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Abstract

Given the large natural gas (NG) reserves of the Intermountain West (I-WEST) region in
the USA, it can emerge as a leader in hydrogen (H2) production. Currently, H2 production
via steam methane reforming (SMR) of NG releases carbon dioxide (CO2) and the natural
gas infrastructure has fugitive NG and H2 losses during production, conversion and
transportation. Integrated carbon capture and sequestration (CCS) is a promising approach
for producing hydrogen and CO2 from the SMR process for industrial uses including power,
chemicals and fuels. However, the NG losses and regional water availability can be limiting
factors for H2 production. H2 production assessments are often made at the global scale
and neglect regional factors such as abundant gas and limited water in the I-WEST. We
demonstrate that a regional SMR process unit sitting near NG wells offers opportunities to
significantly reduce fugitive NG losses. We show that regional H2 production by SMR has a
lower emissions profile than widespread natural gas combustion in the I-WEST and reduces
the H2 production cost as well. Replacing the I-WEST transportation sector with H2 fuel
cell vehicles and using 100% H2-powered electricity can provide substantial reductions in
water consumption and fuel costs. This is better than blending H2 with NG which is more
expensive. The captured CO2 can be effectively used for enhanced oil recovery in I-WEST.
Finally, the potential of utilizing produced, brackish and treated impaired water sources is
assessed to meet the water needs for H2 production in the I-WEST.

Keywords: life cycle analysis; fugitive loss; regional hydrogen; water requirement

1. Introduction
Hydrogen (H2) is projected to be used significantly across different energy sectors,

including the electricity, transportation, and industrial sectors [1–3]. Currently, H2 is
predominantly used in the petroleum and chemical manufacturing industries and for
ammonia production [4]. In 2020, 90 million tons of H2 were produced globally, of which
70 million tons were used to produce ammonia and for refinery operations, with the
rest used for methanol and steel production [4]. Similarly, around 10 million tons of
H2 was used in the USA for industrial processes and fertilizer production [5]. H2 also
provides an opportunity to increase the reliability and capacity factor, where it can act as
energy storage [2,6]. H2 can be used with gas turbines, integrated power plants and fuel
cells for electricity generation [7–9]. The most prevalent way of producing H2 is steam
methane reforming (SMR) and has been used in industries for decades [10,11]. Recently
Digilo et al. [12] proposed gold nanoparticles on poly(2,6-dimethyl-1,4-phenylene oxide) for
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formic acid dehydrogenation, while Impemba et al. [13] proposed indium oxide–copper(I)
oxide–titanium dioxide composites for solar water splitting for H2 production.

Numerous life cycle assessments of net carbon dioxide (CO2) emissions for various
H2 production scenarios have been reported. Howarth and Jacobson [14] concluded that
SMR with carbon capture and storage (CCS) modestly reduces lifecycle greenhouse-gas
emissions compared to SMR process and can still result in higher net CO2 emissions than
direct natural gas combustion, largely due to methane leakage rates and high energy
requirement for SMR process. Bauer et al. [15] concluded that lower CH4 leakage can
significantly lower the carbon footprint for SMR with CCS, and the net emission can poten-
tially be lower than electrolyzer powered by renewable. Additionally, they concluded cost
competitiveness of SMR with CCS depends on the expense of mitigating residual emissions
and the availability of geological CO2 storage. Patel et al. [16] compared different NG
delivery options for H2 production and showed that gaseous NG delivery by pipelines has
20% lower CH4 leakage than liquified NG. The study also highlighted the strong influence
of short-lived methane emissions and demonstrated that fossil-based hydrogen pathways
remain conditional and assumption-dependent from a climate perspective. Zang et al. [17]
carried out a life cycle and cost analysis for H2 production from different NG basins in
the USA with lower fugitive CH4 emissions than published global assessments [14,15].
The study underscores that regional gas supply characteristics and energy prices critically
affect both economics and net emission, suggesting that CCS deployment is not universally
cost-effective. Kolb et al. [18] compared the net emission associated with H2 imports to
Germany with domestic H2 production and concluded that shipping of H2 can be a signifi-
cant contributor to net CO2 emissions. Li et al. [19] optimized SMR CCS configuration with
piperazine solvent to reduce the CO2 capture energy penalty by ~36% and lower the cost
of H2 by ~20%. Al-Khelaiwi et al. [20] emphasized on SMR-CCS short-term economic ad-
vantage depends on underlining the need for CCS infrastructure and low-carbon electricity.
Most of these studies focused on global greenhouse gas emissions but neglected regional
mitigation strategies.

H2 production is water intensive [21–24]. Olaitan et al. [22] quantified that the fresh-
water requirement for H2 production can vary from 9.2 L/kgH2 for electrolysis powered
by wind energy to 105 L/kgH2 for H2 generated from coal. Simoes et al. [23] assessed the
environmental, social, and financial costs of water used for various H2 production methods.
These studies focused on net water requirements and water treatments of impaired water
for H2 generation. Shi et al. [24] calculated the net water impacts of solar-powered H2 elec-
trolysis for domestic and cross-border and found these to be greatest for China. However,
none of these studies have examined the different water quality requirements for various
processes used in H2 production.

The I-WEST region in the USA (which includes New Mexico, Arizona, Colorado,
Utah, Montana, and Wyoming) has large NG reserves. The I-WEST region contributes
17.5% of the total energy production of the USA [25], and can become the leading producer
of H2 for local usage and export to other regions [1]. While H2 is a clean fuel, the CO2

released from H2 production SMR and fugitive CH4 emissions are significant greenhouse
gas sources [14,26]. Integrated CCS is a potential path-forward for reducing the emissions
generated from SMR processes [27]. The captured CO2 can also be utilized for enhanced
oil recovery with permanent storage, reducing the carbon intensity of oil production by
up to 63% compared to conventional methods [28]. CO2 mixes with oil at the molecular
level, reducing its viscosity and enhancing displacement and flow through reservoir rocks,
thereby enhancing the oil recovery [29,30].

This study performs a detailed regional life cycle analysis for different scenarios for
H2 production from NG. These scenarios include H2 production by SMR with and without
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CCS and SMR with renewables as heat sources with integrated CCS. The sources for fugitive
NG losses are identified, and solutions to reduce these emissions are proposed. A detailed
process model for the SMR process was developed and validated to estimate the net energy
requirement for hydrogen production. In addition, the water quality and quantity for
different processes within the H2 production industry are determined. A techno-economic
analysis (TEA) is conducted to calculate the cost of H2 production. Finally, based on the NG
emissions and water requirements, the net impact on carbon emissions, water requirement
and cost resulting from the transition to H2 as a source of energy for meeting the I-WEST
electricity, transportation and industrial sectors needs is estimated.

2. Methodology
Here, we briefly discuss various H2 production methods, namely SMR (H2,SMR,

grey H2), SMR with carbon capture (H2,SMR+CCS, blue H2), and renewable energy-driven
H2 production from NG (blue-green H2). Natural gas can contain sulfur species (e.g., H2S
and organosulfur odorants such as mercaptans) at ppm levels. Sulfur is a severe poison
for Ni-based steam-reforming catalysts; therefore, commercial SMR facilities include a
desulfurization section upstream of the reformer. A typical pretreatment train hydro-
genates/hydrodesulfurizes organosulfur compounds to H2S and then removes H2S in a
ZnO guard bed (forming ZnS). In this work, we assume desulfurized, pipeline-quality NG
at the reformer inlet; hence sulfur species are not included in natural gas composition used
in this study.

A detailed analysis of H2,SMR+CCS is conducted to quantitively evaluate its potential
in reducing regional carbon dioxide emissions. Finally, we present an initial evaluation of
H2 production in the I-WEST region.

2.1. Steam Methane Reforming

SMR is the dominant commercial route for H2 production. In conventional SMR
commercial production plants, CO2 generated from a SMR process is released into the
environment and the H2 produced is called “grey H2”. The SMR production process
generates substantial emissions and it carbon footprints are significantly greater than direct
NG burning [14].

Figure 1a shows the schematic for a traditional SMR process. The NG and steam feed
streams are heated to 700–900 ◦C before flowing into the reformer. The NG is reduced to
synthesis gas (syngas):

CH4 + H2O = CO + 3H2 ∆H0
298K = 206kJ/mol (1)

The resulting syngas product then flows into the water gas shift reactor and here, CO
is reacted with more steam to produce more H2:

CO + H2O = CO2 + H2 ∆H0
298K = −41kJ/mol (2)

The resulting residual syngas mixture then flows into the pressure swing adsorber
(PSA) for H2 purification greater than 99% H2. The overall reaction can be written as:

CH4 + 2H2O = CO2 + 4H2 ∆H0
298K = 165kJ/mol (3)

Typically, NG is >90% methane (by mass), with heavier hydrocarbons present in low
fractions. The typical composition of NG is given in Table S1. The higher hydrocarbons
present in NG undergo reforming similar to methane [31], and the reactions are discussed
in Supplementary Materials S1.
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Figure 1. Schematic for different H2 production process methods as a function of carbon capture and
energy source: (a) traditional SMR process (grey H2), (b) SMR with carbon capture (blue H2), (c) SMR
with carbon capture and energy supplied from renewables (blue-green H2).

Xu and Froment [32] developed a kinetic model of the SMR process using a
Langmuir-Hinshelwood formulation for heterogeneous catalyst. This model is utilized for
predicting the SMR reaction kinetics and assumes methane is the only component of NG.

https://doi.org/10.3390/cleantechnol8030077

https://doi.org/10.3390/cleantechnol8030077


Clean Technol. 2026, 8, 77 5 of 29

Assuming methane as the most significant component of NG, we therefore use the kinetic
model from Xu and Froment [32] as follows:

r1 =
k1(

pH2

)2.5

(
pCH4 pH2O −

(
pH2

)3 pCO

K1

)
1

Ω2 (4)
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k2(

pH2

)(pCO pH2O −
pH2 pCO2

K2

)
1

Ω2 (5)
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k3(

pH2

)3.5

(
pCH4(p H2O

)2
−
(

pH2

)4 pCO2

K3

)
1

Ω2 (6)

Ω = 1 +
KH2O pH2O

pH2

+ KCO pCO + KH2 pH2 + KCH4 pCH4 (7)

where KH2 , KCH4 , and KCO represents the adsorption parameters for H2, CH4, and CO
respectively. KH2O is the dissociative adsorption parameter for H2O. K1, K2, and K3 repre-
sents the equilibrium-based parameters of the reactions. Similarly, k1, k2, and k3 represents
the kinetic constant parameters of the reactions, respectively. pH2 , pCH4 , pH2O, pCO, and
pCO2 represents the partial pressures of gas species accordingly. Ω represents a dimension-
less parameter.

In this work, Equation (5) is also used to model the reaction kinetics of the water gas
shift reactor (WGS) process. The results of this model are validated against the previous
WGS models in literature to justify the use of these reaction kinetics for the WGS.

We adopt the modeling assumptions of Marin et al. [33] which assumes an axial dis-
persed plug flow model across the reaction tube. 1D partial differential equation model
which assumes negligible radial heat or mass gradients, Peng-Robinson-Stryjek-Vera equa-
tion of state for properties of the gas mixture, and the use of Ergun equation for calculating
the pressure drop across the reaction tube. The 1D modeling equations are discussed
in Table S2.

The SMR model was validated under isothermal, constant-pressure conditions, show-
ing good agreement with Aspen Plus simulation from Thengane et al. [34], with deviations
below 2% across key parameters as shown in Table 1. Methane conversion (64.33%) closely
matched Aspen Plus predictions (63.29%), and product compositions showed an average
deviation of 1.76%. Similarly, the WGS model exhibited strong agreement with Aspen
Plus, with CO conversion differing by only 0.15%. Product compositions had an average
deviation of 0.57%, confirming high accuracy for both reactor models.

Table 1. Validation of SMR and WGS models.

Steam Methane Reformer Reactor Model Validation [34]

Feed Aspen Plus [34] This Work

H2 (mole%) 0 0.4173 0.4237

H2O (mole%) 0.7623 0.400 0.3949

CO (mole%) 0 0.0453 0.0464

CO2 (mole%) 0 0.0704 0.0701
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Table 1. Cont.

Steam Methane Reformer Reactor Model Validation [34]

Feed Aspen Plus [34] This Work

CH4 (mole%) 0.2377 0.0670 0.0649

Total flow (mol/s) 1.868 2.43 2.44

Temperature (◦C) 700 700 700

Enthalpy flow rate (kW) −325.80 −268.60 −267.64

Pressure (atm) 10 10 10

Conversion (%) 63.29 64.33

Water Gas Shift Reactor Model Validation

Feed Aspen Plus [34] This work

H2 (mole%) 0.4173 0.4591 0.4588

H2O (mole%) 0.400 0.3583 0.3585

CO (mole%) 0.0453 0.0037 0.0038

CO2 (mole%) 0.0704 0.1119 0.1119

CH4 (mole%) 0.0670 0.0670 0.0670

Total flow (mol/s) 2.43 2.43 2.43

Temperature (◦C) 300 300 300

Enthalpy flow rate (kW) −304.5 −308.5 −308.63

Pressure (atm) 10 10 10

Conversion (%) 91.83 91.69

With operating temperature of 850 ◦C, pressure of 10 bar, steam to carbon ratio of 3,
the SMR conversion efficiency is 95%. The reformed NG undergoes the WGS reaction in
two stages: at ca. 350 ◦C and 200 ◦C. The reformed gas leaving the SMR reactor is at a high
temperature (850 ◦C) and is cooled before flowing to the WGS reactor. The WGS process
conversion efficiency is close to 100% [35], where predominantly all CO is converted to
CO2 and generates additional H2.

The shifted syngas is cooled to near 40 ◦C before flowing in the PSA where the H2

is separated. We have used the model proposed by Ribeiro et al. [36], for H2 purification
(>99.99% purity) over a layered combination of activated carbon and zeolite. Langmuir
isotherm adsorption model was used to compute the average adsorbed concentration of
each species (qi) and is given as:

qi
qi,max

= ai

(
1 − ∑i

qi
qi,max

)ai

(8)

where, qi,max is the saturation adsorbed concentration and ai is the number of sites occupied
by the adsorbate [36]. For the feed quality shown by Equation (7), and operating pressure
and temperature of 10 bar and 40 ◦C, the H2 recovery ratio calculated is 78%, very close to
typical PSA recovery ratio of 80% (RH2 ) [37].

To calculate the net energy requirements for the system, we used principle of process
integration commonly used to calculate the energy requirement for thermal process [38–40].
Process integration has been commonly used to calculate the energy requirement for
SMR process for H2 production [41,42]. Using similar methodology, we calculated the
net energy requirement for hydrogen production. A detailed description is given in
Supplementary Materials S1.2.
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The flue gas exhaust stream from the SMR process has a high CO2 concentration,
nominally 20 wt.%, that can be readily separated using commercial CO2 separation tech-
nologies such as a monoethanolamine (MEA) absorber and sequestered [43]. In general,
CO2 capture is implemented as post-combustion, pre-combustion, or oxy-fuel/looping
schemes, with separation achieved via absorption, adsorption, membranes, cryogenic
separation, and looping-based processes [44]. For post-combustion flue gas (dilute CO2 at
near-ambient pressure), chemical absorption (amines and advanced solvent formulations)
remains the most mature approach, while adsorption-based processes using solid sorbents
(e.g., zeolites/amine-functionalized materials) and membrane-based separations are active
development areas [45]. For pre-combustion capture (high-pressure, CO2-rich shifted gas),
physical solvent systems (e.g., Selexol and Rectisol) are established commercial options,
and recent reviews summarize performance and techno-economic considerations for these
solvents in hydrogen/syngas applications [45,46].

The H2 produced by this process is known as the blue hydrogen and is abbreviated as
SMRCCS [see Figure 1]. We have used the modeling approach proposed by Kim et al. [47]
to calculate the thermal energy for carbon capture (

.
ECC) and is given as:

.
ECC =

Qsensible + Qreaction + Qlatent
.

mCO2

(9)

where Qsensible is the sensible heating required across the CO2 stripper, Qreaction is the energy
required for desorption of CO2, Qlatent is the latent heat needed for evaporating water and
.

mCO2 is the mass of CO2 captured. From vapor liquid equilibrium for MEA solution, the
loading of CO2 in MEA can be calculated as a function of partial pressure of CO2 in the
effluent flue gas [48,49]. For a given value of CO2 leading in rich and lean sample, the
operating temperature across the stripper can be calculated and similarly the amount of
water evaporated can be estimated [47].

Using NG to provide reformer heat duty produces CO2 with additional greenhouse
gas emissions due to NG leakage. Using renewables as a source of heat can reduce the
carbon footprints. We assessed the use of solar photovoltaics (PV) and wind energy for
running an electric SMR [50–52], and concentrating solar thermal (CST) as a renewable
energy source for the SMR process [53,54]. In an electric SMR, the electrical resistance
heating reactor is used to maintain the SMR reactor temperature [52], while heat from CST
is transferred to molten salt which is subsequently used for heating the SMR reformer [53].
The renewable energy-integrated SMR process is referred to as SMRCCS+RE.

2.2. Life Cycle Analysis

A cradle-to-grave life cycle analysis (LCA) is performed for H2 production from SMR.
Figure 2 shows the overarching process schematic and the system boundary. The process
involved in NG-derived H2 production includes extraction, processing, and treatment to
produce pipeline-grade natural gas. The process also includes, natural gas compression and
transportation, H2 reaction and separation, and H2 compression. In addition, CO2 capture,
compression, transportation, and sequestration are also required for H2 production with
integrated carbon capture (SMRCCS). The analysis relies on the assumptions listed below
in Table 2.

https://doi.org/10.3390/cleantechnol8030077
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Figure 2. Process schematic for hydrogen production from NG and system boundaries for the LCA.

Table 2. Assumption made for carrying out life-cycle analysis [55].

Parameters Values References

NG leakage base case 3.5% [14]

Emissions from NG extraction and processing 0.328 kgCO2 /kgNG [56]

Compresses NG pressure for pipeline delivery 80 bar [57]

SMR operating pressure 10 bar [58]

H2 delivery pressure 180 bar [59]

H2 leak from compressor 1%

CO2 capture rate base case 90% [14]

CO2 sequestration pressure 100 bar [41]

Emissions from Concentrating solar power 10 g/kWhth [60]

Compressor cooling Air cooled [61,62]

Emission for electricity generated from NGCC, (with 3.5% NG leak) 541 g/kWhe [56]

Global warming potential for NG with 100 years lifetime 25.8 [see Supplementary Materials S1.2 for details].

NGCC water requirement 0.74 L/kWhe [63]

Water required for NG extraction 0.4 L/kgNG [56]

Deionized water required for carbon capture 0.016 L/kgCO2 [64]

Water required for MEA washout 0.1 L/kgCO2 [65]

Water required by carbon capture unit process and cooling 2 L/kgCO2 [55]

Water required for photovoltaic cleaning 0.4 L/kWhe [66,67]

The net CO2 generated for the standalone SMR process includes the net emissions
during NG extraction, NG leakage, emissions from the electricity source used for NG and
H2 compression, water pumping and treatment, H2 leakage, and CO2 emissions from the
SMR and combustion process, which is provided as:

CO2, SMR =
NGextract + NGleak × GWPNG + CO2, elec

[
NGcompress + H2,compress + waterpump&treat

]
+ H2,leak × GWPH2

H2, production
+ CO2, SMR+Combustion (10)

The net emissions from NG and H2 leaks is converted to equivalent CO2 emissions
using respective gases GWP (global warming potential). Energy required for gas (NG, H2

and CO2) compression is discussed in Supplementary Materials S2.1. The carbon capture
(CC) process requires additional thermal and electrical energy. The thermal energy for
carbon capture is supplied via NG combustion and the associated CO2 emissions are also
captures. These net emissions are given as:

https://doi.org/10.3390/cleantechnol8030077
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CO2, SMR+CC =
NGextract+CC+NGleak+CC×GWPNG+CO2, elec

[
NGcompress+CC+H2,compress+waterpump&treat+

.
ECC

]
+H2,leak×GWPH2

H2, production
+

(1 − f )× CO2, SMR+Combustion+CC

(11)

where f is the fraction of CO2 captured.

2.3. Technoeconomic Analysis

To estimate the cost of H2 produced we have also carried out a techno-economic
analysis. The cost H2 (CH2, SMR) is given as:

CH2, SMR =
FCR × Ccapital

H2, production, annual
+ CNG × mNG + Celec ×

.
Eelec + Cwater × mwater + Ccatlyst + CO&L (12)

where, FCR is fixed charge rate, Ccapital is the total capital cost of the equipment (including
indirect, installation and direct capital cost), CNG is the natural gas cost, Celec is the electricity
cost, Cwater is the water cost, mNG and mwater is the mass of NG and water used per kg of
H2, Ccatlyst is the catalyst cost and CO&L is the operation and labor cost.

3. Results
3.1. Process Modeling Result

The parameters and inputs used for process modeling of the system are listed in
Table 3. The SMR conversion is obtained as 95%, while WGS conversion ratio was 99.3%
and 99.6% for stage 1 and 2. Figure 3 shows the composite curve for the 1 kg of H2 product.
PSA recovery ratio was calculated to 78%. The mass flowrate and the enthalpy values for
each stream are listed in Table S5, in Supplementary Materials. Using process integration
principle, the net energy required for H2 production comes out to be 23.9 kWhth/kgH2 . As
can be seen from Figure 3, the heat of hot streams including cooling of SMR syngas, heat
from water gas shift reactor and condensate cooling is sufficient to heat the water and NG
mixture to 530 ◦C (inlet temperature for steam and NG into the SMR reactor). The flue gas
energy can be utilized for preheating the air, NG and tail gas. By recovering the flue gas
energy for pre-heating, it can be cooled to 420 ◦C. The net cooling required for the SMR
and fuel gas is 6.5 kWhth/kgH2 .

Table 3. Input parameters for SMR.

Parameters Values References

Steam to carbon ratio 3 [41]

Operating pressure 10 bar [41]

Pinch temperature 50 ◦C

Inlet temperature for steam and NG into the SMR reactor 530 ◦C [68]

Maximum operating temperature inside SMR reactor 850 ◦C [68,69]

Heat loss in Reactor 9.8% [63]

Flue gas outlet temperature leaving the combustion chamber 1000 ◦C [62]

WGS 1 operating temperature 350 ◦C [41]

WGS 2 operating temperature 200 ◦C [41]

PSA operating temperature 40 ◦C

https://doi.org/10.3390/cleantechnol8030077

https://doi.org/10.3390/cleantechnol8030077


Clean Technol. 2026, 8, 77 10 of 29

Figure 3. Composite curve for production of 1 kg of the H2.

The effluent gas leaving the PSA is used as energy source along with additional NG
supplied to the combustor unit. The CO2 concentration leaving the combustion chamber
is 19.8% by volume for dry gas (while the wet gas CO2 concentration is 16.5%). From
vapor liquid equilibria for MEA, the rich loading for MEA is calculated to be 54%. For
minimum energy consumption, the lean loading for MEA is 20%. The net energy required
for carbon capture is calculated to be 0.96 kWhth/kgCO2 . Similarly, we are also trying to
capture CO2 generated due to NG burning to supply heat to carbon capture process. The
CO2 composition for NG flue gas is around 9% (by volume for dry gas) and the energy
required to capture CO2 is 1.02 kWhth/kgCO2 .

3.2. Greenhouse Gas Emissions

Figure 4 show the net CO2-equivalent emissions breakdown for H2 production esti-
mated over a 100-year timescale with a GWP of 25.8 for different production scenarios.
For H2 production from SMR without carbon capture, the major contributor to CO2 emis-
sions (approximately 63%) is the NG reforming as well as combustion of NG to provide
heat for the reformer. NG leaks contribute 21% of the total CO2 emissions, NG extraction
contributes 8%, H2 compression is 5% and NG compression is 3%. The other minor contrib-
utors are H2 leaks and the electrical energy required for pumping and running the cooling
system (<0.1% combined). The net calculated CO2 emission for H2 production using SMR
is 16.4 kgCO2 /kgH2 . It may be noted that hydrogen leakage contributes only 0.5% when
a GWP value of 8 is assumed. However, recent literature reports H2 GWP values in the
range of 11–12, which would increase the contribution of H2 leakage to approximately
0.7%, while the net CO2 emissions increase by only about 0.2%.

https://doi.org/10.3390/cleantechnol8030077
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Figure 4. (a) CO2 net emissions source breakdown for H2 production and (b) calculated net
CO2 generation, capture, NG leakage, and net CO2 emissions. Plot of carbon emission and cap-
tured CO2. NG losses are fixed at 3.5%, SMR heating requirements of 23.9 kWhth/kgH2 , carbon
capture efficiency and energy consumption 90% and 0.96 kWhth/kgCO2 . To generate 1 kg of H2, SMR,
SMRCCS, and SMRCCS+RE need 4, 4.9, and 2.6 kg of NG, respectively. A detailed energy balance for
different scenarios is discussed in Supplementary Materials S2.2 and net emissions is discussed in
Supplementary Materials S3.

For SMRCCS, NG required increases by 21% in comparison to the SMR base
case, to supply more energy for the CO2 capture from the tail gases. Therefore, the
CO2 generation increases by 27% [see Figure 4b] relative to SMR without carbon cap-
ture. For 90% CO2 capture from the flue gas, around 11.6 kgCO2 /kgH2 can be captured
and the net CO2 emissions for SMRCCS production reduces to 9.8 kgCO2 /kgH2 (around
43% lower than SMR). For SMRCCS the major CO2 emissions contributor is NG leakage
(45%, see Figure 4). Therefore, to further reduce the CO2 emissions for SMRCCS, NG usage
should be minimized, and leaks should be restricted.

By using renewables, including solar or wind (both in abundance in the Intermountain-
West of the U.S.) as the energy source for both the SMR and CO2 capture units, the net
CO2 release are lowered by 70% to 5.1 kgCO2 /kgH2 . Similarly, for SMRCCS+RE the major
CO2 emissions contributors are the NG fugitive emissions (51%), followed by NG extraction,
H2 compression, and CO2 not captured.

H2 combustion generates 120 MJth of heat per kg, and 2.55 kg of NG is required to
generate the same quantity of heat energy. Compared to the SMR processes with or without
carbon capture, direct combustion of NG will generate around 12 kgCO2 /kgH2-eq. Therefore,
carbon capture from SMR gives a marginal reduction in net CO2 emission of 22% compared
to direct burning of CO2.

The main drivers of the net CO2 release are the NG leaks and thermal energy required
for the reformer. In Supplementary Materials Section S4, a comprehensive sensitivity analy-
sis was conducted to evaluate how key parameters influence the overall CO2 footprints of
H2 production. For the SMR-CCS process, methane leakage from the NG supply chain was
identified as a critical factor. Reducing the leakage rate from the assumed 3.5% to 1% can
lead to a substantial decrease of approximately 50% in CO2-equivalent emissions, highlight-
ing the sensitivity of the system to upstream methane emissions. Similarly, improvements
in the efficiency of the conventional SMR process can significantly lower CO2 emissions,
with potential reductions of up to 40% compared to baseline scenarios. Furthermore,
increasing the carbon capture efficiency within the SMR-CCS system contributes to an
additional reduction of around 10% in CO2 emissions, demonstrating the complementary
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role of capture technology in mitigating the climate impact of blue hydrogen. This analysis
underscores that both upstream methane management and process optimization are crucial
levers for minimizing the carbon intensity of hydrogen production.

3.3. Regional Hydrogen

Here, we quantitatively assess the benefits of regional H2 production by SMR, SMRCCS,
and SMRCCS+RE and compare them with direct NG combustion. As discussed in Section 3.1,
NG leaks contribute 21%, 45% and 51% of the CO2-equivalent emissions over a 100-year
timescale for SMR, SMRCCS and SMRCCS+RE, respectively. Figure 5 shows the major contrib-
utors for NG leakage. Gas compressors account for largest NG leaks (45%). In reciprocating
units, leaks occur at the rod-packing system, whereas centrifugal compressors commonly
leak from wet seals. Storage and pipeline NG leakage accounts for 27% due to gas diffusion
from the valves and pipes. Drilling and extraction account for 28% of the NG emissions,
including flared gas and pipeline leakage [70,71].

Figure 5. Fugitive emissions from natural gas [64,65].

To generate 1 kg of H2, SMR, SMRCCS, and SMRCCS+RE need 4, 4.9, and 3 kg of NG,
respectively. From the stoichiometry alone, 1 kg of H2 requires 2 kg of NG. The additional
NG is required due to the external energy required for the SMR process. However, due to
the incomplete conversion in SMR, lower H2 recovery from the PSA, and energy losses,
the NG consumption increases significantly. Due to higher NG requirements, the NG leaks
significantly contribute to the net carbon emissions for H2 production.

One possible solution to mitigate NG leaks is regional H2 production plants near abun-
dant gas supplies and fossil reservoirs. Rather than compressing the NG and transporting
it to distant SMR facilities, hydrogen can be locally produced via the siting of SMR plants
close to NG production sites. It may also facilitate CO2 sequestration due to the proximity of
the geological reservoirs and will reduce CO2 transportation costs. Even so, the volumetric
energy density of H2 is three times smaller relative to NG (11.5 MJ H2,STP/m3 compared to
35.5 MJ CH4,STP/m3). This increases the pumping-related energy required from 4% for NG
to 15% for H2. In addition, as H2 is a much lighter fluid relative to CH4, it is estimated to
have 1.3× to 3× more leakage [72]. In our studies, we considered a hydrogen leakage of
about 2.5 times of NG. Furthermore, H2 has an indirect global warning potential of 8 over
100 years [72].

Regional H2 production with carbon capture reduces CO2 emissions by 31% compared
to non-regional SMRCCS [see Figure 6a]. This reduction is primarily due to NG leakage
during compression, as the compression duty in the regional case is minimal because of
the lower outlet pressure of 10 bar. In addition, NG transportation is not required, which
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further reduces NG leakage. Although parasitic H2 leakage increases slightly, the combined
effect is a net CO2 emission reduction of 2.9 kg. As a result, siting SMR near NG sites
can lower CO2 emissions. Furthermore, due to proximity to NG resources and geological
reservoirs, regional H2 production requires a more compact infrastructure, resulting in
lower leakage compared to a centralized H2 production approach. Even with a higher
GWP of 12 for H2, the net CO2 emissions for regional H2 production with regional SMRCCS

are only 1.5% higher compared to a GWP of 8.

Figure 6. (a) CO2 net emission source breakdown for regional hydrogen production. Plot of carbon
emission and captured CO2. NG leakage is fixed at 3.5%, SMR heating energy consumption of
24.1 kWhth/kgH2 , carbon capture efficiency of 90%. (b) Net CO2 emissions for regional H2 produc-
tions as a function of NG leakage, while the SMR heating energy requirement and carbon capture
efficiency are kept constant at 24.1 kWhth/kgH2, and 90%.

3.4. Water Usage

Water is a scarce resource in the I-WEST region that is needed in SMR as a feedstock for
cooling and CO2 capture. Here, we evaluate both the quality and quantity needed for our
regional H2 economy. Figure 7 shows the water requirements for different H2 generation
process schemes per kg H2 production. We note that various processes used in H2 pro-
duction require different water qualities. For example, SMR and carbon capture units
require deionized (DI) quality water. The use of DI water prevents salt deposition on the
process equipment. Here, we have used a reverse osmosis (RO) system to generate DI
water from potable water sources. Typically, a RO system operates with an 80% recovery
ratio, i.e., 80% of the DI water is generated from the potable water source and the rest is
rejected as waste [73]. The SMR process needs around 5.7 L of potable water to generate
4.5 L of DI water, which is later utilized for 1 kg H2 production. It may be noted that any
unused water leaving the WGS reactor is condensed and recycled. All H2 generation pro-
cesses require electricity from pumping, water purification, compression, cooling towers,
and carbon capture systems. For electricity produced from a natural gas combined cycle
(NGCC) power plant, the net potable water required is around 0.74 L/kWhe [74]. Water is
predominantly required to cool the power cycle. The net potable water required to supply
electrical energy for SMR is 1.8 L/kgH2 , and with carbon capture it increases to 2.4 L//kgH2 .
The renewable energy source needs around 0.4 L/kWhe of potable water for photovoltaic
panel cleaning [66,67]. The CST mirror cleaning would require around 0.2 L/kWhth for
mirror cleaning. The net potable water required to generate electricity and thermal energy
for SMR with carbon capture powered with renewable energy is around 5.5 L/kgH2 . NG
extraction also requires water and can use impaired water sources like brackish water with
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salt concentrations up to 5000 ppm. The net water required for NG extraction is 1.8 L/kgH2

for SMRCCS.

Figure 7. Water requirement for different H2 production processes. The water required for mining,
NG extraction and panel cooling are taken from [67,75,76].

It may be noted instead of using potable water, brackish water could also be used as a
feed for generating DI water; however, depending on the feed concentration of brackish
water the energy demand could be in the range 0.5–2 kWhe/m3 and the recovery ratio will
further go down. However, with use of brackish water, the potable water use will reduce
to 6.6 and 29 L/kgH2 for SMR and SMRCCS, while the total water usage will increase to
14.4 and 38.5 L/kgH2 .

MEA solutions (30% wt.) demand DI water, while cooling (including flue gas and
MEA cooling) requires potable water. The flue gas leaving the carbon capture unit carries
MEA that needs to be washed (dissolved) in water [55,56]. Since brackish water contains
only salt, it can be used to remove MEA from flue gas during the MEA washout. The
SMRCCS process requires an additional 22.4 L/kgH2 of potable water for the carbon capture
process and 1.2 L/kgH2 of brackish water for the MEA washout.

The total potable water required for the SMRCCS is 44.8 L/kgH2 . In comparison, the
H2 generated from water electrolysis powered with photovoltaics would need around
35.8 L/kgH2 of potable water.

It is worth noting that I-WEST is an oil and gas producer, has massive produced
and brackish water resources [77]. However, potable water can be scarce. In the carbon
capture and power cycle, cooling is the major contributor to the net potable water demand.
Supplementary Materials S5 shows the results for the use of the produced water or brackish
water as cooling water sources. The net potable water demand can be reduced to 5.9 L/kgH2

for SMR with carbon capture and regional SMR with carbon capture [see Figure S4]. Note
that the pumping power required for the system will increase due to a significant increase
in the produced water demand for once through cooling. The overall increase in net
CO2 emissions is around 3.3% for regional H2 with carbon capture.

The other approach to reduce the cooling water demand is using an air cooler for
cooling the power cycle, carbon capture unit and SMR process cooling. The net effect is a re-
duction in total water consumption to 8.9 and 9 L/kgH2 for SMRCCS, and regional SMRCCS,
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respectively [see Figure S5] while the net potable water demand reduces to 5.9 L/kgH2 .
Compared to the electrolysis process, the net potable water demand for regional H2 produc-
tion reduces by 81% with air cooling. With air cooling, the electricity requirement increases
slightly for H2 production, resulting in a net increase in net CO2 emissions by 3.1%, while
the net water requirement can be reduced by 84.4%.

Thermal management and cooling represent major challenges in hydrogen energy
systems due to their high energy and water requirements. These challenges arise not
only during hydrogen production but also in end-use technologies such as fuel cells,
where effective heat dissipation is critical for performance. Recent advances in thermal
management solutions, such as novel liquid-cooled plate designs, have shown potential to
improve efficiency while reducing the overall cooling burden [78].

3.5. Techno-Economic Analysis Results

Table 4 lists the input parameters used for TEA. Figure 8a shows the production cost
for different H2 processes. The H2 cost is cheapest for standalone SMR and is 1.73 $/kgH2 .
The major cost is the cost of NG, followed by capital cost, O&M cost and electricity cost.
Water and catalyst cost are marginal. With carbon capture the capital cost almost doubles,
resulting to increase in H2 cost to 2.9 $/kgH2 . For SMR powered with renewable energy,
the lower capacity factor increases the capital cost, and the price increases to 3.22 $/kgH2 .
Regional H2 cost is slightly cheaper compared to SMRCC due to lower electricity consump-
tion. If the CO2 sequestration credit of 85 $/tonneCO2 is included, the cost of H2 reduces to
1.88, 2.6 and 1.79 $/kgH2 for SMRCC, SMR powered with renewable and regional H2. With
air cooler, the regional H2 will increase merely by 0.4%.

Table 4. Input parameters for TEA.

Parameters Values References

H2 capital cost (M$/tonneH2 /day) 2150 [79]

Carbon capture capital cost (M$), (SizeCC is carbon capture system size in tonne/day) 421 ×
(

SizeCC
5142

)0.8 [64]

FCR 0.07 [77]

NG price ($/kg) 0.18 [80]

Electricity price ($/kWhe) 0.08 [80]

Water Price ($/m3) 2 [81]

H2 catalyst replacement cost ($/kgH2 ) 0.021 [79]

H2 O&M cost ($/kgH2 ) 0.26 [79]

Carbon capture material cost ($/tonneCO2 ) 4.1 [64]

Carbon capture O&M cost ($/tonneCO2 ) 9 [64]

CO2 sequestration and monitoring cost ($/tonneCO2 ) 9.1 [64]

Current CO2 permanent sequestration and storage credit ($/tonneCO2 ) 85 [82]

H2 production size (tonneH2 /day) 5

Capacity factor 85% [77]

Current electrolyzer H2 cost ($/kgH2 ) 6.3 [79]

Current clean H2 tax benefit ($/kgH2 ) 3 [83]

Future electrolyzer H2 cost ($/kgH2 ) 3.1

https://doi.org/10.3390/cleantechnol8030077

https://doi.org/10.3390/cleantechnol8030077


Clean Technol. 2026, 8, 77 16 of 29

Figure 8. (a) H2 production cost bifurcation, (b) Effect of CO2 tax credit on H2 production cost.

4. Case Study
We have considered the case study of the I-WEST region, situated on the rocky moun-

tain range and contributing 17.5% of the total energy production in the USA [25], for
decarbonizing regional transportation, electricity generation and fuel production.

4.1. Transportation

The primary drivers of transportation energy in I-WEST include gasoline (63%) and
diesel (32.2%), with a total net energy content of ca. 419 TWhth/year [see Figure 9a] [84]. The
major contributor to transportation in I-WEST is Arizona, followed by Colorado, Utah, New
Mexico, Wyoming, and Montana, and is 32%, 23.4%, 15.2%, 14.8%, 7.6% and 7.1%, respec-
tively. The net CO2 emissions from the transportation sector are 139.86 million-tonne/year
[see Figure 9b]. The overall water usage for the total fuel production is 248 million m3/year,
of which 67.5% is required by gasoline and 32.3% by diesel. NG-specific water consumption
is 90% lower than gasoline and diesel [see Figure 9b].

Figure 9. (a) Net energy content, (b) CO2 emissions and overall water use to produce hydrocarbon
fuel for transportation in the I-WEST [75,84,85]. The net CO2 emissions for gasoline, diesel are
4.1 kgCO2 /kggasoline and 4.08 kgCO2 /kgdiesel, respectively [86], while for NG is 5.7 kgCO2 /kgNG

[calculated from Figure 4]. Water consumption for extraction and processing of: gasoline is 0.65 and
5 L/Lgasoline [75,87], diesel is 0.3 and 5 L/Ldiesel [75,87], and NG is 0.004 and 0.34 L/kgNG [56].

We can reduce the net CO2 emissions by displacing gasoline and diesel combus-
tion in transportation with H2 fuel cells. The conversion efficiency for internal combus-
tion engines using gasoline is only 19%, diesel is 31% and NG is 17% [88] while the H2

fuel cell efficiency varies from 40% to 60% [89]. Supposing a mean efficiency of about
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50% for an H2 fuel cell vehicle, the overall H2 required for the transportation demand is
5.72 million-tonne/year. The effect of shifting away from hydrocarbon fuels to H2 fuel cells
is shown in Figure 10a. For the current scenario with 3.5% NG leaks, replacing the existing
hydrocarbon fuel source with H2,SMR+CCS could lower the CO2 emissions by 56%, while
regional H2,SMR+CCS could lower the net CO2 emissions by 71%. While transitioning to H2

fuel-cell vehicles with H2 generated from SMRCCS the net water requirement increases by
10% to 274 million m3/year relative to current water demand for the transportation sector.
Water electrolysis powered with RE has a net water requirement of 230 million m3/year
[Figure 10c]. In addition to the total water requirement, the water quality is also a key
parameter since electrolysis and SMR need deionized water, and is generated by the re-
verse osmosis of freshwater (<500 ppm total dissolved salts, TDS) with 80% recovery. For
mining and NG extraction, brackish water (<5000 ppm, TDS) can be used. Moving towards
H2,SMR+CCS, and regional H2,SMR+CCS for transportation with the current state of the art
will help in reducing the CO2 emissions by 62–74%, while the water requirement is almost
the same. Transitioning from hydrocarbon to H2 fuel source is significantly cheaper, with
a potential saving in fueling cost by 75% with regional H2 [Figure 10e]. Similarly with
use of H2 generated from electrolysis the net reduction in fuel cost is 60%. For current
scenario, CO2 sequestration credit of 85 $/tonCO2 is assumed while for electrolyzer a credit
of 3 $/kgH2 is used. For a current cost of H2 from electrolyzer is around 6.3 $/kgH2 , and
with H2 credit it reduces to 3.3 $/kgH2 .

In the second example, we evaluate a futuristic case of SMR-H2 process where the
NG leak is decreased to 1%, which is justified by compact infrastructure with increased
efficiency of the SMR process. Since the leading driver of NG emissions are leaks, a potential
solution is placing the compressors inside boxes to capture all the leaked NG for use as
an energy source for compressor pumping. Efforts are also being utilized for lowering
emissions using advanced natural gas storage designs with pipeline materials selection.
Deploying these advanced designs with process intensification will reduce the energy
required in the SMR to 10.4 kWhth/kgH2 [see Figure S2 for details]. These cutting edge
improvements can also increate capture efficiency to 97% and potential future increases of
efficiency to 60% of H2 fuel cell vehicles [89]. By utilizing the advanced SMR-H2 process, the
transition to H2,SMR+CCS, and regional H2,SMR+CCS, can further reduce the net CO2 emission
by 86%, and 87% respectively [see Figure 10b]. In addition, the overall water required can
also reduce [Figure 10d]. Therefore, H2,SMR+CCS, and regional H2,SMR+CCS can be critical
in reducing the net CO2 emissions provided technological advancements reduce both
CH4 leakage and SMR energy consumption. To reduce the water requirement, air cooling
is used and with an optimized SMR process, the net water requirement can be reduced
by 85%, for both H2,SMR+CCS, and regional H2,SMR+CCS. The net saving in fueling cost is
around 78% regional H2 and 68% with electrolyzer. For future scenarios the cost of H2

for SMR, SMR+CCS, SMR+RE, regional SMR+CC and electrolyzer is calculated to be 1.5,
2.5, 3, 2.4 and 3.1 $/kgH2 . For future scenarios the carbon credit and hydrogen credit are
not considered.

It may be noted that constant average efficiency of 50% and 60% for hydrogen fuel
cell vehicles for current and future scenario provides a transparent basis for system-level
comparison. In real-world operation, vehicle efficiency is dynamic and incorporating
real-time traffic information into energy management frameworks can further enhance
vehicle efficiency [90].
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Figure 10. Role of H2,SMR+CCS, H2,SMR+CCS+RE and regional H2,SMR+CCS in decarbonizing the trans-
portation sector for I-WEST for (a,b) present and future scenario, (c,d) the net water consumption
for use of H2 for transportation and (e,f) fuel cost incurred with different H2 for present and future
scenario. For current scenario (NG leak of 3.5%, heating energy of 24.1 kWh/kg, carbon capture
efficiency of 90%, fuel cell efficiency of 50%, electrolysis energy requirement of 50 kWhe/kgH2 [91]
and electrolysis net CO2 emissions of 3.8 kgCO2 /kgH2 [92]). For future H2 production (NG leak of 1%,
heating energy of 10.3 kWh/kgH2 , carbon capture efficiency of 97%, fuel cell efficiency of 60% and
electrolysis energy requirement of 25 kWhe/kgH2 [91] and net CO2 emissions of 1.8 kgCO2 /kgH2 [92]).
Note that SMR/electrolysis, cooling, processing, and cleaning require freshwater with <500 ppm
salt concentration, while mining and MEA washout could utilize brackish water with <5000 ppm
salt concentration.

It also may be noted that currently over 80% of the world CO2 injection is taking
place in Permian basin, located in New Mexico and Texas [93]. Just of the many oil and

https://doi.org/10.3390/cleantechnol8030077

https://doi.org/10.3390/cleantechnol8030077


Clean Technol. 2026, 8, 77 19 of 29

gas operators are currently storing around 6.5 million-tons of CO2 per year. The CO2

captured from transportation sector can be used directly for enhanced oil recovery in
Permian basin [93].

4.2. Electricity Generation

Figure 11a shows electricity requirement for the I-WEST region, indicating a yearly
production of 315 TWhe. Coal accounts for 37.7% contribution, NG power plant is 12.7%,
NGCC is 12.7%, wind energy 13.5%, nuclear energy 10.1%, hydro energy 6.1%, solar
energy is 4.5%, along with modest contributions from petroleum, geothermal and biomass
(combined for 0.7%) is also included. The net annual CO2 emissions from electricity plants
is 171 million tons/year, see Figure 11b. Due to the lower efficiency of a coal power plant
(33%), the net CO2 emissions are highest at 69.6%. NGCC contributes 17.5%, while the
NGCC contributes 10.7% of the total CO2 emissions. The net water required for electricity
generation is 766 million m3/year [see Figure 11b]. Due to the evaporation of water from
the surface of the reservoir surface, hydropower contributes 42% of the total water use,
followed by coal 36%, nuclear at 9.6%, NG at 6.4%, and NGCC at 3.9%.

Figure 11. (a) Net electricity production and (b) net CO2 emissions and water requirements for
different energy sources in the I-WEST. The specific CO2 emissions from coal, petroleum, NG, NGCC,
hydropower, solar PV, wind, nuclear, geothermal and biomass are assumed to be 1000, 735, 453, 647,
20, 25, 122 and 300 kg/MWhe, respectively [56,60,94–98]. The net water usage of a coal power plant is
250 L/tonnecoal for coal mining [99] and 2250 L/kWhe electricity production [100], petroleum requires
0.65 and 5 L/LPetroleum for processing and extraction [75,87] while petroleum power cycle cooling
requires 1060 L/MWhe (updated from [56]), NG and NGCC require 954 and 654 L/MWhe (updated
from [56]), hydropower requires 16,850 L/kWhe [100], photovoltaic requires 400 L/MWhe for panel
cleaning, [66,67], nuclear power requires 137, 294 and 1875 L/MWhe (for mining, fuel processing and
cooling) [101], geothermal requires 1730 L/MWhe [100], and biomass requires 2075 L/MWhe [100].

Figure 12a illustrates the potential pathways towards lowering the CO2 emissions from
electric power generation in the I-WEST. The first potential pathway involves replacing the
entire coal-fired units, NG units, and remaining hydrocarbon plants with a NGCC. With
the NGCC operating at peak efficiencies (60%), net CO2 emissions could be lowered by 45%
(based on a mean NG leakage of 3.5%), while the net water requirement is reduced by 27%
[Figure 10c]. Another approach can be blending the NG with 30% H2 (by volume) [102,103],
as the current NGCC operation is limited to 30% H2. By blending with 30% regional
H2,SMR+CCS while running it as a combined cycle, can reduce the CO2 emissions by 45%.
Similarly, the water requirement reduces by 23.6%, with blended 30% regional H2,SMR+CCS.
It may be noted that the potential benefit of 30% H2 blending with NG is marginal, and it is

https://doi.org/10.3390/cleantechnol8030077

https://doi.org/10.3390/cleantechnol8030077


Clean Technol. 2026, 8, 77 20 of 29

better to replace all hydrocarbon power production with NGCC. In addition, the cost of
electricity generation also increases marginally due to use of H2 [see Figure 10e].

Figure 12. Role of blending 30% by volume H2,SMR+CCS, H2,SMR+CCS+RE and regional H2,SMR+CCS

in decarbonizing the electricity sector for I-WEST for (a,b) present and future scenario, (c,d) the
net water consumption for use of H2 for transportation and (e,f) electricity cost different H2 as
energy source for present and future scenario. For current scenario (NG leak of 3.5%, heating energy
of 24.1 kWh/kg, carbon capture efficiency of 90% and fuel cell efficiency of 50%). For future H2

production (NG leak of 1%, heating energy of 10.3 kWh/kgH2 , carbon capture efficiency of 97% and
fuel cell efficiency of 60%). Note that SMR/electrolysis, cooling, processing, and cleaning require
freshwater with <500 ppm salt concentration, while mining and MEA washout could utilize brackish
water with <5000 ppm salt concentration.

As emerging high-efficiency turbines advances, NGCC might be able to operate with
100% H2 [104]. Moreover, with less NG leaks, energy-efficient SMR, with improved carbon
capture, the net CO2 emissions can be lowered by 77% with regional H2,SMR+CCS [see
Figure 10b]. With the use of 100% pure H2,SMR+CCS the amount of carbon capture increases
to 100 million-tonne/year. Also, air cooling can reduce the cooling water requirements to
zero, thereby the net water requirements can be reduced by 45% for regional H2,SMR+CCS

[see Figure 10d]. The major contributor to water requirements is hydropower, requiring
around 324 million m3/year of freshwater. However, with use of regional H2, the cost of
electricity generation increases by 73%, and this is predominantly due to higher H2 cost
compared to NG [see Figure 10f].
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4.3. Hydrogen Replacement Fuel for Natural Gas in the I-WEST Region

Figure 13a illustrate the overall natural gas capacity in the I-WEST region is about
1894 TWhth/year [25], corresponding to 143 million tons/year of NG. In the I-WEST region,
New Mexico is the major contributor to NG production at 40.2%. It may be noted that
Arizona does not produce NG. If we have to convert all the NG to regional H2,SMR+CCS,
around 30 million-tonne/year of H2 can be produced [see Figure 13b], (for current SMR
with 3.5% NG leak). However, for the future scenario (1% NG leak), 40 million-tons/year
of regional H2,SMR+CCS can be produced respectively. Notably, net H2 production varies
significantly as the net NG demand varies with H2 process [see Section 3.3].

Figure 13. (a) annual NG output, (b) estimated H2 output based on yearly NG production for near-
term and long-term scenarios, (c) impact on CO2 emissions during the shift from NG to hydrogen
in the near-term (d) long-term scenario, and (e) net water demand to transition towards different
hydrogen production based on the current scenario and (f) future scenario. The current scenario
assumes 3.5% NG leak, 24.1 kWhth/kgH2 SMR heating required with a CO2 capture efficiency of 90%).
The future scenario assumes 1% NG leak, 10.3 kWhth/kgH2 heating required with a CO2 capture
efficiency of 97%. It may be noted MEA washout and fuel extraction require brackish quality water
with total salt concertation <5000 ppm, while the process, cooling and carbon capture require fresh
water with salt concentration <500 ppm.
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Figure 13c,d show the net CO2 generated while producing H2 from NG. For
the base case of NG production with a 3.5% NG leak, the net CO2 emissions is
676 million-tonne/year. With H2,SMR+CCS+RE and regional H2,SMR+CCS can help in reduc-
ing the CO2 emissions by 63%, and 70%, respectively. Notably, the net reduction in CO2

emissions with H2,SMR+CCS+RE is lower due to the 60% higher H2 production than regional
H2,SMR+CCS. With a future scenario of 1% NG leak, the net reduction in CO2 emission can
be 73% for regional H2,SMR+CCS.

Figure 13e,f show the water use for different cases under a base case of 105 million m3/year.
The net rise in overall water use in comparison with the base case is by a factor of 19 and 14
for H2,SMR+CCS+RE, and regional H2,SMR+CCS, respectively. As already explained, the major
contributor to water demand is cooling water, which is required for electricity, systems, and
carbon capture. Using an air cooler, for future scenarios, net water demand can be reduced by
70% compared to the current scenario [see Figure 13f].

5. Conclusions
Our life cycle analysis demonstrates that regional H2 can be important in decarboniz-

ing the energy sector of the I-WEST region. Numerous studies presented in the literature
have compared different hydrogen production scenarios from a large-scale perspective
and neglected the advantages of regional resource availability. Our study quantifies the
primary drivers of carbon footprints when making hydrogen. Although NG leaks remain
the dominant factor in adopting H2 energy, the other dominant factor is still the specific
energy usage for H2 processes.

To highlight the practical relevance of H2 in achieving a low-emissions energy sector,
we have considered substituting fossil fuels currently used in the transportation and
electrical power generation sectors with H2 in the I-WEST region. I-WEST transportation
contributes to 140 million-tons/year of CO2 and requires 248 million m3/year of water. For
the base case scenario, the regional H2 with carbon management can lower the overall CO2

emissions by 74%, and the fuel cost for transportation can be reduced by 76%. Replacing
all fossil fuel powered electricity production with the natural gas combined cycle can
reduce CO2 emissions by 45%. However, H2 blending with natural gas does not give a
significant improvement in CO2 reduction relative to converting all NG to NGCC plants.
However, future scenarios using 100% hydrogen for electricity generation can result in
an 77% reduction in CO2 emissions, but the electricity cost will increase by 73%. Using
regional H2 in the I-WEST transportation and electricity sectors can potentially reduce the
net CO2 emission by 87%, and water consumption by 55% in the future. However, this
would need a 50.5% increase in natural gas production.

Making hydrogen requires substantial amounts of water, especially when potable
water is the source. Future research will focus on developing an adoption curve for these H2

production technologies. In addition, other H2 production processes, including autothermal
reforming, partial oxidation, biomass reforming, and electrolysis, will be assessed in detail,
together with the industry standard SMR process.

Our future work will focus on dynamic modeling with detailed control schemes to
optimize hydrogen production. Additionally, we plan to extend the current analysis of
transportation to supply-chain models that incorporate dynamic, traffic-informed vehicle
energy management strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cleantechnol8030077/s1. Figure S1. Composite curve for steam
methane reformer process; Figure S2. Composite curve for steam methane reformer process with
pinch temperature of 10 ◦C; Figure S3. (a) Net CO2 emission as a function of NG leakage while the
SMR energy requirement, carbon capture efficiency and heating energy requirement are kept constant
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at 24.1 kWhth/kgH2 and 90%. (b) Net CO2 emission as a function of SMR energy requirement, while
the NG leakage and carbon capture efficiency are kept constant at 3.5% and 90%. (c) Net CO2 emission
as a function of carbon capture efficiency and NG leak, while the SMR heating energy requirement
is kept constant at 24.1 kWhth/kgH2 and (d) Comparison between the performance of H2,SMR+CCS

and H2,SMR+CCS+RE powered with different renewable energy including solar photovoltaics, wind
energy, concentrating solar thermal and battery powered Renewable energy. NG leak, carbon capture
efficiency and energy requirement are kept constant at 3.5%, and 90%; Figure S4. Water requirement
for different H2 production process, with cooling water supplied from produced water; Figure S5.
Water requirement for different H2 production process, with air cooling for electricity, SMR and
carbon capture; Table S1. Typical pipeline composition of NG flowing through an interstate pipeline;
Table S2. Mass, energy, and momentum balance equations of the SMR and WGS models; Table S3.
Global warming potential for different constituent of natural gas; Table S3. Global warming potential
for different constituent of natural gas; Table S4. Compressor energy required for natural gas; Table S5.
Stream flow data for the SMR process; Table S6. Net energy consumption for H2 production; Table S7.
Net energy consumption for H2 production with optimized scenario; Table S8. Life cycle analysis for
H2 production for 3.5% NG leak, 1% H2 leak from compressor while the SMR energy heating energy
requirement of 24.1 kWhth/kgH2 ; Table S9. Operating parameters for different renewable energy
sources. References [41,55,60,61,63,70,71,77,105–110] are cited in the Supplementary Materials.
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Nomenclature

a Site occupied by the adsorbate in PSA

Cpg Gas mixture heat capacity
(

J kg−1K−1
)

Ci Concentration of gas component i
(
mol m−3)

CCS Carbon capture and sequestration
CH4 Methane
C2H6 Ethane
C3H8 Propane
C4H10 Butane
CO Carbon Monoxide
CO2 Carbon Dioxide
DI Deionized
DL Axial mass dispersion constant

(
m2s−1)

dp Particle diameter (m)
.
E Energy required
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hout,s Isentropic enthalpy
hin Inlet enthalpy
H2O Water
I-WEST Intermountain West USA
H2 Hydrogen
.

m Mass flowrate
MEA Monoethanolamine
N2 Nitrogen
NG Natural gas
NGCC Natural gas combined cycle
q Saturation concentration
Q Heat transferred
PSA Pressure swing adsorption
P Pressure
RE Renewable Energy
RO Reverse osmosis

rj Reaction rate of reaction j
(

mol kg−1
cats

−1
)

S Steam to methane ratio
SMR Steam Methane reforming
T Temperature
Tw Wall temperature
t Time
TEA Techno-economic Analysis
uz Interstitial velocity

(
ms−1)

U Solid thermal conductivity
(

Wm−1K−1
)

.
wcomp Compressor work
WGS Water gas shift
x SMR conversion efficiency
ηisen, comp Isentropic efficiency of compressor
z Reactor axial length
ϵb Bed porosity
ρs Catalyst density

(
kgm−3)

ρg Gas mixture density
(
kgm−3)

νij Stoichiometry coefficient of reaction j component i
ηj Effectiveness factor of reaction j

λ Effectiveness thermal conductivity
(

Wm−1K−1
)

∆Hr Heat of reaction
(

Jmol−1
)

µ Gas mixture viscosity (Pa·s)
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