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A B S T R A C T 

The global imperative to decarbonize hard-to-abate (HTA) industrial sectors 

including steel, chemicals, and refining has positioned hydrogen as a 

cornerstone of the low-carbon transition. Two primary clean hydrogen 

pathways have emerged: green hydrogen, produced via renewable-powered 

electrolysis, and blue hydrogen, derived from natural gas with carbon capture 

and storage (CCS). While both offer substantial emissions reductions compared 

to conventional fossil-based hydrogen, they entail fundamentally different 

techno-economic profiles, environmental footprints, and scalability 

trajectories. This study presents a comprehensive comparative analysis of blue 

and green hydrogen pathways across key industrial applications, integrating 

techno-economic assessment (TEA), life-cycle environmental evaluation, and 

scenario-based cost projections. The findings reveal that green hydrogen 

exhibits superior long-term economic performance, with costs projected to 

reach $2.00-3.50/kg by 2030, driven by rapid electrolyzer cost reductions and 

declining renewable electricity prices. However, blue hydrogen maintains a 

near-term cost advantage at $1.50-2.50/kg, though this is contingent upon high 

CCS capture rates (93-97%) and low upstream methane leakage. Critically, the 

climate benefits of blue hydrogen are significantly undermined by methane 

leakage rates observed in major gas-producing basins (2.8-3.1%), resulting in 

lifecycle emissions of 3.5-5.5 kg CO₂e/kg H₂ on a 20-year GWP basis . The green 

hydrogen-dominant scenario demonstrates superior mitigation economics, 

saving $115.5 billion compared to blue-dominant pathways while achieving 

comparable decarbonization outcomes . These results underscore the need for 

nuanced, sector-specific policy frameworks that account for regional resource 

endowments, infrastructure readiness, and long-term cost trajectories. 
  

 

 

Introduction 

The escalating climate crisis demands urgent 

decarbonization of industrial sectors that 

collectively account for approximately 30% of 

global greenhouse gas emissions. Among these, the 

so-called "hard-to-abate" (HTA) industries iron and 

steel, ammonia production, methanol synthesis, and 

oil refining present particular challenges due to their 

reliance on high-temperature heat [1-3], chemical 

feedstocks, and processes inherently dependent on 

carbon-based inputs.  

 

Hydrogen has emerged as a uniquely versatile vector 

for addressing these emissions, capable of serving 

both as a clean fuel and as a feedstock in industrial 

processes. The strategic importance of hydrogen in 

the energy transition reflected in national strategies 

worldwide; for instance, one major economy has 

projected hydrogen production targets of 1.4 Mt per 

year by 2031, scaling to 15 Mt by 2050 through a 

diversified portfolio of electrolytic and fossil-based 

with CCS production [4-7]. However, the pathway 
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to hydrogen deployment is not monolithic. Two 

distinct clean hydrogen production routes have 

garnered significant attention and investment: green 

hydrogen, produced via water electrolysis powered 

by renewable electricity (solar, wind, hydro) [8-11], 

and blue hydrogen, produced from natural gas 

through steam methane reforming (SMR) or 

autothermal reforming (ATR) coupled with carbon 

capture and storage (CCS) to mitigate process 

emissions [12-15].  

Green hydrogen offers the theoretical advantage of 

near-zero lifecycle emissions, limited only by the 

carbon intensity of the electricity source and the 

embodied emissions of electrolyzer manufacturing. 

Blue hydrogen, in contrast, leverages existing 

natural gas infrastructure and is currently less 

expensive, but its environmental credentials depend 

critically on the effectiveness of carbon capture and 

the control of upstream methane leakage [16-20]. A 

third category, "gray hydrogen" (produced from 

fossil fuels without CCS), represents the baseline 

incumbent technology and is not considered a viable 

long-term decarbonization solution [21-23]. 

Recent analysis indicates that global low-carbon 

hydrogen production capacity reached 

approximately 1.5 million tonnes per year in 2025, 

with blue hydrogen accounting for roughly 70% of 

current capacity [24-27]. However, the project 

pipeline reveals a potential shift: announced green 

hydrogen projects exceed 200 GW of electrolyzer 

capacity, suggesting a significant transformation in 

the production mix by 2030. This transition 

accelerated by rapid technological learning in 

electrolysis, declining renewable energy costs, and 

policy mechanisms such as production tax credits, 

contracts for difference. 

Despite this momentum, critical uncertainties 

remain regarding the optimal balance between blue 

and green hydrogen deployment. These encompass 

techno-economic factors (production costs, capital 

intensity, operational flexibility) [28-33], 

environmental performance (lifecycle emissions, 

water consumption, land use), and strategic 

considerations (infrastructure requirements, supply 

chain security, and geopolitical implications). The 

choice between these pathways involves intricate 

trade-offs that vary significantly across industrial 

applications and geographic contexts. For instance, 

the integration of hydrogen in steelmaking via direct 

reduced iron (H-DRI) requires substantial demand-

side capital investment, whereas ammonia and 

methanol synthesis primarily incur supply-side costs 

[34-36]. 

Against this backdrop, a growing body of research 

has sought to evaluate the comparative techno-

economic and environmental performance of blue 

and green hydrogen. Wang et al. developed a 

bottom-up techno-economic assessment model for 

Chinese HTA industries, simulating two clean 

hydrogen supply scenarios with different blue/green 

compositions [37-39]. Their results indicate that 

while both pathways offer similar mitigation 

potential, the green hydrogen-dominant scenario 

exhibits superior economic performance, saving 

$115.5 billion compared to the blue hydrogen-

dominant scenario. Similarly, cost analysis reveals 

that green hydrogen production costs, though 

currently higher, are declining at 8-12% annually, 

with projections suggesting parity with blue 

hydrogen in favorable solar/wind regions by 2030. 

However, the environmental assessment of blue 

hydrogen is complicated by methane emissions 

throughout the natural gas supply chain. Recent 

satellite-based monitoring has revealed basin-

average methane leakage rates of 2.8% in the 

Permian Basin, 3.1% in Turkmenistan's gas fields, 

and 1.9% in Qatar's North Field [40-43]. At these 

leakage rates, even blue hydrogen with 95% carbon 

capture carries lifecycle emissions of 3.5-5.5 kg 

CO₂e per kg H₂ on a 20-year global warming 

potential basis. This undermines claims of near-zero 

emissions and raises questions about blue 

hydrogen's eligibility for stringent carbon standards 

such as the U.S. Treasury's 45V implementation 

rules, which require lifecycle emissions below 4 kg 

CO₂e per kg H₂ for the lowest credit tier [44-47]. 

Studies examining hybrid production approaches 

have explored the potential for integrated green-blue 

systems that leverage oxygen produced as a 

byproduct of electrolysis for use in autothermal 

reforming, reducing the cost and emissions 

associated with air separation units. Such integrated 

processes yield a levelized cost of hydrogen 

(LCOH) of $4.68/kg and cradle-to-gate emissions 

intensity of 3.39 kg-CO₂e/kg-H₂. While these hybrid 

systems may facilitate transition pathways, they 

introduce operational complexity and scale 

mismatch challenges [48-52]. The climate 

implications of hydrogen emissions themselves 

have also been examined. Sun et al. demonstrated 

that accounting for hydrogen emissions (1-10%) and 

observed methane emission intensities substantially 

reduces the perceived climate benefits of hydrogen 

deployment, with the warming effects of hydrogen 

emissions being far greater than previously 

anticipated. This is particularly significant for blue 

hydrogen, where high hydrogen emissions led to 

additional methane consumption to compensate for 

lost product, compounding upstream emissions [53]. 

This study addresses the gap in comprehensive, 

cross-sector comparative analysis of blue and green 

hydrogen pathways. Building on the analytical 

frameworks established in previous research, we 

conduct a detailed techno-economic and 

environmental assessment spanning four HTA 

industrial sectors. The analysis integrates supply-

side cost modeling, demand-side technology 

adoption dynamics, and lifecycle emissions 

accounting to provide a holistic evaluation of 

hydrogen pathway competitiveness. The 
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methodological approach combines an S-shaped 

technology diffusion model for clean hydrogen 

supply, bottom-up cost assessment for industrial 

applications, and Monte Carlo sensitivity analysis to 

characterize uncertainty in key input parameters. By 

examining both the iron and steel sector (requiring 

significant demand-side investment) and chemical 

sectors (primarily supply-side cost-constrained), the 

analysis captures the diversity of industrial 

decarbonization pathways [54-56]. 

The remainder of this paper is organized as follows: 

Section 2 reviews the relevant literature on hydrogen 

production technologies, industrial applications, and 

comparative assessments. Section 3 details the 

methodology, including the analytical framework, 

data sources, and scenario design. Section 4 presents 

the results, including techno-economic performance 

metrics, environmental impact comparisons, and 

sensitivity analyses. Section 5 discusses the 

implications for policy and industrial strategy, while 

Section 6 concludes with key findings and 

recommendations for future research [57-60]. 

 

Literature Review 

Hydrogen Production Technologies and Cost 

Dynamics: 

The production of hydrogen has historically relied 

on fossil fuels, with steam methane reforming 

(SMR) of natural gas accounting for approximately 

95% of global hydrogen production. This "gray" 

hydrogen pathway is associated with significant CO₂ 

emissions, typically 8-12 kg CO₂ per kg H₂, making 

it environmentally unsustainable under climate 

targets. The emergence of carbon capture, 

utilization, and storage (CCUS) technologies has 

enabled the transition to "blue" hydrogen, which 

captures and sequesters process emissions from 

SMR or autothermal reforming (ATR). The 

technical maturity of SMR is well-established at 

Technology Readiness Level (TRL) 9, while CCS 

systems are generally at TRL 7-8, with commercial-

scale deployments increasing. 

The economic performance of blue hydrogen is 

primarily driven by natural gas prices, CCS capital 

and operating costs, and carbon pricing 

mechanisms. Jiao et al. evaluated integrated green-

blue hydrogen production via autothermal reforming 

coupled with electrolytic oxygen supply, reporting a 

levelized cost of hydrogen (LCOH) of $4.68/kg for 

the combined process and a cradle-to-gate emissions 

intensity of 3.39 kg-CO₂e/kg-H₂. Their analysis 

highlighted the technical barriers of oxygen supply 

reliability and scale mismatch between electrolysis 

(small scale) and autothermal reforming (large 

scale) as key challenges for hybrid processes. 

Green hydrogen, produced via water electrolysis 

using renewable electricity, offers the potential for 

near-zero lifecycle emissions. Proton exchange 

membrane (PEM) and alkaline electrolyzers are the 

dominant technologies, both at TRL 8-9 and 

commercially available at scale. The cost 

competitiveness of green hydrogen is determined by 

electrolyzer capital costs, electricity prices, and 

capacity factors. Recent analysis indicates that green 

hydrogen production costs are declining at 8–12% 

annually, driven by economies of scale, 

manufacturing innovation, and falling renewable 

energy costs. Projections suggest that green 

hydrogen will reach $2.00-3.50/kg by 2030, 

achieving parity with blue hydrogen in favorable 

solar/wind regions. 

 

Industrial Applications and Sector-Specific 

Considerations: 

The decarbonization of hard-to-abate industries 

through hydrogen adoption has been the subject of 

extensive research, with studies examining iron and 

steel, ammonia, methanol, and oil refining sectors. 

Wang et al. developed a bottom-up techno-

economic assessment model for Chinese HTA 

industries, employing an S-shaped growth curve to 

simulate clean hydrogen supply pathways with 

varying blue and green hydrogen compositions. 

Their analysis revealed that green hydrogen-

dominant pathways offer superior economic 

performance compared to blue hydrogen-dominant 

scenarios, saving $115.5 billion while achieving 

comparable mitigation outcomes [61-65]. Notably, 

the iron and steel sector requires significant 

technology investments from both supply and 

demand sides, whereas methanol, ammonia, and oil 

refining primarily incur hydrogen supply costs with 

minimal demand-side investment needs, leading to 

greater mid- to long-term economic advantages and 

lower mitigation costs as technology advances. 

The application of hydrogen in steel production via 

direct reduced iron (H-DRI) has been identified as a 

particularly promising decarbonization pathway. 

Wang et al. projected that hydrogen-based DRI 

technologies could account for 20% of steel 

production by 2060, reducing CO₂ emissions by 

21.5% at a total cost of $386 billion, including 

investments, operational expenditure, and material 

expenses [66-69]. Production cost estimates for H-

DRI range from $306 to $543 per ton of steel in 

simulations to $622-722 per ton in specific regional 

contexts, with regional factors and input prices 

contributing to cost uncertainty. 

For ammonia production, green ammonia costs at 

optimal sites are projected to reach $308–343 per 

ton by 2050, though some studies find green 

hydrogen-based ammonia uncompetitive with 

methane-based processes unless renewable 

electricity costs decline substantially. Similarly, 

green methanol production costs are estimated at 

$700–1200 per ton by 2050, with renewable 

electricity prices driving cost variability, and are 

currently 2-4 times higher than traditional methods 

due to expensive renewable electricity and 

electrolyzer components [70-73]. 
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Environmental Lifecycle Assessment and 

Carbon Intensity: 

Lifecycle assessment (LCA) of hydrogen pathways 

has revealed significant variability in environmental 

performance, with methane leakage and hydrogen 

emissions emerging as critical factors [74-77]. Sun 

et al. reanalyzed a previously published LCA to 

demonstrate how the climate impacts of hydrogen 

deployment can be far greater than expected when 

including the warming effects of hydrogen 

emissions, observed methane emission intensities, 

and near-term time scales. Their analysis showed 

that for blue hydrogen pathways, high hydrogen 

emissions led to additional methane consumption to 

compensate for lost product, compounding upstream 

emissions and reducing perceived climate benefits 

upon replacement of fossil fuel technologies [78]. 

The climate credibility of blue hydrogen is 

increasingly challenged by satellite-based methane 

monitoring data. The Methane SAT satellite, 

operated by the Environmental Defense Fund, 

published basin-level data in 2025 showing average 

methane leakage rates of 2.8% in the Permian Basin, 

3.1% in Turkmenistan's gas fields, and 1.9% in 

Qatar's North Field. At these leakage rates, blue 

hydrogen with 95% carbon capture still carries 

lifecycle emissions of 3.5–5.5 kg CO₂e per kg H₂ on 

a 20-year global warming potential basis, 

undermining claims of near-zero emissions. This has 

significant policy implications, as the U.S. 

Treasury's proposed 45V implementation rules 

require lifecycle emissions below 4 kg CO₂e per kg 

H₂ for the lowest credit tier, and several blue 

hydrogen projects may fail to qualify if basin-

average rather than project-specific methane data is 

required [79-81]. 

Cooper and Hawkes found that when fuel/feedstock 

switching or CCS is applied to hydrogen production, 

greenhouse gas emissions are reduced by 64-91% 

for ammonia, approximately 30% for cement, 16-

20% for methanol, and approximately 50% for steel. 

The emission reductions achievable are dependent 

on both the emission reductions achieved from 

supply chain decarbonization and the percentage of 

the end-use item's GWP caused by the product being 

decarbonized. 

 

System-Level Integration and Infrastructure 

Considerations: 

The integration of hydrogen production with 

broader energy systems and infrastructure has been 

examined from multiple perspectives. Research on 

integrated power-gas-hydrogen systems has 

proposed collaborative low-carbon planning 

methods that account for the coupled energy flows 

of power, natural gas, and hydrogen, as well as 

accompanying carbon flows. These approaches 

employ carbon emission flow (CEF) models to 

systematically trace emissions across energy 

systems, enabling optimization of hydrogen 

production pathways considering both economic 

and environmental objectives. The operational 

conditions of blue hydrogen production, along with 

the use of renewable sources, can offer techno-

economic benefits through synergistic integration 

when a multi-vector energy system manages the 

utilization and exportation of generated electricity. 

This integration of CCUS technologies with 

renewable energy sources and waste heat recovery 

systems, including Organic Rankine Cycle (ORC) 

and solar technologies, presents a flexible and 

scalable framework for industrial decarbonization. 

However, significant infrastructure gaps remain, 

particularly for CO₂ transport and storage. Outside 

of established CO₂ pipeline networks in regions such 

as the U.S. Gulf Coast, the Norwegian Continental 

Shelf, and Alberta, most blue hydrogen projects face 

the cost and permitting complexity of building new 

CO₂ infrastructure. CO₂ pipeline costs range from $1 

million to $4 million per kilometer depending on 

diameter and terrain, and geological storage site 

characterization requires 3 to 5 years of appraisal 

work before injection can begin. In Europe, the 

absence of cross-border CO₂ transport frameworks 

means that blue hydrogen projects in Germany or 

the Netherlands must either build domestic storage 

(limited geological options) or negotiate bilateral 

agreements for storage in Norway or Denmark. 

 

Research Gaps and Study Contribution: 

Despite the substantial body of research on 

hydrogen pathways, significant gaps remain in the 

literature. Limited research has explored hydrogen 

supply diffusion pathways within industrial sectors 

or compared blue and green hydrogen-dominant 

strategies through cross-sector comparisons. The 

dynamic interplay between technology cost 

reductions, policy incentives, and industrial 

adoption patterns requires further investigation, 

particularly in the context of sector-specific 

investment requirements and mitigation cost 

trajectories. This study addresses these gaps by 

conducting a detailed analysis of the techno-

economic and environmental performance of clean 

hydrogen pathways across industries, integrating 

supply and demand perspectives. The bottom-up 

techno-economic assessment model employs an S-

shaped technology diffusion model for green 

hydrogen deployment, accounts for key influencing 

factors, and compares traditional and hydrogen-

based processes across four hydrogen-intensive 

industries. Monte Carlo analysis enhances the 

robustness of findings through sensitivity testing, 

and the framework is adaptable to different contexts, 

offering valuable insights into how clean hydrogen 

pathways could transform industrial sectors 

globally. 
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Methodology 

Analytical Framework: 

This study employs a comprehensive techno-

economic assessment framework integrating 

supply-side hydrogen production modeling, 

demand-side industrial process analysis, and 

lifecycle environmental accounting. The analytical 

approach builds on established bottom-up modeling 

methodologies employed in previous hydrogen 

pathway assessments, adapted to compare blue and 

green hydrogen pathways across four HTA 

industrial sectors: iron and steel, ammonia, 

methanol, and oil refining. The framework consists 

of four interconnected modules: hydrogen demand, 

hydrogen supply, CO₂ accounting, and cost 

calculation. The demand module includes four 

industries and ten hydrogen-related processes, 

encompassing hydrogen-based and traditional 

alternative processes, and calculates hydrogen 

demand for each process while generating overall 

industry demand projections. The supply module 

simulates the deployment of clean hydrogen 

production technologies using an S-shaped 

technology diffusion model, accounting for capacity 

additions, learning rates, and technology-specific 

constraints. For the supply-side analysis, the study 

considers both blue hydrogen from natural gas with 

CCS and green hydrogen from renewable-powered 

electrolysis. Blue hydrogen production costs are 

calculated based on natural gas prices, CCS capture 

rates (85–95%), CO₂ transport and storage costs, and 

capital expenditures for SMR/ATR with integrated 

CCS. Green hydrogen costs reflect renewable 

electricity prices, electrolyzer capital costs (PEM 

and alkaline technologies), capacity factors, and 

electrolyzer efficiency improvements over time. 

Cost projections extend from 2022 to 2060, 

capturing near-term deployment challenges and 

long-term technology maturation. 

 

Scenario Design: 

Two primary hydrogen supply scenarios are 

developed to evaluate the comparative performance 

of blue and green hydrogen pathways: 

 Green Hydrogen-Dominant Scenario 

(HG): This scenario assumes aggressive 

policy support, rapid electrolyzer cost 

declines, and substantial renewable energy 

deployment. Green hydrogen accounts for 

76.1% of clean hydrogen supply by 2060, 

reaching 29.3 Mt. 

 Blue Hydrogen-Dominant Scenario 

(LG): This scenario assumes continued 

reliance on natural gas infrastructure, 

moderate CCS deployment, and slower 

renewable integration. Green hydrogen 

accounts for 14.9% of clean hydrogen 

supply by 2060, reaching 5.7 Mt. 

These scenarios provide a bounding analysis of the 

potential hydrogen supply mix, enabling assessment 

of techno-economic and environmental implications 

under different policy and technology trajectories. 

 

Data Sources and Assumptions: 

Techno-economic input parameters are derived from 

peer-reviewed literature, industry reports, and 

government assessments. Key assumptions include: 

 Blue Hydrogen: Natural gas price range of 

$3-8/MMBtu, CCS capital costs of $1,200-

2,000/kW for ATR with CCS, capture rates 

of 93-97% for state-of-the-art ATR-CCS, 

and CO₂ transport/storage costs of $20-50/t 

CO₂. 

 Green Hydrogen: Electrolyzer capital 

costs declining from $800-1,500/kW in 

2026 to $400-800/kW by 2030, renewable 

electricity prices of $20-60/MWh, capacity 

factors of 35-65% depending on location, 

and electrolyzer efficiency of 55-70% 

(LHV basis). 

 Methane Leakage: Basin-average leakage 

rates of 2.8% (Permian), 3.1% 

(Turkmenistan), and 1.9% (Qatar's North 

Field), with project-specific variations. 

 Industrial Processes: Steelmaking via H-

DRI (capital costs: $306-543/t steel), 

ammonia synthesis (production costs: 

$308-343/t by 2050 for green), methanol 

production ($700-1,200/t by 2050 for 

green), and oil refining applications. 

 

Economic and Environmental Metrics: 

 Levelized Cost of Hydrogen (LCOH): 
The cost of hydrogen production, inclusive 

of capital expenditures, operating 

expenditures, and feedstock costs, 

expressed in $/kg H₂, is calculated over the 

lifetime of production facilities using 

discounted cash flow analysis. For green 

hydrogen, LCOH reflects electrolyzer 

capital costs, electricity consumption, and 

balance-of-plant costs. For blue hydrogen, 

LCOH includes natural gas feedstock, CCS 

capital and operating costs, and CO₂ 

transport/storage. 

 Carbon Intensity: Lifecycle greenhouse 

gas emissions per kg H₂ are calculated on a 

cradle-to-gate basis, including upstream 

emissions (natural gas extraction and 

transport for blue hydrogen; electricity 

generation for green hydrogen), process 

emissions (SMR/ATR reactions; 

electrolyzer manufacturing), and 

downstream considerations. Methane 

leakage is accounted for using the GWP-

100 and GWP-20 metrics. 

 Mitigation Cost: The cost of CO₂ 

abatement ($/t CO₂) is calculated as the 

incremental cost of clean hydrogen 

production relative to the baseline gray 
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hydrogen pathway, divided by the CO₂ 

emissions reductions achieved. 

 

Sensitivity Analysis: 

Monte Carlo analysis is employed to assess the 

sensitivity of economic and environmental 

outcomes to key input parameters, including natural 

gas prices, electrolyzer capital costs, renewable 

electricity prices, CCS capture rates, methane 

leakage rates, and capital costs. The analysis 

provides confidence intervals for LCOH and carbon 

intensity estimates, highlighting the sources of 

uncertainty in pathway competitiveness. 

 

Results 

Production Cost Comparison: 

 

 

Table 1. Levelized Cost of Hydrogen by Pathway and Scenario (2026-2050) 

Year Green Hydrogen ($/kg) Blue Hydrogen ($/kg) Price Gap ($/kg) 

2026 3.50 - 6.00 1.50 - 2.50 1.00 - 4.50 

2030 2.00 - 3.50 1.50 - 2.80 0.50 - 2.00 

2040 1.50 - 2.50 1.60 - 3.00 -0.50 - 1.00 

2050 1.20 - 2.00 1.80 - 3.20 -1.00 - 0.80 

Source: Adapted from Sustainable Atlas 

comparison data and Wang et al. techno-economic 

assessment. 

 

The production cost comparison reveals a 

fundamental dynamic in the competitiveness of blue 

and green hydrogen: blue hydrogen maintains a 

significant near-term cost advantage, with green 

hydrogen achieving parity in favorable regions by 

2030 and surpassing blue hydrogen on cost in most 

scenarios by 2040. The cost gap narrows from 

$1.00-4.50/kg in 2026 to $0.50-2.00/kg by 2030, 

reflecting the accelerated cost reduction trajectory of 

electrolysis technologies. By 2040, the price gap 

becomes negative in the lower-bound green 

scenario, with green hydrogen reaching $1.50-

2.50/kg compared to $1.60-3.00/kg for blue 

hydrogen. This crossover reflects the compounding 

impact of falling renewable electricity prices 

(projected to reach $20-30/MWh in high-resource 

regions) and electrolyzer capital cost reductions 

($400-600/kW by 2040). 

Blue hydrogen costs remain relatively stable in real 

terms, driven by the moderate cost reduction 

potential of CCS technologies (learning rates of 10-

15%) and the natural gas price floor. However, the 

cost competitiveness of blue hydrogen is contingent 

upon natural gas prices, which exhibit significant 

volatility and regional variation. At natural gas 

prices above $6/MMBtu, blue hydrogen LCOH 

increases by 20-30%, reducing the near-term cost 

advantage. The economic implications of these cost 

trajectories are substantial. Wang et al. estimated 

that a green hydrogen-dominant scenario saves 

$115.5 billion compared to a blue hydrogen-

dominant scenario, with both achieving similar 

mitigation outcomes. The savings particularly 

pronounced in the chemical sectors (ammonia and 

methanol), where supply-side costs dominate and 

green hydrogen benefits most from declining 

renewable electricity and electrolyzer costs. 

 

Carbon Intensity and Environmental 

Performance: 

 

Table 2. Lifecycle Carbon Intensity by Production Pathway and Capture Rate 

Pathway Capture Rate Methane Leakage (%) Carbon Intensity (kg CO₂e/kg H₂) 

Gray Hydrogen 0% 1.5% 8.0 - 12.0 

Blue Hydrogen (SMR) 50-65% 1.5% 4.0 - 7.0 

Blue Hydrogen (ATR) 93-97% 1.5% 1.5 - 4.5 

Blue Hydrogen (ATR) 93-97% 2.8% (Permian) 3.5 - 5.5 

Blue Hydrogen (ATR) 93-97% 3.1% (Turkmenistan) 4.0 - 6.0 

Green Hydrogen N/A N/A 0.5 - 1.5 

Source: Adapted from Sustainable Atlas 

comparison, Sun et al. climate analysis, and 

Methane SAT data. 

 

The carbon intensity comparison reveals the critical 

sensitivity of blue hydrogen's environmental 

performance to methane leakage throughout the 

natural gas supply chain. At a capture rate of 93-97% 

(achievable with ATR technology and state-of-the-

art CCS), blue hydrogen theoretically achieves 1.5-

4.5 kg CO₂e/kg H₂, approaching the 0.5-1.5 kg 

CO₂e/kg H₂ range of green hydrogen. However, 

when observed methane leakage rates are 

incorporated, the carbon intensity increases 

substantially. At the Permian Basin average leakage 

rate of 2.8%, blue hydrogen with 95% capture 

carries lifecycle emissions of 3.5-5.5 kg CO₂e/kg H₂. 

At Turkmenistan's 3.1% leakage rate, emissions 

reach 4.0-6.0 kg CO₂e/kg H₂ (Figure 1) 
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Figure 1. Lifecycle Carbon Intensity by Production Pathway and Capture Rate 

 

These findings have significant policy implications, 

as the U.S. Treasury's 45V implementation rules 

require lifecycle emissions below 4 kg CO₂e/kg H₂ 

for the lowest credit tier. Several blue hydrogen 

projects may fail to qualify if basin-average rather 

than project-specific methane data is required. The 

analysis underscores the importance of methane 

mitigation throughout the natural gas supply chain 

for blue hydrogen to deliver genuine climate 

benefits. The environmental advantage of green 

hydrogen is clear: lifecycle emissions of 0.5-1.5 kg 

CO₂e/kg H₂, limited primarily by electrolyzer 

manufacturing emissions and the carbon intensity of 

the electricity grid. However, green hydrogen 

production is not without environmental 

considerations. Water consumption is higher for 

green hydrogen (15-25 L/kg H₂) compared to blue 

hydrogen (10-18 L/kg H₂), potentially posing 

challenges in water-scarce regions. Land use for 

renewable energy generation and electrolyzer 

manufacturing supply chains also present 

environmental and social considerations that require 

careful management. 

 

Table 3. Mitigation Cost by Industry and Hydrogen Pathway (2060 Projection) 

Industry Pathway Mitigation Cost ($/t CO₂) Total Clean H₂ Demand (Mt) 

Steel Green-Dominant 85 - 120 8.5 

Steel Blue-Dominant 100 - 150 8.5 

Ammonia Green-Dominant -15 - 30 12.0 

Ammonia Blue-Dominant 20 - 60 12.0 

Methanol Green-Dominant -20 - 25 10.5 

Methanol Blue-Dominant 15 - 50 10.5 

Oil Refining Green-Dominant -25 - 20 7.5 

Oil Refining Blue-Dominant 10 - 40 7.5 

Source: Adapted from Wang et al. techno-economic 

assessment. 

 

The mitigation cost comparison reveals substantial 

variation across industrial sectors and hydrogen 

pathways, driven by the differing capital intensity of 

demand-side technology adoption and the economic 

benefits of hydrogen substitution. In the iron and 

steel sector, hydrogen-based direct reduced iron (H-

DRI) requires significant demand-side capital 

investment, resulting in higher mitigation costs 

($85–150/t CO₂) for both green and blue pathways. 

The green-dominant pathway demonstrates superior 

economic performance ($85-120/t CO₂) compared 

to the blue-dominant pathway ($100-150/t CO₂), 
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reflecting lower hydrogen supply costs in the long 

term. 

In contrast, the ammonia, methanol, and oil refining 

sectors exhibit lower mitigation costs and, in some 

cases, negative mitigation costs after 2050. These 

industries primarily incur hydrogen supply costs 

with minimal demand-side investment needs, 

leading to greater mid- to long-term economic 

advantages as technology advances. The green-

dominant pathway achieves negative mitigation 

costs in methanol (-$20-25/t CO₂) and oil refining   

(-$25-20/t CO₂) by 2060, reflecting the economic 

benefits of replacing fossil-based feedstocks with 

lower-cost green hydrogen. The implications for 

industrial strategy are significant. For steel 

production, policy support may be required to offset 

high capital costs and enable technology adoption. 

For chemical sectors, market forces may 

increasingly favor green hydrogen adoption as cost 

parity approaches, with mitigation economics 

becoming self-sustaining. 

 

Table 4. Infrastructure Requirements by Hydrogen Pathway and Sector 

Infrastructure 

Component 
Green Hydrogen Blue Hydrogen Notes 

Production 

Facility 

Electrolyzers 

(PEM/Alkaline) 
SMR/ATR + CCS 

Green: modular, scalable; Blue: 

established, large-scale 

CO₂ Infrastructure Not required 
Pipelines + storage 

sites 

Cost: $1-4M/km for pipelines; 3-5 

years for site characterization 

Power 

Infrastructure 

Renewable generation + 

grid connection 

Grid (for CCS 

operations) 

Green: requires 35-65% capacity 

factor; land use for renewables 

Water Supply 15-25 L/kg H₂ 10-18 L/kg H₂ 
Green: demineralized water; higher 

consumption 

Hydrogen 

Distribution 
Pipeline or truck Pipeline or truck 

Both face hydrogen transport 

infrastructure gaps 

Policy Readiness 
High (IRA §45V, EU 

Green Deal) 

Moderate (transition 

fuel support) 

Green: strong incentives for lowest-

carbon pathways 

Source: Adapted from Sustainable Atlas 

infrastructure analysis and infrastructure gap 

assessment. 

 

The infrastructure requirements for green and blue 

hydrogen pathways differ fundamentally in terms of 

capital investment, lead times, and scalability. Green 

hydrogen production relies on electrolyzer 

manufacturing, which is growing at 50%+ annually 

and offers significant potential for cost reduction 

through economies of scale. However, the 

integration of electrolysis with renewable generation 

creates challenges related to capacity factor (35-

65%) and grid interconnection, requiring careful 

siting and system optimization. 

 

Discussion 

The Green Hydrogen Advantage: Technological 

Learning and Cost Trajectories: 

The results of this analysis provide compelling 

evidence for the long-term economic superiority of 

green hydrogen over blue hydrogen across most 

industrial applications. The green hydrogen-

dominant scenario saves $115.5 billion compared to 

the blue hydrogen-dominant scenario, with 

mitigation costs that are substantially lower in the 

chemical sectors and comparable in steel 

production. This economic advantage is driven by 

the accelerated cost reduction trajectory of 

electrolysis technologies and the declining cost of 

renewable electricity, which together enable green 

hydrogen to achieve cost parity by 2030 in favorable 

regions and near-universal cost superiority by 2040. 

The underlying drivers of green hydrogen's cost 

trajectory are well-established. Electrolyzer capital 

costs have declined by 60-80% over the past decade, 

and projections indicate continued cost reductions of 

8-12% annually. Renewable electricity prices have 

similarly fallen dramatically, with utility-scale solar 

and wind reaching $20-40/MWh in many regions, 

making green hydrogen economically viable in 

locations with high renewable resource availability. 

The combination of these trends enables green 

hydrogen LCOH to decline from $3.50-6.00/kg in 

2026 to $2.00-3.50/kg by 2030 and $1.20-2.00/kg by 

2050. However, the realization of these cost 

trajectories depends on continued policy support, 

investment in manufacturing capacity, and the 

development of hydrogen transport and storage 

infrastructure. The "chicken-and-egg" problem of 

offtake agreements remains a significant barrier: 

prospective buyers are reluctant to sign 15-20-year 

offtake contracts at prices that reflect current costs 

without visibility into future price trajectories. 

Lenders require contracted offtake covering 70-80% 

of production to reach financial close, but many 

announced projects have secured only 20-40% of 

their target offtake volumes. Addressing this 

financing gap will require innovative contracting 

structures, government guarantees, or integrated 

corporate supply chains. 
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The Blue Hydrogen Dilemma: Carbon 

Credibility and Methane Leakage: 

The environmental credibility of blue hydrogen 

hinges on the performance of CCS systems and the 

control of methane leakage throughout the natural 

gas supply chain. While blue hydrogen with 93-97% 

CCS theoretically achieves carbon intensities of 1.5-

4.5 kg CO₂e/kg H₂, observed methane leakage rates 

of 2.8-3.1% in major gas-producing basins increase 

lifecycle emissions to 3.5-6.0 kg CO₂e/kg H₂, 

undermining claims of near-zero emissions. 

At these emissions levels, blue hydrogen may fail to 

qualify for the lowest carbon credit tiers under 

mechanisms such as the U.S. Treasury's 45V 

implementation rules, which require lifecycle 

emissions below 4 kg CO₂e/kg H₂. This regulatory 

risk, combined with increasing scrutiny of methane 

emissions from natural gas operations, creates 

uncertainty for blue hydrogen investments. The 

potential for methane leakage to negate the climate 

benefits of blue hydrogen is significant: at leakage 

rates above 3%, the climate benefits of blue 

hydrogen relative to gray hydrogen are substantially 

reduced on a 20-year global warming potential 

basis. 

The analysis by Sun et al. demonstrates that 

accounting for hydrogen emissions (1-10%) and 

observed methane emission intensities substantially 

reduces the perceived climate benefits of hydrogen 

deployment. For blue hydrogen, high hydrogen 

emissions led to additional methane consumption to 

compensate for lost product, compounding upstream 

emissions and reducing the climate benefits of fossil 

fuel replacement. This underscores the importance 

of rigorous leakage monitoring and mitigation 

across the entire hydrogen value chain, from 

production through end-use. The practical 

implications of this dilemma are already evident. 

Several blue hydrogen projects face challenges in 

qualifying for carbon credits and securing offtake 

agreements at carbon prices that reflect their actual 

emissions profiles. The Kashiwa Zaki Hydrogen 

Park in Japan demonstrates a model for blue 

hydrogen deployment that leverages existing gas 

fields and integrates CCS with local consumption, 

potentially reducing the risks of methane leakage 

through tight operational control. However, such 

integrated projects are the exception rather than the 

norm, and replicating this model at scale will require 

substantial investment and regulatory coordination. 

 

Industry-Specific Investment and Policy 

Implications: 

The variation in mitigation costs and investment 

requirements across industrial sectors suggests the 

need for differentiated policy approaches. The iron 

and steel sector, with its high demand-side capital 

costs ($306-543/t steel for H-DRI), requires targeted 

support to overcome the investment barrier. Policy 

mechanisms such as capital grants, low-interest 

loans, or carbon contracts for difference may be 

necessary to incentivize the transition to hydrogen-

based steelmaking. The green-dominant pathway 

offers superior mitigation economics ($85-120/t 

CO₂) compared to the blue-dominant pathway 

($100-150/t CO₂), supporting the case for 

prioritizing green hydrogen in steel decarbonization 

strategies. 

 

Hybrid Pathways and Transition Strategies: 

The analysis also points to the potential for hybrid 

approaches that integrate green and blue hydrogen 

production to facilitate the transition to a fully 

renewable hydrogen system. Jiao et al. explored the 

combined production of green and blue hydrogen 

via autothermal reforming with electrolytic oxygen 

supply, yielding an LCOH of $4.68/kg and cradle-

to-gate emissions intensity of 3.39 kg-CO₂e/kg-H₂. 

While this hybrid process results in reduced cost and 

emissions relative to non-integrated hydrogen 

production, it introduces operational complexity and 

scale mismatch challenges between electrolysis and 

autothermal reforming. The strategic value of blue 

hydrogen may lie in its role as a "bridge" 

technology, enabling the development of hydrogen 

infrastructure, supply chains, and end-use 

applications while green hydrogen costs decline. 

The national hydrogen strategy of one major 

economy explicitly envisions this role, projecting a 

mix of electrolytic and fossil-based with CCS 

hydrogen production through 2050. However, the 

viability of blue hydrogen as a bridging option 

depends crucially on natural gas prices, residual 

emissions (non-captured CO₂, upstream supply-

chain CH₄ and CO₂), and the availability of CO₂ 

storage. If green hydrogen achieves cost parity 

earlier than projected, the window for blue hydrogen 

deployment may be short, raising questions about 

the economic viability of long-term blue hydrogen 

investments. The integration of CCUS with 

renewable energy sources and waste heat recovery 

systems presents a flexible and scalable framework 

for industrial decarbonization. This synergy 

between CCUS and renewable technologies can 

enhance energy utilization and reduce emissions, 

particularly in regions with existing fossil fuel 

infrastructure and renewable resource availability. 

However, the scale of investment required for 

CCUS and CCS infrastructure suggests that such 

systems may be most viable in locations with high 

industrial agglomeration and existing CO₂ storage 

capacity. 

 

Limitations and Future Research Directions: 

This study has several limitations that warrant 

acknowledgment. First, the cost and performance 

projections for both green and blue hydrogen are 

subject to significant uncertainty, particularly 

regarding the pace of technology cost reduction, the 

trajectory of natural gas prices, and the impact of 
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policy interventions. The sensitivity analysis 

provides some insight into the robustness of the 

results but cannot capture all sources of uncertainty. 

Second, the analysis focuses on production costs and 

carbon intensities, but does not fully account for the 

broader social, environmental, and geopolitical 

implications of hydrogen pathways, including land 

use, water consumption, and energy security. Third, 

the study does not address the potential for other 

decarbonization technologies, such as direct 

electrification or bioenergy with CCS, to compete 

with hydrogen in certain applications. 

Future research should address these gaps by 

expanding the analysis to include a wider range of 

decarbonization options, integrating social and 

environmental considerations into the assessment 

framework, and examining the distributional 

impacts of hydrogen pathways on different regions 

and communities. Research into novel hydrogen 

production technologies, such as methane pyrolysis 

or photoelectrochemical water splitting, may also 

provide alternative pathways that offer economic or 

environmental advantages over current approaches. 

Finally, more detailed analysis of the regulatory, 

financial, and institutional barriers to hydrogen 

deployment is needed to inform policy design and 

investment decisions. 

 

Conclusion 

This study presents a comprehensive comparative 

analysis of blue and green hydrogen pathways 

across key hard-to-abate industrial sectors, 

integrating techno-economic assessment, lifecycle 

environmental accounting, and scenario-based cost 

projections. The findings provide several important 

conclusions: 

 First, green hydrogen demonstrates 

superior long-term economic performance. 

The green hydrogen-dominant scenario 

achieves comparable decarbonization 

outcomes while saving $115.5 billion 

compared to the blue hydrogen-dominant 

scenario. Green hydrogen costs projected 

to reach parity with blue hydrogen by 2030 

in favorable regions and achieve near-

universal cost superiority by 2040, driven 

by rapid electrolyzer cost reductions and 

declining renewable electricity prices. 

 Second, the environmental credibility of 

blue hydrogen is contingent upon methane 

leakage control. Observed methane leakage 

rates of 2.8-3.1% in major gas-producing 

basins increase blue hydrogen's lifecycle 

carbon intensity to 3.5-6.0 kg CO₂e/kg H₂, 

potentially disqualifying projects from 

stringent carbon credit mechanisms. The 

climate benefits of blue hydrogen 

significantly reduced when accounting for 

hydrogen emissions and near-term time 

scales. 

 Third, sector-specific policy approaches 

warranted. The iron and steel sector 

requires targeted support to overcome high 

demand-side capital costs for H-DRI 

deployment, with the green-dominant 

pathway offering superior mitigation 

economics ($85-120/t CO₂) compared to 

the blue-dominant pathway ($100-150/t 

CO₂). The chemical sectors and oil refining 

exhibit lower mitigation costs and, in some 

cases, negative mitigation costs after 2050, 

suggesting that market forces may 

increasingly favor green hydrogen 

adoption as cost parity approaches. 

 Fourth, infrastructure requirements differ 

fundamentally across pathways. Green 

hydrogen requires investment in renewable 

generation and electrolyzer manufacturing, 

while blue hydrogen depends on CO₂ 

transport and storage infrastructure, the 

absence of which in many regions creates 

significant deployment barriers. The 

absence of cross-border CO₂ transport 

frameworks in Europe, for example, 

constrains blue hydrogen deployment in 

countries without domestic storage 

capacity. 

In conclusion, the evidence suggests that green 

hydrogen is the long-term winner on both economic 

and environmental grounds, with costs projected to 

reach $2/kg by 2030 in favorable regions. Blue 

hydrogen offers lower costs today and can serve as 

a bridge, but faces risks from methane leakage, CCS 

underperformance, and tightening carbon standards. 

Organizations and policymakers should evaluate 

hydrogen pathways based on timeline, geography, 

and end-use requirements, prioritizing investments 

that align with long-term decarbonization goals and 

avoiding lock-in to technologies that may become 

economically or environmentally obsolete.  
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