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Executive Summary
The preference for liquid transportation fuels like gasoline and 
diesel relates to their much greater energy density. However, 
greenhouse gas (GHG) emissions from combustion of gasoline 
and diesel in the transportation energy sector account for 27% 
of US emissions. Fuel cell electric vehicles (FCEVs) refuel with 
hydrogen (H

2
) in 5 minutes and provide transportation range similar 

to internal combustion vehicles (ICEVs) without GHG emissions. 
This paper investigates how the cost of providing H

2
 refueling in 

the Houston area would compare with current gasoline and diesel 
prices.

This paper compares three H
2
 generation processes. The two 

processes that start with methane and water as feedstock are steam 
methane reforming (SMR) and SMR with carbon capture (SMRCC). 
The third process applies electrolysis using grid electricity and water 
as feedstock. The National Renewable Energy Laboratory (NREL) 
H2A tools provides cost estimates of H

2
 generation by the analyzed 

pathways of SMR, SMRCC, and grid H
2
. By grid H

2
 this paper means 

H
2
 generated from the Texas electric grid using electrolysis. The H

2
 

Delivery Scenario Analysis Model (HDSAM) created by Argonne 
National Laboratory generates the delivery model and costs. 
Our investigation of 45Q and 45V provides insight into the tax 
incentives producers could use to reduce their overall leveled cost 
of H

2
. 

This paper provides investors and policy makers with compelling 
evidence, based on aggregated capital, operating, and feedstock 
costs for H

2
 generation, transportation and distribution, that 

gaseous H
2
 can be supplied in the greater Houston area at a cost 

that is competitive with gasoline and diesel fuel. The total levelized 
cost (LTCH) of H

2
 ranges from $4.54 per kg H

2
 (onsite SMR) to $8.86 

per kg H
2
 (electrolysis). The option to reuse available transport, 

pipeline, road, and rail infrastructure for H
2
 and natural gas would 

be cheaper than new construction and would provide an option for 
low-cost H

2
 delivery by reducing capital expenditures (CAPEX) and 

operating expenditures (OPEX). 

For as long as they exist, favorable 45V tax incentives can 
encourage investment in SMRCC H2 generation because the 
incremental cost ($113.6 per ton CO

2
) of storing CO

2
 captured for 

SMRCC is less than the maximum 45V incentive ($3 per kg H
2 
≈ 

$300 per ton CO
2
). While grid H2 offers a more straightforward 

generation and delivery system, emissions from the grid electricity 
generation compare with emissions from ICEV transportation. At 
much lower cost than grid H

2
, without tax credit incentive SMRCC 

H2 costs $6.10 per kg H
2
 at the pump. The customer breaks even 

paying about twice the price per gallon of gasoline and 1.8 times 
the price per gallon of diesel for a kg of H

2
 on a cost per distance-

traveled basis. At the current liquid fuel prices a supplier can 
profitably offer H

2
 fuel at a price competitive with gasoline and 

diesel.
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before concluding the study. For comparison purposes, we calculate 
several levelized costs culminating in a levelized total cost of 
hydrogen (LTCH). The LTCH is the total cost to produce and sell each 
kg of H

2
 during a project’s operational life. It includes all capital 

requirements as well as operation, transportation, and distribution 
costs. We obtain the LTCH from the following equation:

 
     LTCH = LCOH + LCT + LCRS   (1)

where LCOH is the levelized cost of H
2
 generation, LCT is the 

levelized cost of H
2
 transportation, and LCRS is the levelized cost of 

H
2
 associated with the costs refueling stations for consumer sales.  

We obtain LCOH from the following equation:

LCOH = LFC + LCC + LOM   (2)

where LFC is the levelized feedstock cost including electricity,  LCC 
is the levelized capital cost, and LOM is the levelized operating and 
maintenance cost (this includes both fixed and variable costs). We 
will report everything in $ per kg H

2
.

H2 Generation
Several existing hydrogen generation pathways use various 
feedstock to produce H

2
. In this paper, we analyze five pathways, 

steam methane reforming (SMR), steam methane reforming with 
carbon capture (SMRCC), electrolysis, onsite SMR, and onsite 
electrolysis. The first three pathways apply for hub generation, and 
the last two consider generation at or near a refueling location. We 
describe each pathway in this section.

In this section, we gather data from a variety of sources to derive 
the levelized cost of H

2
 under multiple generation options. We 

use two recent NETL studies featuring H
2
 generation facilities in 

the Midwest region with 30-yr operation periods, starting in 2023 
(DOE/NETL 2022).  They form the basis for some of our data on 
SMR and SMRCC facilities. We also use NREL data to assess the 
costs of both hub- and small-scale grid hydrogen, as well as small-
scale SMR (Penev et al. 2018).

Introduction
The most common justification for the continued use of liquid 
transportation fuels is their high volumetric energy density. 
Volumetric energy density is an important attribute because 
transportation vehicles must transport both the size and weight 
of the onboard fuel in addition to passengers and/or freight. 
Transportation vehicles must also transport the propulsion 
mechanism, which for gasoline and diesel vehicles is an internal 
combustion engine (ICE).

Electric vehicles (EVs) may store onboard energy in batteries 
(BEVs) or as hydrogen (H

2
) to power a fuel cell (FCEVs). To compare 

ICE vehicles (ICEVs) with EVs impartially, we must consider the 
volume and weight of their combined onboard fuel and propulsion 
mechanism along with the overall life cycle analysis (LCA) of the 
energy required to move the vehicle a particular distance. Further, 
markets must consider costs and consumer preferences, and 
modern societies may also favor environmental constraints on 
greenhouse gas (GHG) emissions. 

California has declared that ICEVs will no longer be sold there 
after 2035, and 100% of medium-and heavy-duty vehicles will be 
zero emission vehicles (ZEV) by 2045 where feasible (Executive 
Department State of California 2020). They have already 
demonstrated that companies and consumers can manage EV 
transportation, but adoption rates have been low. Table 1 indicates 
that the EV adoption rates were only 2.8% of the total light-duty 
vehicle population at the end of 2021. A later report indicated that 
the total number of medium and heavy-duty ZEVs in commercial 
use was only 1,943.  Industry near Houston, Texas generates more 
H

2
 than anywhere else in the world. As such, Houston, and for that 

matter the state of Texas, may be well-positioned to promote a 
transition to H

2
 as a transportation fuel. This paper investigates the 

merits of supplying Houston private and commercial consumers 
with access to H

2
 for refueling vehicles. 

The following sections detail hydrogen generation, transport, 
consumer sales, and the economic impact of adding CO

2
 capture 

to SMR. We include a cost comparison and market considerations 

Table 1: Total Light-Duty Vehicle Population in California (California Energy 
Commission 2022)
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Steam Methane 
Reforming (SMR)
The most common process for H

2
 

generation is steam methane reforming 
(SMR), which contacts steam (H

2
O vapor) 

with methane (CH
4
) to produce carbon 

monoxide (CO) and hydrogen (H
2
), followed 

by a shift reaction that further generates 
hydrogen by reacting carbon monoxide 
(CO) with water to produce H

2
 and CO

2
. 

The latter process then emits the resultant 
carbon dioxide (CO

2
) to the atmosphere. 

As well, usually CO
2
 from combustion of 

methane to energize the steam generation 
emits additional CO

2
.

Houston is home to many H
2
 plants for 

industrial use, with several H
2
 plants 

operated by Air Liquide, Air Products, and 
other commercial H

2
 manufacturers. This 

work refers to H
2
 generation using SMR 

with carbon capture and strict attention 
to methane containment as SMRCC. There 
have been recent developments in the 
SMRCC space, with Air Products retrofitting 
a H

2
 generation plant, in Port Arthur, Texas, 

to enable CO2 capture (Air Products 2023). 

While other known processes for hydrogen 
generation from natural gas include partial 
oxidation (POX), autothermal reaction 
(ATR), and methane pyrolysis, this study 
considers only SMR.  
 

Grid H2 Generation
Grid H

2
 generation is H

2
 generated 

with electricity supplied by the electric 
grid. Currently, several processes exist 
to generate grid H

2
. In this paper, we 

analyze the economics of a proton 
exchange membrane (PEM) electrolyzer. 
A PEM electrolyzer passes an electrical 
current through an anode and a cathode 
to separate water into H2 and oxygen 
(Holladay et al. 2009). PEM-based 
electrolyzers typically use platinum black, 
iridium, ruthenium, and rhodium for 
electrode catalysts and a Nafion membrane 

that separates the anode and cathode and 
acts as a gas separator (Holladay et al. 
2009).

Costs of Resources and Feedstock for 
Hydrogen Generation 
This section summarizes costs of water, 
natural gas, and grid resources in the 
greater Houston area as contributions to 
the LFC component of the LCOH in Eqn. 
(2). We will obtain LFC from the following 
information by adding the levelized cost 
results in Table 2, Table 3, and Table 4. 
mechanism, which for gasoline and diesel 
vehicles is an internal combustion engine 
(ICE).
 

Water
Houston has more than sufficient water 
resources and commercial filtering systems 
to support H

2
 generation. The city of 

Houston treats an average of roughly 450 
million gallons each day; industrial and 
manufacturing sectors use most of this 
water. The city owns the water rights to 
1.2 billion gallons per day of surface water 
(City of Houston 2022). This provides an 
estimated excess supply of 750 million 
daily gallons, without including additional 
supplies managed by public utility districts 
(PUD). Groundwater supplies provide an 
additional 200 million daily gallons (City 
of Houston 2022) for a total of 1.4 billion 
gallons of water per day.

The Texas Department of Transportation 
reported that Houston had roughly 5.5 
million registered vehicles in fiscal year 
2022 (TxDOT 2022). If all these vehicles 
were FCEVs, using H2 as fuel, the fleet 
would require 4 million kg of H

2
 per day, 

based on an average consumption of 5 
kg of H

2
 per week per vehicle. Depending 

on the technology employed to generate 
H

2
, this level of demand would consume 

between 15 and 33 million gallons of 
water per day (roughly 1.1% to 2.4% of 
Houston’s 1.4 billion gallons of total daily 
water rights). Each H

2
 generation pathway 

requires differing amounts of water. 
The city of Houston charges at varying 
commercial rates depending on meter 
size (City of Houston 2022), and volume 
of water consumed, as well as for basic 
sewer services. Based on our research, 
we will use an approximation of $10.97 
per 1,000 gallons of water.  This results in 
levelized costs of water usage for hydrogen 
production ranging from $0.04 per kg H2 
(electrolysis) to $0.09 per kg H

2
 (SMRCC). 

Table 2 lists levelized water costs for the 
five H

2
 generation pathways and indicates 

which NREL spreadsheet was used for 
each of various numbers in the table. 
The tool numbers refer to the following 
NREL spreadsheet names: Tool 1 is Current 
Central Steam Methane Reforming without 
CO2 sequestration (version Aug 22); 
Tool 2 is Current Central Steam Methane 
Reforming with CO2 sequestration (version 

1 To underscore the variability in electricity cost among the H
2
 generation options, it is grouped with feedstock instead of operating costs. 

2 Electrolysis uses demineralized water as a feedstock; table uses tap water cost.

Table 2. Water Costs
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Table 3. Natural Gas Costs.

Aug 22); Tool 3 is Current Central PEM 
Electrolysis (version Nov 20); Tool 4 is 
Current Distributed Hydrogen Production 
from Natural Gas (1500 kg/day) (version 
Apr 2022); Tool 5 is Current Distributed 
Hydrogen Production from PEM 
Electrolysis (version Apr 2022). 

Natural Gas
Natural gas is abundant in Texas and 
in North America and is transported by 
pipeline throughout much of the US. 
BP 2020 indicates global natural gas 
reserves of 7,019 trillion cubic feet (TCF) 
with a reserves to production ratio of 
approximately 50 years (bp 2020). EIA 
reports proved natural gas reserves 
of 133 billion cubic feet (BCF) in Texas 
with a reserves to production ratio of 
approximately 14 years (EIA 2023). 
Reserve to production ratio is an economic 
measure and does not necessarily reflect 
the available resource size or duration. 
Each H

2
 generation pathway consumes 

differing quantities of natural gas. Natural 
gas prices fluctuate based on market 
conditions and regional considerations. 
For the nation, in the first three months 
of 2023 the average industrial price of 
natural gas ranged from $4.86 to $7.03 
per mmBTU, while for Texas the prices 
ranged from $2.50 to $4.55 (EIA 2023b). 
All calculations for this work assume 
that the purchase price of natural gas is 
at industrial prices.  Based on the above 
data, we averaged the industrial prices 
for Texas for the first 3 months of 2023 
for an approximation of $3.32 per mmBTU 
of natural gas. This results in levelized 
costs of natural gas usage for hydrogen 
production from $0.52 per kg H2 (SMR and 
Onsite SMR) to $0.56 per kg H

2
 (SMRCC).  

Table 3 provides levelized natural gas costs 
for the three SMR pathways.  

Electricity
The electricity mix in Texas is about 34% 
low or zero (from alternative energy 
resources) carbon intensity generation. The 
mix includes 50% natural gas, 21% wind, 
16% coal, 7.5% nuclear, 5% solar, and 0.5% 
other fuels in 2022 (ERCOT 2023a). This 
power generation mix differs somewhat 
from that of the US as a whole, which 
includes 42% natural gas, 10% wind, 17% 
coal, 19% nuclear, 4% solar, and 8% other 
(EIA 9-23 Report). Texas generates about 
12.5% of the total electricity in the US. We 
can approximate electricity prices in Texas 
with $0.07 per kWh for industrial uses (EIA 
2023).  Each H

2
 generation pathway draws 

a different quantity of electricity. With 
the above price, this results in levelized 
costs of electricity usage for hydrogen 
production from $0.01 per kg H2 (SMR) 
to $3.90 per kg H

2
 (onsite electrolysis). 

Table 4 provides levelized feedstock cost 
(LFC) electricity cost values for the five 
pathways. It is worth noting the contrasts 
in electricity usage shown in Table 4. 
Either electrolysis pathway uses from 
45 to nearly 450 times more electricity 
than the SMR pathways. Relying on grid 
power for hydrogen generation would add 
significant new load. We also note that the 

onsite SMR electricity usage value (nearly 
10 times the electricity used for hub SMR) 
comes from an unexplained input in NREL 
Tool 4. Also, we note that studies do not 
usually include electricity as a feedstock. 

The Department of Energy (DOE) 
characterizes electricity as a variable 
operating cost and the EIA refers to 
electricity as a secondary energy source. 
However, we included it in this category 
because it is a major part of the cost of 
goods sold for electrolysis, and is more 
similar in nature to a feedstock in that 
process than Variable O&M where it would 
otherwise be included. This decision will 
not impact the findings of the paper.
 
Reminding the reader that Houston 
requires 4 million kg H

2
 per day for a 

complete transportation fuel switch from 
liquid fuels to hydrogen, we note that SMR 
would require about 0.52 GWh per day or 
SMRCC about 6 GWh per day. By contrast, 
electrolysis would require 222 GWh per 
day. For reference, ERCOT expects the 
instantaneous maximum demand to 
exceed 82 GW during summer of 2023. 

Table 4. Electricity Costs.
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Table 5. Feedstock Costs.

The total LFC component for each pathway is the sum of the levelized 
costs for the three feedstock components in Table 2, Table 3, and Table 
4, as shown in Table 5. An alternative study, carried out by NETL in 
2018, offered a similar market-ready system in the Midwest states that 
the levelized feedstock cost (LFC) are $0.77 per kg H

2
 for SMR and 

$0.82 per kg H
2
 for SMRCC (DOE/NETL 2022).  Our LFC numbers for 

slightly different regional feedstock costs are $0.58 per kg H
2
 for SMR 

and $0.75 per kg H
2
 for SMRCC.

Capital Expenditure
Capital expenses required for H

2
 generation are process dependent. 

Our analyses included major pieces and systems of equipment such 
as accessory electric plant, cooling water system, feedwater and 
miscellaneous balance of plant (BOP), flue gas cleanup, hydrogen 
production, instrumentation and control, reformer and accessories, 
syngas cleanup, stack capital costs, and mechanical and electrical 
BOP. This section considers costs for SMR (both hub scale and onsite), 
SMRCC, and grid H

2
 generation equipment (both hub scale and onsite). 

Capital costs vary from $0.23 per kg H
2
 (SMR) to $0.85 per kg H

2
 

(onsite electrolysis) for the different hydrogen generation pathways 
(Table 6). For example, the total capital cost for the studied SMR is 
$283.66 million; this is equivalent to ~$0.23 per kg H

2
.

Appendix 1 includes a detailed breakdown of the capital cost for each 

process we summarize in Table 6. The comparable 2018 NETL 
study states that levelized capital costs (LCC) are $0.14 per 
kg H

2
 for SMR and $0.33 per kg H

2
 for SMRCC (DOE/NETL 

2022). The NETL calculation incorrectly treats debt as though 
it linearly reduces project capital cost. Accounting for the 
60% debt they used in their calculation makes these numbers 
reasonably consistent with the numbers in Table 6.

Operating Costs
Our analyses for the LOM component of the LCOH in Eqn. 
(2) for fixed operating and maintenance (O&M) included 
annual operating labor, maintenance labor, administrative and 
support labor, property taxes and insurance. The levelized fixed 
operating cost varies from $0.09 per kg H

2
 (SMR) to $0.34 per 

kg H
2
 (electrolysis), as summarized in Table 7. Our analyses 

included maintenance material, consumables, and water 
disposal for variable operating and maintenance (O&M) costs. 
The levelized cost varies from $0.02 per kg H

2
 (onsite SMR) 

to $0.27 per kg H
2
 (SMRCC), as summarized in Table 8. The 

comparable 2022 NETL study states that levelized operating 
and maintenance costs (LOM) are $0.16 per kg H

2 
for SMR and 

$0.39 per kg H
2
 for SMRCC (DOE/NETL 2022). Adding costs in 

Table 7 and Table 8, our numbers become $0.11 per kg H
2
 for 

SMR and $0.48 per kg H
2
 for SMRCC.

Table 6: Capital Costs (LCC), see Appendix 1 for more details

Table 7: Fixed Operating Costs, see Appendix 2 for more 
details

Table 8:  Other Variable Operating Costs (Component of 
LOM), see Appendix 2 for more details
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H2 Transport
This section provides capital and operating costs for H

2
 transport 

options. 

H
2
 Transport Options

It will take a long time to build a national H
2
 delivery infrastructure 

and doing so will be challenging (EERE 2023). Delivery 
infrastructure requirements and resources will vary by region 
because of differing market types and conditions. Infrastructure 
options will also change as the demand for H

2
 grows and as 

improved delivery technologies develop (EERE 2023).
In this paper, we analyze three delivery options that can 
transport H

2
 from central locations to various refueling stations: 

pipelines, compressed truck, and liquid truck. Pipelines with 
various metallurgy can carry H

2
 in gaseous form under 100 bar 

( Javaheri 2023). Trucks transport H
2
 in gaseous form under high 

pressure (Compressed Truck) or in liquid phase (Liquid Truck). 
Onsite generation, either by SMR or electrolysis, does not require 
substantial transportation costs. In a 2007 study, Yang and Ogden 
analyzed three options for H

2
 deliveries by modeling different flow 

rates and distances to market. They derived an analysis whereby 
the lowest-cost transportation option could be selected based on 
city population and radius, population density, size and number 
of refueling stations and expected market penetration of fuel cell 
vehicles (Yang and Ogden 2007). Their work culminated in the 
results indicated in Figure 1 which shows that pipelines have the 
best economics at any distance under 500 kilometers (km) if the H

2
 

flow rates exceed 78,000 kg H
2 
per day (78 tonne/d in the figure). 

As a reminder, Houston needs 4 million kg per day for 100% 
market penetration; their study would predict that pipelines would 
be the preferred transport option for the city.  
 
Pipeline
Pipelines can transport H

2
 from the generation plant to a 

distribution center or point of use. From the distribution center, 
additional pipelines transport H

2
 to refueling stations (EERE 2023). 

Houston does not have H
2
 specific pipelines within the city limits. 

Existing dedicated H
2
 transport pipelines in the region exist only 

for industrial applications (Air Liquide 2005). Air Liquide owns a 
34 mile 14-inch pipeline running from Freeport to Texas City and 
a 130 mile 8-inch pipeline running from Corpus Christi to Three 
Rivers (Figure 2). Air Products owns over 600 miles of bidirectional 
pipelines that transport hydrogen from the Houston Ship Channel 
to New Orleans. The company has the capacity to supply up to 1 
billion cubic feet of H

2
 per day, or approximately 2.3 million kg H

2
 

per day (Figure 3). Linde’s (formerly Praxair) H2 pipeline system 
runs along the U.S. Gulf Coast and spans approximately 300 miles 
from Freeport, Texas to Lake Charles, Louisiana (Figure 4).

Figure 1: H
2
 Flow Rate versus Transport Distance for Gaseous H

2
 

Trucks, Liquid H
2
 Trucks, and Pipelines (Adapted from Yang and 

Ogden 2007)

Figure 2: Air Liquide H2 Pipelines (Air Liquide 2005).

Figure 4: Linde (Formerly Praxair) H2 Pipelines (Ehlig-
Economides and Hatzignatiou 2021)

Figure 3: Air Products H2 Pipelines (Ehlig-Economides and 
Hatzignatiou 2021)
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Ehlig-Economides and Hatzignatiou 2021 indicate that new H

2
 

pipelines require high capital costs and constitute a major barrier 
to expanding the infrastructure of H

2
 delivery. One alternative is 

to repurpose existing natural gas pipelines. Repurposing existing 
natural gas pipelines could cut investment costs by 50-80% 
when compared to new, but doing so requires considerable 
reconfiguration and modification, and few companies have 
the practical experience (IEA 2022). Projects are already under 
development to repurpose thousands of miles of natural gas 
pipelines to carry 100% H

2
, and there are examples of past projects 

that have been successfully completed. In particular, the Air Liquide 
pipelines shown in Figure 2 illustrate completed repurposing 
projects in 1996 and 1998 (Air Liquide 2005).

Road
H

2
 transport by road uses compressed gas or liquid trucks (EERE 

2023). Houston’s extensive and well-maintained road system would 
be acceptable for H

2
 transport. Compressed gas trucks transport 

pressurized hydrogen at pressures ranging from 180 bar (~2,600 
psig) to an allowable maximum pressure of 250 bar (~3,675 psig) in 
long cylinders stacked on trailers hauled by the trucks (EERE 2023). 
Each truck has a capacity ranging from 560 to 900 kg of H

2
. With 

a 100% market penetration demand of 4 million kg of H
2
 per day 

for Houston, this would require a truck fleet of between 4,000 and 
7,200 trucks assuming one delivery per truck per day. Where space 
permits, trucks might unhitch the trailers at the refueling stations 
and return for additional cargo, thereby reducing the required 
number of trucks. Logistical concerns add to the complexity of 
managing truck fleets. Liquid trucks deliver hydrogen in a liquified 
state, cooled below -423 degrees Fahrenheit (EERE, 2023). These 
trucks can carry far more H

2
 than compressed gas trucks. However, 

they face boiling off challenges during delivery and incur high 
relative CAPEX and OPEX. Liquid trucks are better suited for longer 
distances, or where pipelines are not an option. With presence of 
nearby H

2
 generation plants, liquid trucks would not be economical 

in the city of Houston.

Capital Expenditure
Our analyses considered three H

2
 transport options as possible 

LCT components of the LTCH in Eqn. (1). The one for liquid H
2
 

transport included liquefier, terminal, tractor-trailer, and H
2
 terminal. 

The one for compressed gas transport included compressed H
2
 

truck-tube trucks and surface 
storage. The one for pipeline 
transport included transmission 
pipeline, distribution pipeline, 
central compressor, and surface 
storage. Table 9 considers the 
three H

2
 transport options 

for two different distances. 
The levelized cost varies 
from $0.76 per kg H

2
 (50 km 

pipeline) to $1.56 per kg H
2
 

(liquid truck traveling 100 km). 

Operating Costs
Our analyses for the LCT component of the LTCH in Eqn. (1) for 
transport O&M costs included operating, maintenance, energy, 
and fuel costs for the same delivery types and distances as for 
capital costs. The levelized cost varies from $0.15 per kg H

2
 (50 km 

pipeline) to $1.12 per kg H
2 
(liquid truck traveling 100 km, as seen in 

the Table 10 and Table 11.

Using similar 
assumptions to 
our own and an 
estimated city-of-
Houston radius of 32 
km, Yang and Ogden 
found that pipelines 
would be the lowest-
cost distribution 
mode for the city, 
assuming a 100% 

market penetration 
rate and 3,000 kg 
H

2
/day station sizes 

(Yang and Ogden 
2007). The authors 
estimated a levelized 
delivery cost of 
approximately $0.84/

kg H
2
 using these parameters.  This is consistent with our findings 

suggesting a total levelized delivery cost of $0.91/kg H
2
, calculated 

by adding OPEX to CAPEX.

H2 Consumer Sales
Houston has roughly 2,600 ICEV refueling stations (Luck 2019). 
Where there is sufficient land area the owners of these stations 
could retrofit them with Hequipment to provide consumers the 
ability to refuel H2 vehicles. Station owners must consider the costs 
and time for retrofitting as well as possible disruption to current 
revenue streams. New construction by current or prospective 
owners requires purchasing land and obtaining the appropriate 
permits from the City of Houston. 

Capital Expenditure
Our analyses for the capital 
portion of the LCRS component 
of the LTCH in Eqn. (1) included 
the compressor, surface 
storage, dispenser, refrigeration, 
electrical, controls, and other 
equipment. The levelized 
cost varies from $1.45 per kg H

2
 

(compressed truck) to $1.90 per kg 
H

2
 (pipeline), as seen in Table 12.

Table 9: Capital Costs for 3 H
2
 

Transport Options

Table 11: Transport Options Operating 
Costs for 100 km 

Table 10: Transport Options Operating 
Costs for 50 km 

Table 12: Refueling Station 
Capital Cost Breakdown, see 
Appendix 4 for more details
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Operating Costs
Our analyses for the 
O&M portion of the LCRS 
component of the LTCH 
in Eqn. (1) included the 
operating, maintenance, 
energy, and fuel costs for 
the compressor, surface 
storage, dispenser, 
refrigeration, controls, 
and other equipment. The 
levelized cost varies from $0.82 per kg H

2
 (compressed truck) to 

$1.37 per kg H
2
 (liquid truck), as seen in Table 13.

Economic Impact of adding CO2 
Capture to SMR
This section focuses on the added costs associated with adding CO2 
capture and storage to H2 generation, as required for SMRCC. CO2 
capture increases the total cost of H2 production significantly.

CO
2
 Capture, Transportation, and Storage

Table 14 shows the total incremental costs to capture, transport, 
and store carbon dioxide and their impacts on the levelized cost of 
H

2
. NREL estimates that a yearly production of ~160 million kg of H

2
 

would result in ~1.6 million tons of CO
2
 emissions, i.e., 1 ton of CO

2 

per 100 kg of H
2
 (NREL 2023). Based on calculations using the NREL 

spreadsheet the table shows that the total incremental levelized 
cost of CO

2
 capture, transport, and storage amount to $0.77/kg 

H2 in 2016 $US, i.e., approximately $78.54 per tonne of CO
2
 (NREL 

2023). The NREL model indicates that the bare erected costs  of 
capture equipment for removal, compression, drying, aftercooler, 
and gas cleanup foundations are $188 million for 96.2% CO

2
 

capture. The calculations 
in Table 14 assumes CO

2
 

emissions of 1,581,600 
metric tonnes per year 
and plant production 
of 158,774,175 kg H

2
 per 

year for a 40-year plant 
life. This results in an 
incremental levelized 
cost of $0.22 per kg 
H

2
 for including CO

2
 

transport and storage 
(T&S).

Operating Costs
Our analyses for the O&M portion of the LCRS component of the 
LTCH in Eqn. (1) included the operating, maintenance, energy, 
and fuel costs for the compressor, surface storage, dispenser, 
refrigeration, controls, and other equipment. The levelized cost 
varies from $0.82 per kg H

2
 (compressed truck) to $1.37 per kg H

2
 

(liquid truck), as seen in Table 13.

Subsurface CO
2
 Storage

The Intergovernmental Panel on Climate Change (IPCC) estimated 
CO

2
 geologic storage costs (Intergovernmental Panel on Climate 

Change 2005). The cost is site-specific and leads to a high degree 
of variability. The type of storage, depth, reservoir formation, and 
location affect the number, spacing, and cost of wells, as well as the 
costs of facilities. Depth increases storage and compression costs. 
Storage reservoir formation characteristics (reservoir thickness, 
permeability, and effective radius) affect the amount and rate of 
CO

2
 injection. Unit costs are 

higher offshore. 

Table 15 shows the default 
cost computations made 
by the National Petroleum 
Council (NPC) using 
the GaffneyCline cost 
assessment tool (NPC 
2019). The tool is based 
upon the September 
2017 version of the FE/
NETL CO2 Saline Storage 
Cost Model from NETL. 
GaffneyCline assessment 
took 684 individual subsurface formations and aggregated them 
into 5 storage regions. The NPC assumed that operators would 
direct the captured CO

2
 to the lowest cost storage formations within 

each region. While average storage costs vary, they are dwarfed by 
CO

2
 capture cost. 

Table 13: Refueling Station Operating 
Cost Breakdown, see Appendix 4 for 
more details

Table 14: Capture, Transport, and 
Storage Costs for Carbon Dioxide for 
SMRCC (*Estimated)

Table 15: Average CO
2
 Storage Cost 

per Region (NPC 2019)

3 NREL refers to bare erected costs (BEC) as the cost of process equipment, on-site facilities and infrastructure that support the plant (e.g., shops, offices, labs, road), and the direct and 
indirect labor required for its construction and/or installation.
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Figure 5 and Figure 6 highlight key elements in 
the SMR and SMRCC H

2
 cost breakdowns.

Figure 5: SMR H
2
 Product Delivery Costs (LTCH) 

(ANL 2022 and NREL 2023)

Figure 6: SMRCC H
2
 Product Delivery Costs 

(LTCH) (ANL 2022 and NREL 2023)

Figure 7, Figure 8, and Figure 9 illustrate costs for various product delivery elements 
for SMR, SMRCC, and electrolysis pathways.

Figure 7: SMR H2 Product Delivery Cost (LTCH) (ANL 2022 and NREL 2023)

Figure 8: SMRCC H2 Product Delivery Cost (LTCH) (ANL 2022 and NREL 2023)

Figure 9: Pathway to Onsite Electrolysis H2 (LTCH) 
(ANL 2022 and NREL 2023)
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Government Tax Credit Impact
H2 fuel generation may qualify for one or the other of two types 
of tax credits. Companies earn 45Q credits based on carbon 
tons captured and used or stored by a project on a per ton basis.  
Companies earn 45V credits based on quantities of hydrogen 
produced on a per kg basis. Companies cannot earn both at the 
same time for the same actions. In 2022, the Inflation Reduction Act 
(IRA) created a production tax credit (PTC) for H

2
 under the Internal 

Revenue Code (IRC) Section 45V entitled “Credit for Production of 
Clean H2” (Internal Revenue Service (IRS) 2022). The H2 PTC applies 
to H

2 
produced after December 31, 2022, for a 10-year term, starting 

on the date a qualified clean H2 production facility begins service. 
The facility must begin construction prior to January 1, 2033. Under 
the same bill, Congress also increased 45Q tax credits (originally 
established in 2008 at $10 per tonne for CO

2
 captured and stored 

via enhanced oil recovery (EOR) and $20 per tonne of CO
2
 stored 

in geologic formations) to $85 per tonne of CO2 (only $60 if CO
2
 is 

used for CO2 enhanced oil recovery).

The IRC Section 45V offers a PTC of $0.60 per kg of qualified 
clean H

2
. To be eligible for 20% of the PTC (i.e., $0.12 per kg H

2
), 

lifecycle greenhouse gas emissions cannot exceed 4 kg of carbon 
dioxide equivalent (CO

2e
) per kg H

2
 produced. The applicable 

rate can increase to 100% of the PTC (i.e., $0.60 per kg H
2
) if the 

company achieves an emissions rate below 0.45 kg of CO2e per 
kg H

2
. The emission rate calculation includes well-to-gate (point 

of production) emissions, i.e., all emissions from feedstock (this 
would include emissions from electricity generation), production, 
transportation, etc. prior to the output of H

2
 from the facility (IRS 

2022). If the facility also meets prevailing wage and apprenticeship 
requirements, as defined in the tax code, it can receive a bonus that 
multiplies the base PTC by five. This results in an applicable amount 
that ranges from $0.12 to $3.00 per kg of clean H

2
 produced; all 

rates will be adjusted for inflation (IRS 2022). The bill prevents 
companies from earning 45V, under IRC Section 45V(d)(2), and 
45Q, under IRC Section 45Q, credits at the same time for the same 
facility. This is to prevent taxpayers from stacking credits (IRS 2022). 
While the value of 45V credits can exceed the value of 45Q credits 
under certain circumstances, without added, hard-to-economically-
quantify actions, 45Q credits, at $85 per tonne of CO2, equate to 
$0.85 per kg H2 and are therefore often worth more. We will use 
45Q credits within our model to save on complexity, but it is worth 
noting that the economics could be better under 45V credits in 
many cases.

Tax Credit Impact on SMRCC H2 Viability 
Based on our calculated incremental costs of $1.13 per kg H

2
 and 

a tax credit of $85 per tonne of CO
2
, i.e., ~$0.85 per kg H

2
, the tax 

credit levelized value is less than the levelized cost associated with 
earning it. When companies can use or sell the tax credits, they may 
choose to produce with carbon capture, but in many cases, this will 
represent a loss of profitability. 

4 Gal cost to kg cost based on Universal Industrial Gas (UIG) conversion http://www.uigi.com/h2_conv.htm

Unlike 45Q, with 45V PTCs, the value of the credits can exceed the 
cost to obtain them (reminder: a 45V PTC could be as much as $3/
kg H

2
). Again, not all companies will be able to use the credits, 

but assuming they can sell them at or near full price, capturing 
and disposing of the produced CO

2
 would be profitable. It is worth 

noting that, regardless of the potential value under 45Q or 45V, 
the increased capital requirements may be too much of a barrier. 
In the example within this paper, the SMRCC needs about $520 
million more capital investment than the SMR (for the same H

2
 

production) just for the facility (see Table 6), has added associated 
costs for CO

2
 storage and transportation (see Table 14), and may 

also have complex requirements for geolocation (i.e., a need for 
proximity to CO

2
 storage facilities). These differences could make 

funding SMRCC projects much more difficult despite the potential 
financial advantages. Grid H

2
 cannot qualify for 45V, but electricity 

supplied by dedicated off-grid renewable energy would qualify. The 
economics of this option are beyond the scope of this paper. 

Additional Tax Adjustments
There are other tax incentives that we did not integrate into the 
economic analysis of the paper. As a result of The Alternative Fuel 
Infrastructure Tax Credit, as of January 1, 2023, fueling equipment 
for H

2
 is eligible for a tax credit of 30% of the cost or 6% in the case 

of property subject to depreciation, not to exceed $100,000 (117th 
Congress 2022). Covered expenses do not include permitting and 
inspection fees. The Alternative Fuel Excise Tax Credit incentive was 
initially set to end on December 31, 2021, but has been extended 
through December 31, 2024 by Public Law 117-169 (117th Congress 
2022). This incentive is available for alternative fuel that is sold 
for use or used as a fuel to operate a motor vehicle. A tax credit 
of $0.50 per gallon (we estimate this to be ~$0.148 per kg H

2
)  is 

available for liquefied H
2
 among other types of fuel. 

Cost Comparison among H2 Generation Pathways
For each of the various hydrogen generation pathways, we 
consolidate the costs related to feedstock which aggregates 
the water, natural gas, and electricity components, capital, and 
fixed and other variable operating and maintenance costs to 
find levelized cost of H

2
 (LCOH) in Table 16. For example, for the 

cheapest hydrogen generation pathway, SMR, the LCOH is $0.91 per 
kg H

2
. The low cost for SMR stems from its low capital, fixed O&M, 

variable and feedstock costs per kg H
2
 relative to the other options.

Table 16: Total Levelized Cost of H
2 
Generation (LCOH)
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At-scale, the price of produced H
2 
via electrolysis would likely 

be higher than stated in Table 18 because of increased demand 
pressure on future available electricity supply and its impact on 
electricity prices (a key input to electrolysis). 
Table 19 aggregates the results of the assorted studies and tools 
used in this paper, such as NREL’s H2A and Argonne National 
Laboratory’s HDSAM, and combines them with the costs associated 
with H

2
 transportation and distribution via pipeline assuming 

100km distance and a matched refueling station to receive and sell 
the gas. The table summarizes the levelized total costs (LTCH) of the 
supply chain elements of the five hydrogen generation pathways. 

Assuming 700 bar cascade dispensers used by light duty vehicles, 
the total levelized cost (LTCH) of H

2 
ranges from $4.54 per kg H

2
 

(Onsite SMR) to $8.86 per kg H2 (electrolysis). Throughout this 
paper, inflation adjustments were made using the Gross Domestic 
Product: Implicit Price Deflator from FRED hosted by the Federal 
Reserve Bank of St. Louis (Federal Reserve Bank of St. Louis 
2023). The SMRCC cost in the table does not reflect any tax credit 
incentive. As noted previously, the SMRCC cost with tax credit 
incentive is lower than SMR without CO

2
 capture and storage. 

Table 17 replicates data from two tables in the DOE/NETL 2022 study for the 
midwestern region. 

Table 17: LCOH for H
2
 generated by SMR and SMRCC (DOE/NETL 2022)

Our analysis indicates that the onsite electrolysis LCOH is $4.87 per kg H
2 
(Table 

16). NREL provided a cost estimate of $5.14 per kg H
2
 for a 1,500 kg of H

2 
per day 

distributed H
2
 production system ( James et al. 2013). A DOE case study that we would 

categorize as onsite electrolysis estimated grid costs between ~$5 to ~$6 per kg H
2 

(Vickers et al. 2020). The study assumes H
2 
production using polymer electrolyte 

membrane electrolyzers, existing technology, grid electricity prices of $0.05/kWh to 
$0.07/kWh, and low volume electrolyzer capital costs up to $1,500/kW. In addition 
to their own study, they provided H

2
 cost results from other studies as referenced 

in Table 18 (Vickers et al. 2020). ATB is the Annual Technology Baseline provided by 
NREL.

Table 18: Grid H
2
 Generation Costs (LCOH) (Vickers et al. 2020)

Table 19: LTCH for Various Hydrogen Generation Pathways
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Cost Comparison between 
Gaseous H2 and Liquid 
Transportation Fuels
Early remarks in this paper noted the volumetric 
energy density advantage of liquid transportation 
fuels and the need to consider the combined 
volume and weight of onboard fuel and the vehicle 
propulsion mechanism along with the overall life 
cycle analysis (LCA) of the energy required to move 
the vehicle a particular distance. This section shows 
how energy efficiency relates to overall emissions and 
factors into an equivalent H

2
 price. A final subsection 

compares gaseous H
2
 and liquid transportation fuel 

emissions. 

Energy Efficiency
Ehlig-Economides and Hatzignatiou (2022) showed 
that pump to wheels (PTW) energy use for FCEVs is 
around 2 MJ per mi compared to 4.4 MJ per mi for 
ICEVs (Ehlig-Economides and Hatzignatiou 2022). 
Hence, FCEVs are about 2.2 times as efficient on an 
energy usage basis. H

2
 has an energy density of 120 

MJ per kg, while gasoline and diesel have 45.8 and 
45.5 MJ per kg, respectively (EERE 2023).  A gallon 
of gasoline weighs 2.84 kg, and gallon of diesel 
weighs 3.22 kg (Martinez 2023). Therefore, diesel and 
gasoline hold 130 and 147 MJ per gallon, respectively. 
Using the above information, the customer breaks 
even paying about 2.0 times the price per gallon of 
gasoline and 1.8 times the price per gallon of diesel 
for a kg of H

2
 on a cost per distance-traveled basis. 

The following equation summarizes the previous 
remarks: 

Equivalent Pricing for H
2
 

In Houston, consumers paid an average of $2.91 per 
gallon of gasoline for the first 3 months of 2023. Over 
the same period, they paid $4.12 per gallon of diesel 
in the Gulf Coast area (EIA 2023c).  As referenced 
earlier in the paper, this is the period we used for our 
feedstock price input for natural gas.  The equivalent 
H

2 
price accounting for doubled efficiency would 

range from $5.82 (gasoline) to $8.24 (diesel). The H2 
cost range from $4.54 for onsite SMR to $6.10 for 
SMRCC (with no tax credit) in Table 19, along with the 

𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌 𝐩𝐩𝐩𝐩𝐩𝐩 𝐤𝐤𝐤𝐤
𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌 𝐩𝐩𝐩𝐩𝐩𝐩 𝐠𝐠𝐠𝐠𝐠𝐠 ⋅

𝟒𝟒. 𝟒𝟒 𝐌𝐌𝐌𝐌 𝐩𝐩𝐩𝐩𝐩𝐩 𝐦𝐦𝐦𝐦
𝟐𝟐 𝐌𝐌𝐌𝐌 𝐩𝐩𝐩𝐩𝐩𝐩 𝐦𝐦𝐦𝐦 ≈ 𝟐𝟐  𝐠𝐠𝐠𝐠𝐠𝐠𝐤𝐤𝐤𝐤

 

Cost per Mile 
Table 20 presents the varying costs per mile for ICEVs (overall average, and trucks 
only), FCEVs, and BEVs. The costs in this table reflect operating costs and do not 
include vehicle costs. The FCEV cost in the table is for SMRCC, the highest hydrogen 
cost considered in this report. The unit price for H

2
 does not include fuel tax. 

Average mileage data in the table come from EPA estimates 2022. We note that the 
2X multiplier suggested in the previous Energy Efficiency discussion is conservative 
relative to this table. 

The table shows that BEVs have significantly lower operating cost per mile. Liquid 
fuel tax is levied mainly to finance roadway maintenance, and currently electricity 
for BEV charging does not include this tax. As well, electricity costs may increase 
as BEVs add enough load to the grid to induce a need for additional power 
generation. Also, while BEV cost per mile is less than FCEV cost, it is useful to note 
that electricity cost may change (increase or decrease) in a fully decarbonized grid, 
while the FCEV fuel cost we use is for already decarbonized fuel. In any case, the 
focus of this report is the cost comparison between H

2
 and liquid fuels.  

 

multiplier discussed above (which divides the per kg price by 2), shows that H fuel 
price is competitive with gasoline and diesel at current prices. 

In California, consumers paid $26.75 per kg H
2
 at Shell light vehicle refueling 

stations in Northern California since April 2023 (Shell Hydrogen 2023) and $24.99 
per kg H2 at Iwatani refueling stations since November 2022 (Iwatani 2022). These 
prices are hard to justify based on costing, and are not likely to be sustainable in 
Houston, or continue in California as the regional market expands (see Appendix 
5). For reference, the average price for regular unleaded gasoline in California was 
$4.48 per gallon ($8.96 for an equivalent kg H

2
), and for diesel was $5.38 per gallon 

($9.68 for an equivalent kg H
2)
 in the first 3 months of 2023 (EIA 2023c).

Table 20: Cost per Mile for ICEV, ICEV (Trucks only), FCEV, and BEV 
(Environmental Protection Agency (EPA) 2022)
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Emissions
Table 21 details CO

2
 emissions per mile for ICEVs (overall average, and trucks only), 

FCEVs using SMR H
2
, and BEVs using Texas grid electricity. Our numbers reflect the 

Texas grid, but national emission levels per kWh of electricity are comparable (ERCOT 
2023b). Gasoline and diesel combustion emissions are 8.8 and 10.2 kg/gal (EIA 
2023a). Hub scale H

2
 generation emits 10.2 kg CO2/kg H2 (NREL 2023). Interestingly, 

FCEV using SMR without GHG capture and BEV emissions per mile are essentially the 
same. We note that SMRCC produces almost no emissions (i.e., ~0 kg/mi).

Table 21: CO2 Emissions per Mile for ICEV, ICEV (Trucks only), FCEV, and BEV  
(Average mileage from (Environmental Protection Agency (EPA), 2022))

Consumer Preferences
Consumers are accustomed to refueling vehicles in 5 minutes 
and demand abundant, reliable, and affordable fuels. Consumer 
access to H

2
 refueling stations and FCEVs in models like those 

currently available as ICEVs may easily satisfy consumer refueling 
preferences. In addition, EVs are much simpler vehicles with lower 
maintenance costs. 

BEV owners that do not have access to dedicated overnight or 
workplace charging spots will need more than 30 minutes for each 
vehicle recharging stop if and only if BEV super chargers become 
as available as gasoline and diesel refueling stations. Commonly 
available BEV charging stations take many hours to recharge a 
vehicle. The reward for the extra time required for charging is much 
lower cost per mile, at least for now. 

The current automobile industry offers only a few options for light-
duty FCEVs and is waiting for H

2
 to be more widely adopted before 

producing more FCEV vehicles (Ehlig-Economides and Hatzignatiou 
2022). Toyota’s sedan line includes the Mirai LE, SLE, and limited 
editions while Hyundai markets the NEXO Fuel Cell Limited and 
NEXO Blue as SUVs. These vehicles are currently available in select 
markets such as northern and southern California with access to H

2 

fueling stations. In 2022, the Port of Houston began piloting a H
2
 

fuel cell electric truck (Webb 2022). 

Conclusions
The analysis in this report confirms the ability to profitably supply H

2
 

for transportation refueling in the greater Houston area at gasoline 
and less than diesel prices. Grid H

2
 is considerably more expensive 

and relies on a carbon intensive grid (which may or may not be able 
to expand rapidly enough to meet BEV demands). Current tax credit 
incentives can accelerate net-zero H

2 
generation from the abundant 

natural gas supply. However, since we did not need to adjust 
SMRCC prices downward to account for these credits, tax credits are 
evidently not required to create competitively priced zero-carbon H

2
 

fuel. Existing natural gas pipeline infrastructure makes the greater 
Houston area an ideal location for demonstrating the promise of a 
gradual switch from liquid fueled ICEVs to H

2
.

The $6.10 per kg H
2
 price associated with SMRCC provides 

essentially zero carbon fuel at a cost of $0.09 per mile to the 
consumer. This price is within the range that consumers currently 
pay for gasoline and diesel while eliminating CO

2
 emissions for 

both generation and use of the H
2
. Assuming H2 supply and 

FCEV availability, H
2
 is a superior fuel that mimics the liquid fuel 

consumer refueling experience without unduly impacting the 
consumer bottom line. 



Competitive Pricing of Hydrogen as an Economic Alternative to Gasoline and Diesel for the Houston Transportation Sector016

REFERENCES
117th Congress, 2022, H.R.5376 - Inflation 
Reduction Act of 2022: 117th Congress.

Air Liquide, 2005, Questions and Issues on 
Hydrogen Pipelines: Pipeline Transmission 
of Hydrogen.

Air Products, 2023, Carbon Capture: 
<https://www.airproducts.com/company/
innovation/carbon-capture#/> (accessed 
January 4, 2023).

Argonne National Laboratory, 2022, 
HYDROGEN DELIVERY SCENARIO ANALYSIS 
MODEL (HDSAM): <https://hdsam.es.anl.
gov/index.php?content=hdsam> (accessed 
July 10, 2023).

bp, 2020, bp Statistical Review of World 
Energy 2020.

California Energy Commission, 2022, 
Light-Duty Vehicle Population in California: 
<https://www.energy.ca.gov/zevstats> 
(accessed January 8, 2023).

City of Houston, 2022, Utilities: Water & 
Sewer: <https://www.houston.org/sites/
default/files/2022-09/houston%20
facts%202022_Digital_0.pdf> (accessed 
January 19, 2023).

DOE/NETL, 2022, Comparison of 
Commercial, State-of-the-Art, Fossil-Based 
Hydrogen Production Technologies.

Ehlig-Economides, C., and D. G. 
Hatzignatiou, 2021, Blue Hydrogen 
Economy - A New Look at an Old Idea: SPE-
206282-MS.

Ehlig-Economides, C. A., and D. G. 
Hatzignatiou, 2022, Energy Analysis of 
Low Carbon Hydrogen from Methane and 
End Use Implications: Energy & Fuels, v. 
36, no. 16, p. 8886–8899, doi:10.1021/acs.
energyfuels.2c01258.

Energy Efficiency and Renewable Energy, 
2023, Hydrogen Delivery: <https://www.
energy.gov/eere/fuelcells/hydrogen-
delivery> (accessed January 12, 2023).

Energy Efficiency & Renewable Energy 
(EERE), 2023, Hydrogen Storage: 
<https://www.energy.gov/eere/fuelcells/
hydrogen-storage#:~:text=On%20a%20
mass%20basis%2C%20hydrogen,44%20
MJ%2Fkg%20for%20gasoline> (accessed 
July 10, 2023).

Energy Information Administration 
(EIA), 2023a, Carbon Dioxide Emissions 
Coefficients.

Energy Information Administration 
(EIA), 2023b, Industrial Natural Gas 
Prices: <https://www.eia.gov/dnav/ng/
NG_PRI_SUM_A_EPG0_PIN_DMCF_M.htm> 
(accessed June 8, 2023).

Energy Information Administration (EIA), 
2023c, U.S. Gasoline and Diesel Retail 
Prices: <https://www.eia.gov/dnav/pet/PET_
PRI_GND_DCUS_NUS_A.htm> (accessed 
January 4, 2023).

Energy Information Agency (EIA), 2023, 
Texas State Energy Profile: <https://www.eia.
gov/state/print.php?sid=TX> (accessed June 
8, 2023).

Environmental Protection Agency (EPA), 
2022, Fuel Economy Guide 2022.
ERCOT, 2023a, ERCOT Generation 
Fuel Mix: <https://comptroller.texas.
gov/economy/fiscal-notes/2022/sep/
energy.php#:~:text=ERCOT%27s%20
breakdown%20of%20energy%20
use,other%20sources%20(Exhibit%202).> 
(accessed January 8, 2023).

ERCOT, 2023b, Labeling of Electricity: 
<https://www.ercot.com/files/
docs/2023/04/01/2022_Renewable_
Content_Calculator_EFLWorkbook%20v0.
xlsx> (accessed June 19, 2023).

Executive Department State of California, 
2020, Governor Newsom Announces 
California Will Phase Out Gasoline-Powered 
Cars & Drastically Reduce Demand for Fossil 
Fuel in California’s Fight Against Climate 
Change.

Federal Reserve Bank of St. Louis, 2023, 
FRED: <https://fred.stlouisfed.org/series/
GDPDEF/#0> (accessed January 4, 2023).
Holladay, J. D., J. Hu, D. L. King, and Y. Wang, 
2009, An overview of hydrogen production 
technologies: p. 244–260, doi:10.1016/j.
cattod.2008.08.039.

IEA, 2022, Global Hydrogen Review 2022: 
<https://www.iea.org/reports/global-
hydrogen-review-2022> (accessed January 
17, 2023).

Intergovernmental Panel on Climate 
Change, 2005, IPCC Special Report on 
Carbon Dioxide Capture and Storage.
Internal Revenue Service (IRS), 2022, 
Request for Comments on Credits for Clean 
Hydrogen and Clean Fuel Production Notice 
2022-58 SECTION 1. PURPOSE: <https://
www.irs.gov/pub/irs-drop/n-22-58.pdf> 
(accessed January 5, 2023).

Iwatani, 2022, Iwatani Hydrogen Price 
Increase: <https://h2fcp.org/sites/default/
files/Iwatani_H2_Price_Increase_Message.
pdf> (accessed June 18, 2023).

James, B., W. Colella, J. Moton, G. Saur, 
T. Ramsden, and B. D. James, 2013, PEM 
Electrolysis H2A Production Case Study 
Documentation Sponsorship.

Javaheri, V., 2023, Steel pipeline for 
the hydrogen storage and delivery: 
metallurgical viewpoint for Finnish 
ecosystem: Future Technology, v. 2, no. 1, p. 
58–61, doi:10.55670/fpll.futech.2.1.4.



Competitive Pricing of Hydrogen as an Economic Alternative to Gasoline and Diesel for the Houston Transportation Sector017

REFERENCES(cont’d) 
Luck, M., 2019, As EVs Threaten Gas Station 
Owners: <https://www.houstonchronicle.
com/business/energy/article/As-EVs-
threaten-gas-stations-owners-turn-
to-14291843.php> (accessed January 4, 
2023).

Martinez, I., 2023, Fuel Properties: <http://
imartinez.etsiae.upm.es/~isidoro/bk3/c15/
Fuel%20properties.pdf> (accessed July 10, 
2023).

National Petroleum Council, 2019, A 
Report of the National Petroleum Council 
DUAL CHALLENGE A Roadmap to At-Scale 
Deployment of CARBON CAPTURE, USE, 
AND STORAGE CHAPTER TWO-CCUS 
SUPPLY CHAINS AND ECONOMICS.

NREL, 2023, H2A: Hydrogen Analysis 
Production Models: <H2A: Hydrogen 
Analysis Production Models> (accessed June 
8, 2023).

Parks, G., R. Boyd, J. Cornish, R. Remick, and 
I. Review Panel, 2020, Hydrogen Station 
Compression, Storage, and Dispensing 
Technical Status and Costs: Systems 

Integration.

Penev, M., G. Saur, C. Hunter, and J. Zuboy, 
2018, H2A Production Model H2A Hydrogen 
Production Model: Version 3.2018 User 
Guide (DRAFT).

Shell, 2022, Shell Energy Transition Strategy: 
<https://www.shell.com/energy-and-
innovation/the-energy-future/shell-energy-
transition-strategy.html> (accessed July 26, 
2022).

Shell Hydrogen, 2023, Shell Hydrogen 
Pricing Communication April 18, 2023: 
<https://h2fcp.org/sites/default/files/Shell-
Hydrogen-041823-Pricing-Communication.
pdf> (accessed June 18, 2023).

Texas Department of Transportation, 
2022, Houston District Statistics: Vehicles 
Registered (FY 2022): <http://www.
dot.state.tx.us/apps-cg/discos/default.
htm?dist=HOU&stat=vr> (accessed January 
19, 2023).

Vickers, J., D. Peterson, K. Randolph, 
L. Irwin, D. Desantis, M. Hamdan, N. 
Stetson, E. Miller, and S. Satyapal, 2020, 
DOE Hydrogen and Fuel Cells Program 

Record Title: Cost of Electrolytic Hydrogen 
Production with Existing Technology: 1–5 p.
Webb, S., 2022, First hydrogen-powered 
truck in Texas hits Houston roads: <https://
www.houstonchronicle.com/business/
energy/article/First-hydrogen-powered-
truck-in-Texas-hits-17651790.php> (accessed 
January 10, 2023).

Yang, C., and J. Ogden, 2007, Determining 
the lowest-cost hydrogen delivery mode: 
International Journal of Hydrogen Energy, 
v. 32, no. 2, p. 268–286, doi:10.1016/j.
ijhydene.2006.05.009.
 



Competitive Pricing of Hydrogen as an Economic Alternative to Gasoline and Diesel for the Houston Transportation Sector018
APPENDIX 1: H2 Generation Property, Plant & Equipment Details
The following tables provide CAPEX details for hub scale SMR, SMRCC, CO2 capture, and electrolysis and onsite SMR and electrolysis.

Table 22: Capital Cost for SMR and SMRCC

Table 23: Capital Cost for Electrolysis

Table 24: Capital Cost for Onsite SMR
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APPENDIX 1 (cont’d): H2 Generation Property, Plant & Equipment Details

Alternative Methodologies to Calculate LCC or Equivalent 
Measures
We note that some institutions compute LCC as

where TC is the total capital cost of the investment in dollars (for 
simplicity we assume the entire investment is paid at time 0), Q 
is the average yearly production in kg, t is the years required to 
build the facility, T is the productive life of the facility in years, and 
r is the discount rate. To better match the results of prior research 
and avoid discussions beyond the scope of this paper we have 
assumed a discount rate of 10%. Table 26 includes LCC calculated 
using the NREL tools, using Eq. (A1), and an alternative measure 
obtained by dividing the upfront capital costs by the operational 

lifetime for the facility. 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿
𝑄𝑄𝑄𝑄
∗  

𝑟𝑟𝑟𝑟
1 − (1 + 𝑟𝑟𝑟𝑟)−𝑇𝑇𝑇𝑇 ∗

(1 + 𝑟𝑟𝑟𝑟)𝑡𝑡𝑡𝑡 (A1)

Table 25: Capital Cost for Onsite Electrolysis

Table 26: Standard Levelized Capital Cost (LCC) with 8% Discount Rate
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APPENDIX 2: H2 Generation Operating Cost Details
Fixed O&M costs include annual operating labor, maintenance labor, administrative and support labor, and property taxes and insurance. 
Other variable O&M costs consist of maintenance material, consumables with initial fill and water disposal. 

Table 27: Fixed Operations and Maintenance 
Costs for SMR for plant size 483,000 kg H

2
 per 

day with capacity factor 0.9

Table 28: Other Variable Operations 
and Maintenance Costs for SMR for 
plant size 483,000 kg H

2
 per day and 

capacity factor 0.9

Table 29: Fixed Operations and 
Maintenance Costs for SMRCC for 
plant size 483,000 kg H

2
 per day 

with capacity factor 0.9

Table 30: Other Variable Operations 
and Maintenance Costs for SMRCC 
for plant size 483,000 kg H

2
 per day 

with capacity factor 0.9

Table 31: Fixed Operations 
and Maintenance Costs for 
Electrolysis for plant size 
56,500 kg H

2
 per day with 

capacity factor 0.97

Table 32: Fixed 
Operations and 
Maintenance Costs for 
Onsite SMR for plant size 
1500 kg H

2
 per day with 

capacity factor 0.86

Table 33: Other Variable Operations 
and Maintenance Costs for Onsite SMR 
for plant size 1500 kg H

2
 per day with 

capacity factor 0.86 

Table 34: Fixed Operations 
and Maintenance Costs for 
Onsite Electrolysis for plant 
size 1695 kg H

2
 per day with 

capacity factor 0.86
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Although not all areas have available salt caverns, Houston has access to both natural and manmade ones drilled through salt deposits. The 
HDSAM tool indicates that H

2
 storage in salt caverns with compressors costs 2016 US$0.03/kg H2 (Table 35). The tool bases its analysis on 

data gathered from the US EPA Federal Register Documents, Duke Energy, and Natural Resources Canada. For this paper, we assume that 
this storage price is representative of the region surrounding Houston.

An analysis using HDSAM produced the results captured in Table 35 to Table 40. The model estimates a total cost of $0.91/kg H
2
 for the 

city of Houston with a population of approximately 6 million, geologic/gaseous storage, 1,500 kg H
2
/day dispensing rate, with pipelines for 

transmission and distribution, and a high production volume. In contrast to Census 2020 data showing 1,389 people per square kilometer, 
the analysis uses an estimated population density of 1,150. A 100% penetration rate is used for the scenario of a complete switch from 
liquid fuels.

Table 35: HDSAM Analysis Levelized Cost Results for Pipeline and 50km

Table 36: HDSAM Analysis Levelized Cost Results for Pipeline and 100km

APPENDIX 3: H2 Transport CAPEX Details

Table 37: HDSAM Analysis Levelized Cost Results for Compressed Truck and 
50km
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APPENDIX 3 (cont’d): H2 Transport CAPEX Details

Table 38: HDSAM Analysis Levelized Cost Results for Compressed 
Truck and 100km

Table 39: HDSAM Analysis Levelized Cost Results for Liquid Truck 
and 50km

Table 40: HDSAM Analysis Levelized Cost Results for Liquid Truck and 
100km
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APPENDIX 4: H2 Refueling Station Details 
The H2A case study for distributed generation (Parks et al. 2020) assumes a cost of $54,000 for a two-hose 700-bar H

2 
dispenser. 

The study indicates that dispensing costs are $0.17 per kg H
2
. By comparison, the HDSAM and the H

2
 Refueling Station Analysis Model 

(HRSAM), which we used for our economic analysis, estimate the costs for the various parts of the refueling station with a dispenser 
between $0.20 per kg H2 and $0.22 per kg H

2
.  These numbers are consistent with each other, and our is more conservative. Table 41 detail 

the HDSAM computations and their relative impacts on the levelized cost of H
2
 associated with the costs refueling stations for consumer 

sales (LCRS), a component of the total cost to produce and sell each kg of H
2
 during a project’s operational life (LTCH). The figures combine 

both capital expenditures and operational costs. HDSAM estimates total refueling station cost at $3.12 per kg H
2
 for pipeline, $2.27 per kg 

H
2
 for compressed truck, and $3.27 per kg H

2
 for liquid truck. 

Table 41: Refueling Station Cost Details (LCRS)

APPENDIX 5: California H2 Price Reduction Potential 
Shell New Energies compared H

2
 costs at the dispenser to gasoline in California (Shell 2022). Their assumptions included 70% station 

utilization, $100 per tonne CO
2
 low carbon fuel standard (LCFS), no taxes on H

2
 sales, no infrastructure subsidy, and $3.50 per gallon with 

35 miles per gallon (MPG). Their conclusion was that regional H
2
 prices would be at or below parity with gasoline, i.e., at or below $7 per kg 

H
2
, once the regional demand serviced greater than 70,000 H

2
-fueled cars. 

Figure 10: Shell’s US H
2
 Light Duty Vehicle Retail Cost Roadmap (Shell 2022)
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