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Hydrogen has emerged as a key energy carrier in the global transition toward low-carbon and sustainable energy systems.
This comparative review evaluates three main hydrogen production pathways — steam methane reforming (SMR), electrolysis
using renewable energy, and biomass gasification — to identify optimal balances between cost-effectiveness and environmental
sustainability. A systematic literature review was conducted across peer-reviewed journals and authoritative energy reports from
2015-2023, with data compiled on production costs, system efficiencies, carbon dioxide (CO,) emissions, energy consumption,
and regional renewable energy availability. Current data show that while SMR remains the most cost-effective method at
$1.00-$2.00/kg H; under favourable natural gas pricing conditions, it carries significant environmental burdens with emissions
of 9-10 kg CO,/kg H,. Renewable electrolysis shows rapidly declining costs with near-zero lifecycle emissions, while biomass
gasification offers carbon-neutral production at $2.00-$3.00/kg H,. Regional analysis reveals that countries with abundant
renewable capacity — Australia, Chile, and Saudi Arabia — achieve the lowest production energy requirements for green
hydrogen at 50-60 kWh/kg H,. When environmental costs are internalised through carbon pricing of $50-$100/ton CO,,
renewable electrolysis and biomass gasification emerge as economically competitive alternatives to fossil-based hydrogen.
Future developments in electrolyser efficiency and global hydrogen trade infrastructure will be critical determinants of pathway
competitiveness and environmental sustainability.
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Introduction

Hydrogen has emerged as a key energy carrier in the global
transition towards low-carbon and sustainable energy systems.
As nations strive to reduce greenhouse gas emissions, hydro-
gen offers a versatile solution: it can be used for electricity
generation, industrial processes, and transportation, and it can
store energy over long periods. Historically, renewable en-
ergy technologies such as solar, wind, and hydroelectric power
have evolved to provide cleaner alternatives to fossil fuels,
yet challenges remain in storing and distributing energy ef-
ficiently?. Hydrogen production technologies bridge this gap,
enabling energy generated from renewable sources to be con-
verted into a storable and transportable form™.

The field of hydrogen energy encompasses multiple produc-
tion pathways, each with unique advantages, costs, and envi-
ronmental impacts®. Hydrogen is commonly classified by its
carbon intensity: grey hydrogen is produced from fossil fuels
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without carbon capture and storage (CCS); blue hydrogen is
produced from fossil fuels with CCS; and green hydrogen is
produced via electrolysis powered entirely by renewable en-
ergy”. SMR, the most widely used method, produces grey
hydrogen in its conventional form or blue hydrogen when in-
tegrated with CCS®. While SMR is cost-effective, it is as-
sociated with high carbon emissions unless CCS is applied™.
Electrolysis uses electricity — ideally from renewable sources
— to split water into hydrogen and oxygen, producing green
hydrogen with near-zero lifecycle emissions®. Although his-
torically more expensive, declining renewable energy costs
and improvements in electrolyser efficiency are making elec-
trolysis increasingly competitive®. Biomass gasification con-
verts organic matter into hydrogen-rich syngas” and is classi-
fied as carbon-neutral when sustainably sourced, or potentially
carbon-negative when combined with CCS?. Each pathway
varies not only in cost and efficiency but also in the geographic
conditions required for optimal implementation'’. Despite
growing recognition of hydrogen’s potential role in decarbon-
isation, significant gaps remain in understanding which pro-
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duction pathways offer the best combination of economic via-
bility and environmental performance under different regional
conditions. Existing literature often examines these pathways
in isolation or focuses on single dimensions such as cost or
emissions without comprehensive integration. Furthermore,
rapid technological advancement in electrolysis and evolving
policy landscapes require updated comparative assessments
that reflect current data and future projections.

This review addresses these gaps by providing a compre-
hensive, integrated comparison of hydrogen production path-
ways across technical, economic, and environmental dimen-
sions. By incorporating environmental externalities into eco-
nomic assessments and examining geographic variations in re-
newable resource availability, this review offers practical in-
sights for policymakers, energy planners, and industry stake-
holders 1L,

Objectives

This study seeks to investigate and identify the most efficient
combination of cost-effectiveness and environmental sustain-
ability for major hydrogen production methods. To address
this goal, the review evaluates:

* The technical principles and operational mechanisms of
key hydrogen production pathways, including their clas-
sification as grey, blue, or green hydrogen

» The cost-efficiency relationships of these pathways, in-
cluding capital expenditure (CAPEX), operational ex-
penditure (OPEX), and levelised cost of hydrogen
(LCOH), with environmental externalities incorporated

* The energy usage patterns across renewable sources and
geographic regions

Scope and Limitations

This review focuses on three major production pathways:
SMR, electrolysis using renewable energy, and biomass
gasification. The scope encompasses published data from
2015-2023 covering cost, efficiency, emissions, and regional
characteristics. Emerging alternatives such as photoelectro-
chemical (PEC) water splitting and biological hydrogen pro-
duction are not systematically reviewed due to their low tech-
nological readiness levels and limited peer-reviewed quantita-
tive data at commercial scale; they are briefly discussed in the
context of future directions. Hydrogen storage, distribution,
end-use applications, and policy and regulatory frameworks
are beyond this review’s scope and would each require exten-
sive dedicated analysis.

Methodology

Search Strategy

A systematic literature search was conducted using Web of
Science, Scopus, and Google Scholar databases covering pub-
lications from 2015 to 2023. Additional sources included re-
ports from the International Energy Agency (IEA), Interna-
tional Renewable Energy Agency (IRENA), and Bloomberg
New Energy Finance (BNEF). Search terms included combi-

EERNT3

nations of: “hydrogen production,” “steam methane reform-
ing,” “electrolysis,” “biomass gasification,” “levelised cost of
hydrogen,” “green hydrogen,” “carbon emissions,” and ‘“re-

newable energy.”

9

Inclusion Criteria
Studies were included if they met all of the following criteria:

* Peer-reviewed journal articles or authoritative institu-
tional reports published between 2015-2023

¢ Quantitative data on production costs, system efficien-
cies, CO, emissions, or energy consumption

* Studies focused on SMR, electrolysis (alkaline electrol-
ysis (AEL), proton exchange membrane (PEM), or solid
oxide electrolysis (SOE)), or biomass gasification

* English language publications

Exclusion criteria included: conference abstracts without full
data, studies focused solely on hydrogen storage or end-use
applications, and publications without quantitative technical
or economic data. The initial search yielded 247 results. After
applying inclusion/exclusion criteria and removing duplicates,
29 studies were retained for detailed data extraction.

Data Extraction

From each included study, the following data were extracted:
production pathway type, LCOH ($/kg H;), system efficiency
(%), CO; emissions (kg COy/kg Hj), energy consumption
(kWh/kg Hj), geographic region, renewable energy source
(for electrolysis), and feedstock type and cost (for biomass).
Data were recorded in a standardised spreadsheet with source
citation, year of publication, and data collection period noted
for each value. Where studies reported ranges, both minimum
and maximum values were recorded.

Data Synthesis Method

Data synthesis employed comparative tabular analysis and
narrative synthesis organised by pathway and evaluation cri-
teria. No original experimental data were collected, and no
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statistical regression analyses were performed; all quantitative
values represent synthesis of published literature. Cost com-
parisons across pathways draw on studies conducted over dif-
ferent timeframes (2015-2023) and in different regional con-
texts, which may reduce the fairness and accuracy of direct
comparisons. Readers should interpret cross-pathway cost
comparisons with caution, as additional analysis controlling
for time period, plant scale, and geographic context would be
required to increase the accuracy of these comparisons.

Quality Assessment

Study quality was assessed based on: data transparency, peer
review status (journal articles ranked higher than institutional
reports), recentness (2020-2023 publications weighted more
heavily for cost and efficiency data), and consistency with
other sources. Studies with incomplete methodology descrip-
tions or unverifiable data sources were excluded during the
screening phase.

Results and Discussion

Technical Characteristics of Production Pathways

The three hydrogen production pathways differ fundamentally
in their technical mechanisms, efficiency ranges, and environ-
mental profiles, and are classified differently within the grey,
blue, and green hydrogen framework. Understanding these
technical foundations is essential not only for describing each
pathway, but for explaining why certain cost, efficiency, and
environmental outcomes arise — and why specific regional
conditions favour one pathway over another.

Steam Methane Reforming (Grey and Blue Hydrogen)
SMR currently accounts for over 50% of global hydrogen
production, making it the most established method'%, With-
out CCS, SMR produces grey hydrogen; when integrated
with CCS that captures up to 90% of CO; emissions, it pro-
duces blue hydrogen”. The process involves reacting methane
with high-temperature steam (700—1,100°C) in the presence of
nickel-based catalysts'. The reaction proceeds in two stages:
reforming (CH, + H,O — CO + 3H») and water-gas shift
(CO+H;0 — CO; + Hy), yielding four moles of hydrogen
per mole of methane®. Modern SMR plants achieve thermal
efficiencies of 65-75% through heat recovery systems-4,

The primary environmental challenge of SMR is its car-
bon intensity: approximately 9-10 kg CO; per kilogram of
H, produced. CCS integration increases production costs by
20-30% and depends on the availability of suitable geological
storage sites®. SMR’s infrastructure requirements favour in-
dustrialised regions with established natural gas pipeline net-
works' 14,

Electrolysis Using Renewable Energy (Green Hydrogen)
Electrolysis produces green hydrogen by splitting water us-
ing electricity from renewable sources. When powered by re-
newables, lifecycle emissions are below 0.5 kg CO,/kg Hj
— over 95% lower than conventional grey SMR®. Three
electrolyser types are in commercial or near-commercial use.
AEL systems achieve 60-70% efficiency at current densities
of 200-400 mA/cm?1215 PEM electrolysers achieve 70-85%
efficiency at higher current densities up to 2,000 mA/cm?,
with rapid response capabilities suited to intermittent renew-
able integration®1®, SOE systems operate at 700—1,000°C
with theoretical efficiencies exceeding 90%, but remain at the
research stage due to material degradation challenges"”.

The modular nature of electrolysis enables distributed pro-
duction co-located with renewable generation sites, reducing
transportation energy losses?. Primary technical challenges
include water purity requirements below 1 yS/cm conductiv-
ity!8 and water availability, with approximately nine litres of
purified water required per kilogram of Hy produced!®.

Biomass Gasification (Carbon-Neutral Hydrogen)
Biomass gasification converts organic matter — agricul-
tural residues, forestry waste, or municipal biomass —
into hydrogen-rich syngas through thermochemical reac-
tions at 700-1,200°C®. The process involves four stages:
drying (100-200°C), pyrolysis (200-700°C), oxidation
(700-1,500°C), and reduction (800-1,000°C)?%.  System
efficiencies range from 45-60%, with performance strongly
influenced by feedstock moisture content, lignin composition,
and ash characteristics 5.

Biomass gasification achieves carbon-neutral production
when sustainably sourced, because the CO, released during
conversion was originally absorbed during plant photosynthe-
sis”. Integration with CCS enables net-negative emissions-.
The main economic challenge lies in feedstock logistics: col-
lection, drying, and transport can account for up to 40% of
total production cost!.

Economic Analysis and Cost-Efficiency Comparisons

Production costs vary significantly across pathways and are
sensitive to feedstock prices, CAPEX, OPEX, and regional
conditions. The LCOH — defined as the total lifetime cost of
the production system divided by total hydrogen output over
that lifetime'® — is the standard metric for cross-pathway
comparison. These comparisons should be interpreted with
care given different timeframes and regional assumptions
across studies.

Cost Components and Current EconomicsFor SMR,
feedstock (natural gas) accounts for approximately 45-75%
of total LCOH?Z, As of 2023, SMR LCOH ranges from
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Table 1 Summary of key technical parameters across the three production pathways. Data compiled from references Ishaq et al. 2022;
Bhaskar et al. 2023; Carmo et al. 2013; Li et al. 2025; Xu & Froment 1989; Ptasinski et al. 2007; Hauch et al. 2020; Sanchez et al. 2020.

Process (H; classifica- Efficiency (%) CO, emissions Maturity Key technical limitations

tion) (kg/kg Hp)

SMR — Grey H, 112 65-7521 9-1012 Commercial 2> Catalyst degradation; CO;
emissions; high-temp oper-
ation 112

SMR + CCS — Blue 60-70 0.9-1.0 after Commercial Geological storage depen-

H," ccst (with CCS)~ dency; +20-30% cost®

Electrolysis — Green 60-858112 <0.58 Rapidly scal- High electricity demand;

H,® ing® water  purity  require-
ments' 23124

Biomass gasification — 45-602% ~0 (sustainably Pilot—commercial®  Tar  formation; feed-

Carbon-neutral H,? sourced)> stock  variability; gas
cleanup2412>

$1.00-$2.00/kg H; in regions with favourable natural gas pric-
ing?. It is important to note that these figures reflect best-case
regional conditions; in many present-day contexts including
U.S. conditions assessed by the Department of Energy, PEM
electrolysis LCOH is typically reported at $5-$7/kg H,. The
lower electrolysis cost figures cited here reflect best-case es-
timates from regions with $20-$30/MWh electricity at large-
scale plant operation®3.

For electrolysis, electricity costs represent 50-80% of
total LCOH%?.  Electrolyser CAPEX has fallen from
$1,200-$1,500/kW in 2015 to $700/kW in 2023, with projec-
tions of $300-$400/kW by 203023, Projected 2030 LCOH
for renewable electrolysis approaches $1.50/kg H, under
favourable conditions>?.

Biomass gasification LCOH typically ranges from
$2.00-$3.00/kg Hy, with feedstock costs ($30-$100/ton) as
the dominant factor!®, Hauling biomass beyond 50-100
km substantially increases feedstock costs due to low energy
density“8.

Illustrative Worked Cost CalculationsTo clarify the cost
structure of each pathway, simplified worked calculations for
representative large-scale facilities are provided below. These
are illustrative only, based on best-case literature values.

SMR — Grey hydrogen
Assumptions: 1,000 kg Ha/day; 90% capacity factor; natural
gas at $4/GJ (lower heating value (LHV) basis); thermal effi-
ciency = 65%2L.,

Natural gas consumption = (120 MJ/kg Hy) / 0.65 ~ 185
MJ/kg H;

Feedstock cost = 185 MJ/kg Hy x $4/GJ + 1,000 MJ/GJ =
$0.74/kg H

CAPEX annualisation =~ $0.20/kg H; (at $500/kW, 20-yr life,
8% discount rate)

OPEX = $0.15/kg H,

Total LCOH ~ $0.74 + $0.20 + $0.15 = $1.09/kg H,

This aligns with the published range of $1.00-$2.00/kg H, for
gas-rich regions?.

Electrolysis — Green hydrogen (PEM)
Assumptions: 10 MW plant; 45% capacity factor; renew-
able electricity at $25/MWh; PEM energy consumption = 55
kWh/kg H,523.
Electricity cost = 55 kWh/kg Hy x $0.025/kWh = $1.38/kg
H;
CAPEX annualisation = $0.80/kg H; (at $700/kW, 20-yr life,
8% discount rate, 45% CF)
OPEX ~ $0.20/kg H,
Total LCOH ~ $1.38 + $0.80 + $0.20 = $2.38/kg H,
This represents a best-case estimate; under average condi-
tions LCOH would be substantially higher, consistent with
$5-$7/kg H, in many present-day assessments>.

Biomass gasification
Assumptions: 50 t/day dry biomass; feedstock cost = $50/t;
H; yield = 60 kg Hy/t biomass (at 50% efficiency); transport
within 50 km radius 1824,
Feedstock cost = $50/t + 60 kg Ha/t = $0.83/kg Ha
Transport and preprocessing =~ $0.50/kg Hj (within 50 km)
CAPEX annualisation ~ $0.60/kg H,
OPEX = $0.25/kg H;
Total LCOH = $0.83 + $0.50 + $0.60 + $0.25 = $2.18/kg H,
This falls within the published range of $2.00-$3.00/kg
H, 218

Environmental Cost Internalisation

When carbon pricing of $50-$100/ton CO, is applied, the
effective costs shift substantially!?2,  For conventional
grey SMR emitting 9-10 kg CO,/kg Hj, carbon costs add
$0.45-$0.85/kg H,, raising total LCOH to $1.45-$2.85/kg
H,'!. For blue SMR with CCS capturing 90% of emissions, the
environmental premium falls to $0.05-$0.10/kg H,”. Renew-
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$3:507 g suR (grey Hy)
B SMR + CCS (blue H)

M Electrolysis 2023 (green Hz)

B Electrolysis 2030 proj. (green Hz)
$3.001 Ml Biomass gasification
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40 50 80 90

70
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Figure 1(a). Relationship between production cost and sys-
tem efficiency for SMR (grey H,), SMR + CCS (blue H,),
electrolysis (2023 and 2030 projected, green H,), and biomass
gasification. Horizontal error bars indicate efficiency ranges;

vertical error bars indicate cost ranges reported across studies.
]
Data compiled from"/25714122123

able electrolysis incurs negligible carbon costs (<$0.05/kg
Hz). Biomass gasification may receive carbon credits, yield-

ing a negative environmental cost premium of up to -$0.20/kg
H,'10,

I Feedstock / electricity W8 CAPEX s OPEX W Transport / storage

100%

Proportional cost contribution (%)

SMR Electrolysis. Biomass
(grey H2) (green H:) gasification

Figure 1(b). Cost component breakdown by produc-
tion pathway showing proportional contribution of feed-

stock/electricity costs, CAPEX, OPEX, and transport/storage
costs. Data compiled from TR0

For SMR, feedstock represents the largest share at approxi-
mately 60%, while for electrolysis, electricity costs dominate
at 65%. Biomass gasification shows a more balanced distri-
bution with significant feedstock and transport components.
These data demonstrate that when environmental costs are in-
ternalised, renewable electrolysis and biomass gasification be-
come economically competitive with fossil-based hydrogen
under projected 2030 conditions™. Other factors — labour
costs, maintenance, financing terms, and local market con-
ditions — also influence total LCOH but vary substantially

by project and location, making them difficult to generalise
across pathways in this comparative review.

Lifecycle Assessment Considerations

A comprehensive comparison requires consideration of life-
cycle environmental impacts beyond direct operational CO;
emissions. Lifecycle assessment (LCA) accounts for emis-
sions and resource consumption across the full supply chain,
including raw material extraction, equipment manufacturing,
plant operation, and decommissioning.

For grey SMR, upstream methane leakage from natural gas
extraction and pipeline distribution — estimated at 1-3% of
throughput — can substantially increase lifecycle carbon in-
tensity beyond the direct value of 9-10 kg CO2/kg H,. For
green electrolysis, when powered entirely by renewables, life-
cycle emissions remain well below 0.5 kg CO,/kg Hj as
embedded manufacturing emissions from renewable equip-
ment are spread over multi-decade operational lifetimes.® For
biomass gasification, the lifecycle assessment is particularly
sensitive to land use change, feedstock transport emissions,
and CCS integration. A systematic LCA framework across
all three pathways under consistent boundary conditions is an
important area for future research.

Technical Factors Affecting Cost-Efficiency

Catalyst composition and operating conditions are critical
determinants of SMR performance. Nickel-based catalysts
achieve optimal performance at steam-to-carbon ratios of
2.5-3.0, with 72% thermal efficiency at 850°C. 21 Sulfur con-
tamination above 0.1 ppm reduces catalyst activity by 40%
within 100 hours through chemisorption on nickel active
sites. 20

For PEM electrolysis, overpotential losses increase quadrat-
ically above 1.5 A/cm?, reducing efficiency from 82% to 68%
due to mass transport limitations.2Z Reducing Nafion mem-
brane thickness from 180 um to 50 um decreases ohmic resis-
tance by 65%, improving efficiency by 8 percentage points.IE
Membranes below 25 um experience pinhole formation af-
ter 2,000 hours, establishing a practical minimum thickness.®
High-temperature PEM systems at 120-180°C achieve 90%
efficiency with improved carbon monoxide tolerance, though
material stability beyond 5,000 hours remains a challenge.

In biomass gasification, feedstock lignin content strongly
influences hydrogen yield: materials with lignin below 20%
achieve 45-50 vol% H, in syngas, compared to 30-35 vol%
for high-lignin wood residues.?3 Feedstock moisture above
30% reduces cold gas efficiency from 68% to 42%, with ap-
proximately 2.5 MJ/kg additional energy per 10% moisture
increase.2¥ Controlled steam injection at steam-to-biomass ra-
tios of 0.6—1.0 improves hydrogen yield by 15-20% compared
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Table 2 Summary of LCOH, system efficiency, and total cost including environmental externalities at a carbon price of $50-$100/ton CO,.
Data compiled from Ishaq et al. 2022; Nikolaidis & Poullikkas 2017; Bhaskar et al. 2023; IRENA 2022; Li et al. 2025; IEA 2023; Bloomberg

NEF 2023; Voutchkov 2018; Guerra et al. 2021.

Process LCOH ($/kg Hp) Efficiency (%) Env. cost premium ($/kg Hp) Total cost with externalities ($/kg Hp)
SMR — Grey H, 12 $1.00-$2.002 65-75%1 +$0.45-$0.85'1 $1.45-$2.851

SMR + CCS — Blue H,® $1.50-$2.50 6070 +$0.05-$0.107 $1.55-$2.60

Electrolysis 2023 — Green H,23% $2.50-$3.0023 60858112 <$0.05H $2.50-$3.051

Electrolysis 2030 proj. — Green Hy23!  ~$1.5023 70858 <$0.0523 $1.50-$1.5523

Biomass gasification?18 $2.00-$3.002181 45 6024 -$0.20 to +$0.101 $1.80-$3.10H

*Lower-bound estimate applicable to optimal renewable conditions ($20-$30/MWh electricity); many present-day PEM systems achieve

$5-$7/kg Hy 23\

to air gasification. %>

Regional Energy Consumption Patterns

Energy consumption for hydrogen production varies substan-
tially by renewable energy source and geographic region. The
analytical driver of these differences is straightforward: re-
gions with the highest renewable capacity factors, lowest elec-
tricity prices, and most direct access to water enable the lowest
LCOH for green hydrogen, while regions with cheap natural
gas retain a cost advantage for grey hydrogen.

Energy Consumption by Renewable Source

Hydroelectric-powered electrolysis achieves the lowest energy
consumption because hydroelectric facilities operate at ca-
pacity factors of 40-70%, enabling near-continuous electrol-
yser operation at rated efficiency. Solar photovoltaic systems
achieve capacity factors of only 15-35%, creating efficiency
penalties from electrolyser ramping losses, resulting in en-
ergy consumption of 55-65 kWh/kg H,. Wind-powered sys-
tems achieve intermediate performance with capacity factors
of 25-50% (offshore up to 60%), averaging 52—-58 kWh/kg
H,. Hybrid systems combining solar, wind, and grid con-
nections achieve capacity factors of 60-80%, reducing energy
consumption toward 50-56 kWh/kg H, '3,

Norway and Iceland achieve the lowest energy consump-
tion (48-52 kWh/kg H,) because high-capacity-factor hydro-
electric resources enable near-continuous electrolyser oper-
ation, minimising start-stop efficiency losses.?' Chile’s At-
acama Desert achieves near-equivalent performance (50-55
kWh/kg H;) through the combination of the world’s high-
est solar irradiance and strong coastal winds, with electricity
costs that have fallen to $20-$25/MWh for solar 1% Ger-
many and central Europe show higher energy consumption
(55-70 kWh/kg H;) because lower renewable capacity fac-
tors and grid-mix dependence increase average electrolyser
ramping losses.” Japan and South Korea face the highest do-
mestic production costs (65-80 kWh/kg H») because limited

W Wind + Solar + Grid
80 mm Import-dependent

Energy consumption (kWhikg Hz)

Norway / Chile Canada Australia Europe saudi Europe Japan/
Iceland (Atacama)  (Quebec) (NW) (NorthSea)  Arabia (Germany) S, Korea*

Figure 2. Energy consumption (kWh/kg H;) by geographic re-
gion, colour-coded by primary renewable energy source. Er-
ror bars indicate the range of reported values across studies.
*Japan/South Korea value includes import chain energy con-
sumption. Data compiled from*2HH9122028,

land constrains both renewable deployment and electrolysis
scale, making hydrogen import from renewable-rich regions
more favourable.*''' For SMR-based grey hydrogen, regional
favourability is determined by natural gas infrastructure rather
than renewable resources.”

Emerging Technologies:
Production

PEC and Biological

PEC water splitting uses semiconductor photoelectrodes to
split water directly using solar energy. Current laboratory-
scale solar-to-hydrogen efficiencies are below 10%, and no
commercial systems exist.'!' Key barriers include rapid pho-
toelectrode degradation in aqueous environments, high semi-
conductor material costs, and the difficulty of scaling from
laboratory cells to industrial systems. The IEA classifies PEC
at technological readiness level (TRL) 3—4, making system-
atic cost and efficiency comparison with commercial pathways
premature. 1l

Biological hydrogen production — including biophotoly-
sis using microalgae or cyanobacteria, and fermentation-based
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Table 3 Energy consumption patterns across major hydrogen-producing regions. Data compiled from Younas et al. 2022; Dash et al. 2023;
IEA 2022; Bloomberg NEF 2023; Gude 2016; Tabbi et al. 2016; Guandalini et al. 2015.

Region Primary Source Energy Cons. (kWh/kg H;) Capacity Factor (%) Infra. Penalty
(kWh/kg H,)
Norway/Iceland? Hydroelectric? 48-528 50-7053 249
Chile (Atacama)® Solar + Wind? 50-554 35-458 4-6°
Australia (NW)2 Solar* 52-58° 25-3528 5-8°
Saudi Arabia” Solar* 54-60° 28-38128 3519
Europe (N. Sea)? Offshore Wind? 52-583 45-5513 3-52
Canada (Quebec)?  Hydroelectric® 48-528 50-655 6-102
Japan/S. Korea*? Import-dep.> 65-80*= N/A 10202411
methods — currently achieves solar-to-hydrogen conversion
efficiencies well below 1%, and no commercial applications 2 = o ey
exist.l' While both PEC and biological methods hold long- z = E;MRECS%;;;Q)M>)
term promise, the scale of development required before they R il
can compete with established pathways means they are ap- %sz Wl o
propriately excluded from this comparative analysis. Future g r
reviews should revisit these pathways as TRL advances. i 00
@t
Limitations R T
This review has several limitations. Policy and regulatory as- S0

pects are not addressed, despite being central to hydrogen de-
ployment feasibility; policy analysis would require extensive
dedicated treatment and is considered out of scope for this
technical review. The review relies on published data that
may not fully reflect real-world operational variability. Cost
and efficiency figures are drawn from studies with different
timeframes, plant scales, and regional contexts; as noted in
the Methodology, additional controlled analysis would be re-
quired for fair direct cross-pathway comparison. Cost figures
should be understood as lower-bound estimates applicable to
optimal conditions.

Technological maturity levels differ substantially across
pathways — from commercial-scale SMR to rapidly scaling
electrolysis and pilot-stage biomass gasification — introduc-
ing significant uncertainty in performance comparisons. Solid
oxide electrolyser data are largely from small-scale research
systems. Future scalability challenges include material degra-
dation and manufacturing scale-up for SOE systems, and feed-
stock supply chain logistics for biomass gasification at re-
gional scale.

Conclusions and Future Work

This comparative review evaluated three primary hydrogen
production pathways across technical, economic, environ-
mental, and geographic dimensions. The synthesis of peer-
reviewed literature data from 2015-2023 reveals distinct

4 6 10
CO: emissions (kg CO2/kg H2)

Figure 3. Relationship between CO, emissions and LCOH
including environmental externalities at a carbon price of
50-100/ton CO,. Bubble size is proportional to system effi-
ciency. Data compiled from2!7I8H1022524

trade-offs between cost-effectiveness, environmental sustain-
ability, and regional applicability.

Grey SMR remains the most technologically mature path-
way, achieving thermal efficiencies of 65-75% and LCOH of
$1.00-$2.00/kg H; in natural gas-rich regions''?. Its carbon
intensity of 9-10 kg CO,/kg H, presents a fundamental bar-
rier to decarbonisation goals, but blue SMR with CCS mit-
igates 90% of these emissions at a 20-30% cost premium."
This pathway is most viable as a near-to-medium-term tran-
sitional technology in industrialised regions with established
natural gas infrastructure and access to geological CCS stor-
age — North America, the Middle East, and parts of Europe.

Green hydrogen from renewable electrolysis is the clean-
est long-term pathway, with lifecycle emissions below 0.5 kg
CO,/kg H,.® Current best-case LCOH of $2.50-$3.00/kg H,
is declining rapidly toward $1.50/kg H, by 2030 in optimal
regions.?? This pathway is most viable in regions with ex-
ceptional renewable resources: hydroelectric capacity in Nor-
way, Iceland, and Canada (48-52 kWh/kg H>), and solar or
wind resources in Chile, Australia, and Saudi Arabia (50-60

© The National High School Journal of Science 2026

NHSJS Reports |7



kWh/kg H»).” For resource-constrained regions such as Japan
and South Korea, domestic green hydrogen carries an en-
ergy penalty of 65-80 kWh/kg H,,? making hydrogen import
strategies more economically viable. Carbon-neutral hydro-
gen from biomass gasification occupies a geographically spe-
cific niche, with LCOH of 2.00-3.00/kg H; and efficiencies of
45-60%.%2# Tt is most viable in regions with abundant agricul-
tural or forestry waste streams and carbon credit frameworks,
particularly where feedstock transport distances remain below
50-100 km.!8. The most significant cross-cutting finding is
the economic convergence of all pathways when environmen-
tal costs are internalised through carbon pricing. The three
pathways are complementary rather than competing: grey and
blue SMR serve as the near-term bridge, green electrolysis
emerges as the dominant long-term pathway in renewable-rich
regions, and biomass gasification provides a sustainable re-
gional complement.

Key recommendations for policymakers and industry stake-
holders include:

 Implement carbon pricing ($50-$100/ton CO;) to accel-
erate economic parity between green and grey hydrogen.

* Prioritise renewable electrolysis investment in regions
with exceptional solar, wind, or hydroelectric resources.

* Maintain SMR with CCS as transitional capacity in nat-
ural gas-rich, CCS-suitable regions.

* Support biomass gasification in agricultural regions with
waste stream availability and carbon credit frameworks.

* Invest in international hydrogen trade infrastructure to
enable production concentration in optimal locations.

* Fund SOE commercialisation research given theoretical
efficiencies exceeding 90%

* Develop standardised LCA frameworks to enable rigor-
ous cross-pathway lifecycle comparisons
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