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ABSTRACT

This study presents a techno-economic modeling framework integrating a modular blue H2N2 pro-
duction unit with a hydrogen refueling station (HRS) across capacities ranging from 0.1 to 4.0 tpd.
A model-based approach is used to size key process and refueling components and to estimate
the resulting hydrogen retail cost. The analysis indicates that hydrogen retail costs range from 4.6
to 10.8 USD kgH2" over the considered capacity range. Relative to alternative on-site hydrogen
production pathways, the proposed system demonstrates better cost-effectiveness while meet-
ing clean hydrogen production standards. The approach is particularly suitable for regions with
established natural gas infrastructure, as it leverages existing supply chains. Overall, the results
provide actionable insights for policymakers and industry stakeholders in planning future hydro-
gen refueling infrastructure.

Keywords: Hydrogen, Hydrogen Refueling Stations, Distributed Production, Modelling, Technoeconomic Anal-

ysis.

INTRODUCTION

The decarbonization of heavy-duty transportation
presents a distinct challenge within the broader energy
transition. Unlike passenger vehicles, long-haul freight
operations require high energy density, fast refueling,
and minimal downtime [1]. These constraints limit the ap-
plicability of battery-electric solutions at scale. As a re-
sult, hydrogen has emerged as a candidate for deep de-
carbonization of freight corridors. Even though vehicle
technology allows for hydrogen adoption, the heavy
transportation sector is increasingly shaped by the feasi-
bility and cost of hydrogen at refueling locations [2].

A central barrier to hydrogen development in freight
transportation lies in the reliance on centralized hydrogen
production coupled with long-distance delivery [3]. While
large-scale hydrogen facilities benefit from economies of
scale, they introduce significant logistical complexity, in-
cluding high-pressure storage, liquefaction or compres-
sion, and dedicated transport infrastructure [3-5]. These
downstream requirements contribute substantially to de-
livered hydrogen costs and pose scalability challenges
https://doi.org/10.69997/sct.147804
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for geographically distributed hydrogen refueling station
(HRS), particularly along highway freight corridors where
demand is spatially dispersed.

In response to these challenges, onsite and distrib-
uted hydrogen production has gained increasing atten-
tion as a complementary infrastructure strategy [6]. By
producing hydrogen directly at refueling stations, onsite
systems can eliminate transportation-related costs and
losses, improve supply reliability, and enable incremental
deployment aligned with localized demand growth. Such
approach is attractive for freight applications, where hy-
drogen demand is concentrated at specific highway
nodes rather than centralized hubs.

Onsite hydrogen production can be realized through
both green and blue pathways, depending on regional re-
source availability and infrastructure constraints. Green
hydrogen offers clear long-term decarbonization poten-
tial but remains cost-intensive at small scales due to the
combined capital requirements of electrolyzers, and re-
newable electricity. In contrast, blue hydrogen pathways
can leverage existing natural gas infrastructure to
achieve improved cost competitiveness at distributed
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scales, provided that high CO: capture efficiencies are
maintained and methane emissions are effectively con-
trolled [7]. This infrastructure compatibility positions blue
hydrogen as a potential transitional solution for acceler-
ating early-stage hydrogen deployment in freight appli-
cations [7].

Building on this premise, our previous work devel-
oped a modular blue hydrogen production based on a
fixed-bed chemical looping process, designed explicitly
for small-scale and distributed operation [8]. The system
produces high-purity hydrogen while separating CO2 and
N2 into concentrated streams, enabling efficient carbon
capture without additional separation units [8, 9]. Prior
techno-economic analysis demonstrated hydrogen pro-
duction costs in the range of 2.8 — 3.9 USD kgH:" at the
plant gate for modular deployments [9, 10]. While these
costs remain higher than those of large, centralized facil-
ities, the modular system is well suited for integration
with downstream users where hydrogen delivery costs
dominate total supply-chain economics.

Despite growing interest in onsite hydrogen produc-
tion, limited studies have systematically evaluated the in-
tegration of modular blue hydrogen systems with hydro-
gen refueling stations. In particular, the combined effects
of production scale, refueling station equipment sizing,
operating costs, and carbon intensity on retail hydrogen
prices remain insufficiently explored.

We address this gap by developing an integrated
techno-economic framework that couples a modular on-
site blue H2 and N2 production system with a hydrogen
refueling station across a range of distributed production
scales. By explicitly modeling equipment sizing, operat-
ing requirements, hydrogen retail cost, and lifecycle CO2
emissions, this work provides comprehensive assess-
ment of the role of onsite blue hydrogen production in
enabling cost-effective and low-carbon hydrogen refuel-
ing infrastructure for long-haul freight transportation.

SYSTEM DESCRIPTION

The Blue H;-N; Production System

Figure 1 presents an overview of the blue H2-N2 pro-
duction platform investigated in this study. The system is
composed of three primary units: (i) a multi-reactor re-
forming section, (ii) an integrated heat recovery network,
and (iii) a downstream gas separation and purification
unit. The reforming section uses an intensified fixed-bed
reactor previously reported in [8], which operates ac-
cording to the chemical looping reforming (CLR) concept
and cyclically undergoes oxidation (OX), reduction (RED),
and reforming (REF) steps.
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Figure 1. Simplified flow diagram of the blue H2-N2
production system considered in this study [9].
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'Figure 2. Performance metrics of the blue H:N:
production system discussed in this study [9].

Due to the inherently cyclic nature of CLR operation
in fixed-bed configurations, continuous product genera-
tion cannot be achieved with a single reactor. To over-
come this limitation, at least three reformers are operated
in parallel, enabling semi-continuous system operation.
This multi-reactor arrangement produces three sepa-
rated outlet streams: a N2-rich stream, a CO2-rich stream,
and a Ha-rich stream. Figure 2 presents the performance
metrics of the blue H2N2 production system, where the
system can produce H2 with 82% efficiency and potential
98% of CO: capture [9]. A detailed description of the re-
actor sequencing, system integration, operating strategy,
and system performance is provided in [9].

Hydrogen Refueling Station (HRS)

The HRS configuration comprises four main compo-
nents: (i) multi-stage hydrogen compressors; (ii) a three-
stage cascade hydrogen storage system; (iii) a hydrogen
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dispenser; and (iv) a cooling system, following the con-
figuration reported in [11]. The HRS is designed to accom-
modate onsite hydrogen production from both blue and
green hydrogen pathways.

Hydrogen Refueling Station

Blue Hydrogen-Nitrogen Generator

900 bar

Cascade H, storage tank
900 bar; 25°C

—
Fueling line
{hose, valwe, filter, & flow meter)

Figure 3. Simplified schematic of the integrated blue H2-
N2 generator co-located with HRS.

METHODOLOGY

The techno-economic analysis in this study spans
the system boundary, from natural gas supply to down-
stream treatment of the captured CO: by-product. Both
capital expenditures (CAPEX) and operating expendi-
tures (OPEX) are considered for the integrated blue Hz-
N2 generator and the hydrogen refueling station (HRS).

The techno-economic analysis of the blue H2N2 gen-
erator has been reported earlier [9, 10], and is summa-
rized in Table 1. The reported hydrogen production cost
includes the downstream treatment of the captured CO..

In the present study, the economic analysis focuses
primarily on the hydrogen refueling station, including
costs associated with hydrogen compression, storage,
and dispensing to fuel electric vehicles (FCEVs). The HRS
analysis considers the major system components: hydro-
gen compressors, hydrogen storage tanks, hydrogen
dispensers, and refrigeration systems.

Table 1: Hz production costs via the modular blue H2N2
generator estimated in our previous studies [9, 10].

H: retail cost Daily production

Capacities

[USD kgH2"] [kgH2 day"]
0.5 tpd 3.806 570
2.8 tpd 3.042 2,882
7 tpd 2.882 7,100
17 tpd 2.736 17,107
Compressors

Piston and diaphragm compressors are commonly
used for high-pressure hydrogen compression. In this
work, a piston compressor is considered with an inlet
pressure of 0.1 bar and a discharge pressure of 90 bar.
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This configuration enables hydrogen dispensing at 87.5
MPa, which corresponds to the maximum allowable pres-
sure specified by the SAE J2601 standard for 70 MPa-
class HRS [12, 13]. The high overall compression ratio is
achieved through a multi-stage compression process, in
which hydrogen is compressed sequentially across mul-
tiple stages with lower individual pressure ratios.

The compressor power requirement is calculated
assuming adiabatic compression, expressed as:

r—1
u/comp = CHZ%Z;((%) " - 1) . Wi, m
where ¢y, is the specific heat of hydrogen at constant
pressure (14.304 kJ kg™ K), 1omp is the compressor ef-
ficiency (assumed to be 70%), T, iS the compressor in-
let temperature in Kelvin, P, and P, are the inlet and
outlet pressures, respectively, r is the specific heat ratio
of hydrogen (1.4), and riy, is the hydrogen mass flow rate
through the compressor in kg s™.

Storage tanks

The hydrogen storage system is designed as a cas-
cade configuration with multiple pressure levels. Storage
tanks are sequentially filled by the compressor, starting
from the low-pressure level and progressing to higher
pressure levels, following a conventional with a conven-
tional cascade refueling strategy [11, 12, 13]. The required
storage capacity is calculated as:

Crank = mHthispensing (2)

where C,,« is the total hydrogen storage capacity in kg
or metric ton, and tg;spensing 1S the daily refueling duration,
assumed to be 18 h. In this study, a two-level pressure
storage system is considered, with the total storage ca-
pacity evenly distributed between the two pressure lev-
els.

Refrigeration and dispensing unit

The hydrogen dispenser system is designed to
comply with the SAE J2601 fueling protocol, which spec-
ifies a hydrogen precooling temperature range of -30 to
-40°C. Precooling is required to prevent the onboard hy-
drogen tank temperature in FCEVs from exceeding 85°C
during refueling, a threshold above which tank safety
may be compromised. The temperature increase during
refueling is primarily attributed to the negative Joule-
Thompson effect of hydrogen, which causes gas heating
during throttling process. Accordingly, the hydrogen de-
livery temperature must remain between -40°C and -
17.5°C [12,13].

The main components of the dispenser system in-
clude a refrigeration unit for hydrogen precooling and a
dispensing nozzle that regulates the hydrogen mass flow
rate into the FCEVs storage tank. The cooling load for a
single dispenser during vehicle fueling is calculated as:
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Qcool = mHZ,D * (hstorage - hdispenser) (3)

where rig, p is the hydrogen mass flow rate at the dis-
penser (equal to 16.7 g s™) [11], hyorage @ND Ngispenser are
the specific enthalpies at the storage (900 bar and 25°C)
and at the dispenser exit (900 bar and -40°C), respec-
tively. This calculation is based on following assumptions:
(i) a dispensing pressure of 700 bar; (i) two dispensers
are required for station capacities of 100-200 kg day™;
(iii) a fueling duration of 5 min per vehicle, and (iv) on
board storage capacity of 5 kg.

The electrical power requirement for the refrigera-
tion system is calculated as:

_ Qcool
~ cop (3)

W refrigeration
where the coefficient of performance (COP) is assumed

to be 1.0 based on reference in [12].

Table 2: Economic formulations and cost data used in the
techno-economic analysis of HRS.

Parameter

Capital cost
e Compressor [USD] [12]

. 0.5861
COStcompressor = 45,626 « I'Vcomp

e Storage tank [USD]
e High pressure [13]

Costsioragerrp = 1,001 « Mgy,
e Low pressure [12]
CoStyoragerr = 1,709 « gy
e Refrigerator [USD] [12]
CoSt ye frigerator = 5> 588 * Qoo
e Dispenser [USD] [12] "
Costdispenser = 65,000 * ngispenser

O&M cost
e Compressor [USD][12]

O&M compressor = 8% * COSteompressor
e Refrigerator [USD][12]

O&M e frigerator = 3% * COSt e frigerator
e Dispenser [USD][12]

O&Mdispenser =3%- COStdispenser

Table 3: Framework used to estimate Ha production
costs, adapted from the U.S. DOE/NETL [14].

Components Formula

Capital Cost

- Bare Erected Cost of j-compo-
nents (BECj)

Total BEC

Engineering Procurement and
Construction (EPC)
Contingency (CON)

Total Plant Cost (TPC)

Owner Cost & Other Financial

> BEC;

10% (BEC)

20%(BEC + EPC)
BEC + EPC + CON

Cost (O&OFC) 20% (BEC)
Total Overnight Cost (TOC) TPC + O&OFC
Total as spent Cost (TASC) TOC + 18%TOC
Annualized Capital Cost TASC % f
(TASCpa)
Annual Operation and Mainte-

O&M

nance Cost (O&M)
Total Annual Cost (TAC)
H2 retail cost (USD/kg)

TASCpa + O&M

TAC,
H2prod.

*) Raispenser = 2 for each additional 100-200 kgH, day™
of station capacity [12].
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Economic and emissions analysis

Capital and operating costs for each major HRS
component are estimated using cost correlations and as-
sumptions compiled from the literature [12, 13], as sum-
marized in Table 2. These cost correlations are applied
consistently across all HRS capacities considered. The
cost of individual HRS components are combined with
those of the blue H:2 production unit to estimate Bare
Erected Cost (BEC). Additional costs, including contin-
gency, procurement, overnight cost, owner cost and
other financial costs, are subsequently estimated.

The total capital cost is annualized using a capital
recovery factor f of 0.159, corresponding to a project
lifetime of 20 years and a discount rate of 15%, reflecting
the perceived investment risk associated with hydrogen
refueling infrastructure. The annualized capital cost is
then combined with the operation and maintenance
(O&M) costs of both HRS and blue H2 production unit.
This overall cost estimation framework is summarized in
Table 3.

A sensitivity analysis is conducted on the estimated
hydrogen retail cost with respect to key variable operat-
ing costs, including natural gas price, CO2 transportation
cost, and electricity price. The variability ranges for these
operating costs are based on unit cost values reported in
the literature [15-17].

Finally, the carbon dioxide equivalent (CO2e) emis-
sions associated with the hydrogen refueling station and
onsite blue H: production are evaluated. The primary
sources of CO2 emissions arise from electricity consump-
tion for hydrogen and CO2 compression and refrigeration
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Table 4: Key parameters used for equipment price estimation, obtained from dynamic simulations of the proposed
system at hydrogen production rates of 0.1-, 0.5-, 1.0-, 2.0-, and 4.0-ton H: per day.
Equipment Scaling H: production rate
variable 0.1 tpd 0.5 tpd 1.0 tpd 2.0 tpd 4.0 tpd
CL Reformer Volume [m?] 0.08 0.42 1.06 1.16 3.39
Shift Reactor Shift gas flow [kg 7] 0.01 0.05 0.1 0.15 0.31
Heat recovery Heat duty per temp. 0.053 0.275 0.671 1.074 2.146
system [kw K]
PSA H: flow [liter s7'] 3.2 22.2 39.7 63.4 127.0
CO, compressors  Power [kW] 5.4 27.4 66.9 107.1 214.2
Heat rejection unit ~ Amount of heat [kW] 6.3 33.0 78.2 125.2 250.4
HRS compressors ~ Power [kW] 47.8 236.4 594.6 955.1 1903.1
HRS storage tanks  Capacity [kgH2day™'] 86.4 427.6 1075.6 1727.6 3442.3
HRS refrigeration ~ Cooling load [kW] 1.3 6.45 16.2 26.0 51.9
HRS dispenser # of dispenser(s) 2 6 10 20 40

system. Electricity is assumed to be supplied by the grid,
and emissions are calculated using a grid emission factor
of 287 kgCO2e MWh-' [18].

RESULTS AND DISCUSSION

The HRS and onsite blue Hz production units were
sized to match the onsite hydrogen production capacities
of 0.1, 0.5, 1.0, 2.0, and 4.0 tHzpd. Table 4 summarizes
the sizing results for the main equipment in both the on-
site blue hydrogen production system and the HRS,
which are subsequently used to estimate hydrogen retail
costs. The resulting retail hydrogen cost estimates are
presented in Table 5.

Table 5: Estimated hydrogen retail costs for HRS with on-
site hydrogen production.

Capaci- H2 retail cost Daily production
ties [USD kgH2>"] [kgH2 day"]
0.1 tpd 10.871 115
0.5 tpd 6.122 570
1.0 tpd 4.923 1,434
2.0 tpd 4.821 2,303
4.0 tpd 4.607 4,589

The retail costs obtained from the proposed onsite
blue hydrogen pathway are compared with alternative
onsite hydrogen production technologies reported in the
literature, as shown in Figure 4. Overall, the results clearly
demonstrate the benefits of economies of scale, with
higher production capacities yielding more competitive
hydrogen retail costs. Most onsite hydrogen production
technologies operate at relatively small scales (0.1 - 0.5
tpd), with corresponding retail hydrogen costs ranging
between 8 and 10 USD kgH:™. In particular, HRS with on-
site electrolysis powered by renewable electricity oper-
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ate at capacities of 0.1 tpd or lower and report retail hy-
drogen costs exceeding 12 USD kgH2™.
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Figure 4. Comparison of hydrogen retail costs across
different on-site hydrogen production technologies
reported in the literature [6, 12, 13, 19-22].

Figure 4 indicates that HRS supplied by onsite blue
hydrogen production becomes cost-effective at produc-
tion rates above 1.0 tpd, achieving hydrogen retail costs
of approximately 4.8 USD kgH2™. To date, limited studies
have reported onsite blue or green hydrogen pathways
at comparable production scales. At smaller production
capacities, the cost advantage of the proposed system
reduces. Specifically, at a production scale of 0.5 tpd, the
retail hydrogen cost increases to approximately 6.1 USD
kgH2". As the production scale is further reduced to 0.1
tpd, the retail cost rises to approximately 10 USD kgH2™,
placing the proposed system within similar cost range to
onsite green hydrogen production technologies.
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Figure 5 shows the sensitivity analysis of the esti-
mated retail price for a 0.5 tpd HRS with respect to key
variable operating costs, including natural gas price, CO2
transportation cost, and electricity prices. Overall, the re-
tail hydrogen cost exhibits a linear response to variations
in all operating cost components. Among these factors,
natural gas is the most influential, followed by electricity
price, and CO: transportation cost. Variations in natural
gas price result in changes to the retail hydrogen cost
ranging from -9% to 21%, while CO: transportation cost
leads to variations of -1% to 10%. Electricity price fluctu-
ations result in retail cost changes of approximately -13%
to 13%.

7.5 C o
- 7 B NG Cost o §
r [ 7
o) - o ]
= L -
(@) r O T
2 65k /v/v i
= L i
8 6 - Baseline -
R .
GL:‘ 5.5 L Q Electricity a
T L i
5 C [ | i

0 2.5 5 7.5 10 12.5 15

Natural gas (NG) cost [$/MMBtu]
| | | | | | | [ [
25 50 75 100 125 150
Electricity price [$/MWh]

L I N IR I T Y O IR |

0 20 40 60 80 100

CO, transport price [$/ton-CO,]

Figure 5. Sensitivity analysis of blue H: retail costs with
respect to variations in natural gas price, electricity price,
and CO:2 transportation cost for a HRS with 0.5 tpd on-
site blue hydrogen production.

Figure 6 illustrates the CO2e intensity associated
with the HRS supplied by onsite blue hydrogen produc-
tion considered in this study. The estimated emissions in-
tensity remains relatively constant across all production
scales, at approximately 3.05 kgCO2 kgH2™. At this level,
more than 75% of total emissions originate from the HRS
unit, primarily due to the electricity consumption for hy-
drogen compression and refrigeration. Overall, the re-
sulting CO2e intensity meets the U.S. Department of En-
ergy (DoE) criteria for clean hydrogen production [23].
However, it should be noted that this value is achieved
under the assumptions of a 95% CO2 capture and negli-
gible methane leakage during natural gas transmission.
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Figure 6. CO:e¢ intensity associated with HRS supplied by
onsite blue H2 production discussed in this study.

CONCLUSIONS

This paper presented a techno-economic analysis
model that integrates a modular blue H2N2 generator with
a HRS model across production scales. Dynamic simula-
tions were performed to size the main equipment of the
blue H2.-N2 generator and its integration with HRS com-
ponents, enabling estimation of the resulting hydrogen
retail cost. The retail cost was estimated to range from
4.6 - 10.8 USD kgH2™ across capacities of 0.1 - 4.0 tpd.
Compared to other on-site production technologies, this
process option was shown to be the most cost-effective
while meeting clean H2 production standards. The pro-
posed system could be particularly attractive to regions
with extensive natural gas infrastructure, like the United
States, as it leverages existing supply chains. However,
reliance on natural gas raises concerns over fugitive me-
thane emissions, which remain subject to regulatory
scrutiny. Despite these considerations, the findings pro-
vide valuable insights for policymakers and industry
stakeholders in shaping future hydrogen infrastructure.
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