogen refueling station placement, based on p-median approaches, seeks to optimize the
network by minimizing the average driving time to a refueling station. The p-median approach uses
road network and population geographic information system (GIS) data. The optimization is typically
completed using a demand-weighted or fuel consumption-weighted travel distance. The p-median
approach simulates refueling behavior in which drivers refuel close to their home or work locations
(rather than along their usual routes). This framework can also be viewed as “consumer-oriented”,
since it seeks to minimize driving time for all consumers, which may force stations to be located
far from the highest demand concentration to provide sufficient network coverage and convenient
refueling for all drivers.

The third approach to placing refueling stations is the flow-intercepting model, which classifies
demand as a flow along a path, as opposed to a particular point, as in the p-median approach [21].
A demand is satisfied—or “intercepted”—if there is a refueling station anywhere along the driving path
of an agent. In general, flow-intercepting models maximize the demand flow that is intercepted [22].
However, since a demand flow is considered captured as long as there is a refueling station anywhere
along its driving path, the conventional flow-intercepting models do not accurately reflect hydrogen
refueling station capacity constraints, vehicle driving range limitations, nor the ability for consumers
to allow for small departures from the path to refuel. Thus, flow-intercepting models have been
modified to more accurately reflect these factors [23–25]. Behaviorally, the flow-intercepting model
approach represents consumers primarily refueling along their travel path, as opposed to at the origin
or destination. This modelling framework can also be viewed as “operator-oriented”, since stations
are only located at potential high-utilization locations along paths, as opposed to ensuring coverage
for all consumers.

Table 1. Local hydrogen refueling station placement methods.

Method Approach References

Generalized
Stated/Revealed survey [26–29]
Rule based [14,19,30–32]
Generic city (no spatial resolution) [33–35]

p-Median Minimize demand-weighted travel distance [21,36–39], SERA (this paper)
Minimize fuel consumption-weighted travel distance [40,41]

Flow-Intercepting
Conventional: maximize number of trips intercepted [22]
Modified: account for hydrogen refueling station capacity
limitations, driving range limitations, and travel deviations [23–25]

The methods described above generate projections to determine where to place stations within a
local area, however, they do not explicitly detail the sequence of when to build each station to assume
synergistic growth of the FCEV and infrastructure markets, or how to prioritize a large-scale roll-out



Energies 2018, 11, 1171 4 of 14

of refueling infrastructure. In this paper, we describe the methods used in the SERA model to address
these limitations.

3. NREL’s Scenario Evaluation, Regionalization, and Analysis (SERA) Model

NREL’s SERA model, extensively used to perform hydrogen infrastructure network expansion
analysis by several public and private stakeholders (e.g., [8,42,43]), projects scenarios of FCEV
adoption over time, and required hydrogen refueling infrastructure roll-out, based on estimates
of potential adopters of passenger FCEVs. SERA also locates hydrogen production facilities and
projects buildout of hydrogen distribution networks based on cost estimates of different alternatives,
such as hydrogen pipelines.

The demand-side and refueling infrastructure buildout modules of SERA projects geospatially
and temporally resolved scenarios of hydrogen refueling infrastructure deployment based on projected
demand for hydrogen in the LDV sector, following three steps (Figure 1) [44]:

1. Based on vehicle characteristics and exogenous FCEV adoption rates, a vehicle stock model
computes aggregate hydrogen demand.

2. The vehicle adoption and associated hydrogen demand are spatially disaggregated to capture
differences between the different geographic areas considered.

3. The expansion of the hydrogen refueling network over time is modelled to mimic strategic station
deployment aimed at maximizing the network coverage, effectiveness, and profitability for the
previously disaggregated FCEV adoption pattern.

Figure 1. Overview of the scenario evaluation and regionalization analysis (SERA) demand-side and
refueling infrastructure buildout modelling scheme.

3.1. Spatial Disaggregation

The SERA model’s demand disaggregation algorithm is based on the likelihood of early FCEV
adoption based on early adopter metrics, and the strategic sequencing of hydrogen introduction into
different urban markets.

3.1.1. Early Adopter Metrics

In particular, FCEV adoption over time in different U.S. urban areas [45] relies on computing an
“early adopters” metric (EAM) that is intended to capture the positive impact of several socioeconomic
factors, such as population density and vehicle preference (based on adoption of alternative fuel and
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luxury vehicles [44]), on FCEV adoption. EAM is the proxy metric used in the SERA analysis to predict
the differential adoption of FCEVs over time. These EAM are computed from demographic and vehicle
registration data, including estimated affinity of different neighborhoods for fuel cell vehicles (derived
from historical sales of alternative fuel vehicles, such as hybrid electric vehicles (HEVs) and plug-in
electric vehicles (PEVs). See [44] for more details). Total population and number of early adopters
are shown in Figure 2 for the 621 largest urban areas in the United States considered in this study
(including a total of 225 million people and a total of 63 million for the EAM). Results show how the
EAM is not necessarily geographically correlated with population: Los Angeles, for example, has the
highest total EAM in the country, but not the highest total EAM relative to population (San Francisco
shows a higher EAM share), and cities in different areas of the country show very different EAM shares.

Figure 2. Population and total early adopters metric (EAM) (defined as the fraction of the total EAM
for the urban area, normalized to 100 million) per U.S. urban area. Population data taken from U.S.
Census Bureau. The mega-regions color-coded in the figure indicate frequency and geographic extent
of household vehicle commuting patterns between cities, and are derived from a recent study on travel
data [46].

Based on the EAM described above and other considerations, an algorithm guides adoption
sequencing: cities with higher population and population density introduce FCEVs earlier than other
cities, in an effort to mimic realistic and effective adoption patterns for alternative transportation fuels.

3.1.2. Urban Market Sequencing

Different urban areas in the United States are characterized by different population density, and
thus, the number of refueling stations required to guarantee access to a reliable refueling network to a
market of early adopters varies (a certain number of stations is required both on a per-vehicle basis and
on a per-mile base to guarantee access to a convenient refueling network). These stations are called
“enabling stations” in the remainder of this paper. In particular, cities with lower population density
require more stations per land area to achieve comparable levels of station availability, from a consumer
perspective. For example, Pittsburgh and Sacramento have a similar total population, but Pittsburgh
requires roughly 5 times more stations to achieve a similar level of coverage. A basic correlation,
derived from Nicholas et al. [31], is used to estimate the number of enabling stations required in any
U.S. urban area. The result is the number of refueling stations that need to be deployed to open up
FCEV markets (i.e., enable adoption) to early adopters in each city, cluster of cities, or region.
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The order in which different urban markets will be opened to hydrogen depends upon a number
of different factors, including local government support, private industry interests, and marketing
strategies. For the scenarios developed here, the hydrogen refueling station adoption sequence is
estimated to prioritize introduction in urban markets in terms of both the geographic density of early
adopters (early adopters per square mile) and the number of early adopters per enabling station
(potential costumers per refueling station). This prioritization is shown numerically in Figure 3,
with the EAM per station shown on the vertical axis, and the EAM density per square mile on the
horizontal axis.

These two metrics can be interpreted as prioritizing urban markets in terms of the effectiveness
of placing a limited total number of hydrogen stations (vertical axis) and serving the density of early
adopters within each urban area market (horizontal axis). This suggests that urban areas in the top
right corner (Tier 1) would be higher priority markets, and a limited number of coverage stations
would be allocated to one urban area after another, moving downwards towards the bottom left corner
of the figure (Tiers 2–6). Tier 1 is composed of a handful of cities in California. This prioritization of
California cities is not surprising, given the large fraction of national HEV and PEV sales in California,
as well as the generally high population density of many California urban areas compared to other
major U.S. urban areas. Notably, three of the urban markets in Tier 2 are also cities in California:
San Diego, Sacramento, and Concord. Additional Tier 2 cities with high population densities (and
therefore, relatively few enabling stations required) and high concentrations of early adopters include
Washington DC, New York, Miami, and Las Vegas. The early adopters per enabling station ratio drops
by half moving downward into Tier 3, and by a factor of five, moving from Tier 2 to Tier 4. Many
urban areas have a relatively high number of early adopters, due to a large share of HEV and PEV
sales, but fall into Tier 3 or 4, due to low population density and a large number of enabling stations
required. While it does not capture all the drivers of potential FCEV adoption sequencing in the
country, this approach proposes a rational sequencing that strategically paces out the deployment of
hydrogen refueling stations to maximize station utilization and FCEV market growth.

Figure 3. Cont.
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Figure 3. Prioritization of urban markets by EAM density and EAM per coverage station.

3.2. Refueling Network Buildout (Station Sizing and Placement)

SERA uses simplified representations of FCEV aging, vehicle-miles travelled (VMT), and other
LDV stock-turnover assumptions, based on a modified version of the VISION algorithm [47],
to compute FCEV stock, VMT, and hydrogen demand in each region modelled (in this case, for each U.S.
urban area). The demand for hydrogen is then used to compute hydrogen supply and infrastructure
requirements, including hydrogen production and distribution networks.

FCEV refueling stations are sized according to an algorithm that mimics historical experience with
gasoline refueling stations. Stations are geographically placed to maximize overall coverage within
the area to which they are assigned (typically urban area or zip code). The spatiotemporal station
placement technique relies on three algorithms that are applied in sequence: first, the time-dependent
hydrogen demand for the urban area is used to estimate the number of stations that would be built in
each year. Based on those station counts and on an average station capacity for the year, the stations are
sized stochastically according to an empirically-determined capacity distribution. Finally, the stations
are located stochastically within the urban area of interest according to EAM density. The station-count
algorithm is deterministic, whereas the station sizing and location algorithms are stochastic.

Algorithm 1. Station Counts (deterministic):
Let D(t) be the demand for hydrogen in year t (note that the demand for hydrogen is an exogenous

input and is assumed to be known for every year). The number of hydrogen refueling stations at year
t + 1, N(t + 1) is

N(t + 1) = N(t) + β N∗(t + 1) (1)

N(t = 0) = N0 (2)

where

N∗(t + 1) =
D(t + 1)− D(t)

Qave(t)
(3)
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β = α
( Qave(t)

Qmax
ave

−1)
(4)

Qave(t) =
D(t)
N(t)

(5)

This algorithm results in a situation where the average station capacity is small in early years, but
approaches the maximum size Qmax

ave as time progresses. For each year t, n(t) = N(t)− N(t − 1)
stations are built with capacity Ci and location (ϕi, λi) chosen according to the following
two algorithms.

Algorithm 2. Station Capacity Sizing (stochastic):
Let Xi be uniform [0, 100] independent, identically distributed random variables, where i is the

station number. The capacity of the station i, which is constructed at time t, is given by

Ci =
264.1 − 8.921Xi + 0.1947Xi

2 − 0.002187Xi
3 + 0.000008948Xi

4

100
Qave(t) (6)

This results in the station capacity distribution shown in Figure 4.

Figure 4. Generic station capacity distribution [42].

Algorithm 3. Station Fine-Grid Placement (stochastic):
While stations have been allocated to each region of interest (e.g., urban areas), there might be

interest in further refining the geographical distribution of such stations at a finer grid. This problem,
which is highly dependent on local conditions, such as traffic flow, availability and cost of space,
marketing considerations, etc., has been approximated in SERA, where the probability of a station being
located at a particular point depends upon population density, the affinity of different neighborhoods
for FCEVs, the location of roadways, and the location and size of previous stations [48]. In particular,
to identify the latitude and longitude of the ith station (ϕi, λi), non-uniform random variables are
drawn over a finely gridded probability distribution that evolves over the region of interest as each
station is placed.

4. Case Studies

In this paper, we propose two case studies to explore alternative example scenarios of FCEV
adoption and deployment of related refueling infrastructure in the United States, based on a recent
study [49] (detailed results are available online at http://maps.nrel.gov/hydra):

• Urban Markets scenario—deployment focused in California, where the State has committed
significant resources to promote FCEV adoption [9], and in a limited number of big cities across
the country. This scenario is intended to illustrate a somewhat limited national adoption of FCEVs

http://maps.nrel.gov/hydra
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that remain restricted to specific regions where greater market potential has been identified
(mainly Tier 1 and 2 urban areas).

• National Expansion scenario—widespread adoption of FCEVs across the entire country. This
scenario is intended to illustrate an aggressive adoption of FCEVs in the entire United States,
and a widespread deployment of hydrogen refueling stations covering the entire nation, taking
advantage of significant economies of scale and successful market evolution.

While these scenarios are not in any way a forecast of FCEV deployment nor a projection
of future markets, their comparison allows for understanding the requirements, both in terms
of infrastructure deployment and government support, to promote early roll-out of refueling
infrastructure, of alternative adoption schemes for FCEVs. A logistic function is used to quantify
the market share of FCEVs over time in the two scenarios, based upon initial sales estimates in
California [9]. The general logistic equation applied is the following:

St =
M[

1 +
(

M
Sto

− 1
)

e−rM(βt−to)
] (7)

where St = FCEV market share of annual LDV sales in year t; Sto = beginning FCEV market share in
year to, estimated based on expected near-term FCEV sales; M = maximum FCEV market share (as t
approaches 2100); r = rate of market share growth (% per year); β = Time constant.

Figure 5 reports FCEV sales over time for the two scenarios considered in this paper, together
with total LDV sales in the United States, as projected in the 2017 Annual Energy Outlook
(AEO) [50]. Note that near-term (2016–2020) FCEV sales match forecasts reported by the California
Energy Commission [2,9], since California is the only U.S. state in which FCEVs are currently
commercially available.

Figure 5. Fuel cell electric vehicles (FCEV) sales over time. The FCEV sales are SERA estimates whereas
the total light-duty vehicle (LDV) sales are from the Annual Energy Outlook (AEO) 2017 [50].

The two scenarios show a significantly different geographical adoption pattern, given the different
markets available for FCEV deployment. The geographic distribution of FCEV sales in 2050, compared
to total LDV sales, is illustrated in Figure 6 for the two scenarios. FCEV sales are not only significantly
higher in magnitude in the National Expansion scenario (bottom pane in Figure 6) compared to the
Urban Markets scenario (top pane in in Figure 6), but are also distributed over more cities across the
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United States, rather than being limited to California and a few big cities serving as the only markets
for hydrogen vehicles (which is the case for the Urban Markets scenario where sales are concentrated
in the first adoption tiers shown in Figure 3).

Figure 6. FCEV sales in 2050 by urban area in the Urban Markets scenario (top) and National Expansion
scenario (bottom). The total size of the pies indicates total LDV sales, the orange slices represent FCEV
sales, and the blue slices include all other LDVs.

The scale and extent of the networks of hydrogen refueling stations required to support the FCEV
adoption in the two case studies considered is fundamentally different, as summarized in Table 2.
In particular, the scale of FCEV deployment in the two case studies is driven by the different FCEV
sales assumption, reported in Figure 5. At the same time, the different spatial extent of the hydrogen
refueling network, which is more concentrated in a smaller number of large cities in the Urban Markets
scenario, determines the size of the stations deployed and their utilization rates.

Figure 7 shows the share of urban areas in which FCEVs are adopted (and refueling stations
built) as the overall national FCEV market evolves (both in terms of total FCEVs and over time).
In the National Expansion scenario (diamonds), the network of stations expands more quickly, and
the share of FCEV penetration increases more rapidly over time. However, the more concentrated
expansion in the Urban Markets scenario (dots) allows for reaching a higher FCEV penetration share
for a given number of total FCEVs. The more rapid network expansion in the National Expansion
scenario leads to a dilution of FCEVs across multiple cities. This effect is mitigated over time by the
more aggressive vehicle deployment trends. These scenarios illustrate alternative FCEV and hydrogen
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refueling station deployment scenarios, and can be used as bracketing cases for studying broader
impacts of FCEV adoption.

Table 2. FCEV adoption, hydrogen demand, and hydrogen refueling stations summary data.

Scenario Metric 2020 2030 2040 2050

Urban Markets

FCEV Stock 12,876 441,100 5,516,268 23,477,889
Hydrogen Demand (kg/day) 9804 281,694 2,735,287 9,196,971

Refueling Stations 105 739 2915 7754
Average Station Capacity (kg/day) 284 557 1211 1516

Network Utilization (%) 33% 68% 77% 78%

National Expansion

FCEV Stock 24,579 1,058,795 13,778,272 61,086,528
Hydrogen Demand (kg/day) 18,653 677,107 6,829,990 24,003,672

Refueling Stations 162 1434 6988 20,979
Average Station Capacity (kg/day) 318 671 1269 1466

Network Utilization (%) 36% 70% 77% 78%

Figure 7. Number of urban areas with FCEVs over time for each scenario. Color indicates the average
fraction of FCEV penetration over all urban areas.

5. Discussion and Conclusions

Alternative fuel vehicles have long been proposed to reduce oil dependency and increase energy
security, reduce GHG emissions from the transportation sector, improve local air quality, and stimulate
economic growth and job creation. Adoption of alternative fuels, however, hinges on the availability
of a refueling infrastructure network that guarantees adequate coverage and expands in line with
vehicle adoption, especially for hydrogen FCEVs that cannot be refueled at home like plug-in electric
vehicles. Therefore, several models have been proposed to project hydrogen refueling infrastructure
requirements to support FCEV adoption, especially as the market transition through the early phase in
which low vehicle adoption combined with coverage requirements would lead to low refueling station
utilization, also known as the “valley of death”. Modeling studies can inform and design hydrogen
infrastructure deployment strategies that help transition through this early phase.

Generally, these models focus on specific regions characterized by a high probability of FCEV
adoption and project station placement based on three main approaches: generalized, p-median, and
flow-intercepting. These methods, however, focus on where these stations should be built and do
not explicitly detail the sequence of when to build each station to provide insights on a synergistic
evolution of the vehicle and infrastructure markets. In this paper, we describe the methods used in
the SERA model to address these limitations, and provide an approach to prioritizing a nationwide
FCEV infrastructure roll-out. Moreover, we provide two case studies to illustrate and bracket what
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a deployment roll-out strategy in the United States might look like, provide insights on the impact
of different deployment strategies both in terms of overall market size and network coverage on the
required hydrogen refueling infrastructure, and call for a more nuanced analysis of the infrastructure
and financial requirements associated with the deployment of a refueling network that can enable
different extents of FCEV adoption in the United States.
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