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Abstract. Green hydrogen transportation via pipelines demonstrates substantially lower
environmental impact than truck-based delivery, with compressed gas via pipeline achieving 1.57
kgCO2-eq/kgH2 compared to 3.58 kgCO2-eq/kgH2 for liquid organic hydrogen carriers. Pipeline
transport achieves 38-85% lower energy footprint than alternative options, with solar electrolysis coupled
with pipeline delivery representing the least ecologically intensive pathway. For storage, underground
salt caverns at temperatures exceeding 122°C eliminate microbial risks affecting hydrogen recovery and
infrastructure integrity, while storage and transport collectively account for approximately 35.5% of total
greenhouse gas footprint when hydrogen is liquefied and transported by road. Energy penalties remain
substantial across pathways, with liquefaction incurring up to 40% energy losses and compression
requiring 15% of hydrogen's lower heating value. Environmental risks extend beyond greenhouse gas
emissions to encompass water consumption particularly acute in arid regions, depletion of rare metals
and critical materials in electrolyzers, land use impacts, and marine biodiversity loss from offshore
platforms. Critical knowledge gaps include incomplete characterization of hydrogen leakage atmospheric
effects and insufficient end-of-life equipment management frameworks. Regional variations in policy
contexts, infrastructure availability, and site-specific geological conditions fundamentally influence
optimal pathway selection, with no single method dominating across all environmental dimensions
simultaneously. Current assessment methodologies predominantly employ global warming potential as
the primary metric, with expanded indicator frameworks needed to capture water stress, biodiversity
impacts, and material circularity for comprehensive environmental risk characterization.

Keywords: Green hydrogen, Life Cycle Assessment, Hydrogen pipeline transport,
Environmental risk assessment, hydrogen leakage.

Introduction

The global imperative to mitigate climate change and achieve carbon neutrality by mid-century
has positioned green hydrogen (GH2) as a cornerstone of the future energy landscape. Produced through
water electrolysis powered by renewable energy, GH2 offers a versatile, carbon-free alternative for
decarbonizing hard-to-abate sectors, including heavy industry, long-haul transport, and seasonal energy
storage [3]. However, the geographical mismatch between regions with abundant renewable resources
and high-demand industrial hubs necessitates the development of robust, efficient, and environmentally
safe international hydrogen supply chains [4].

The large-scale deployment of a hydrogen economy is fundamentally constrained by the technical
and economic challenges associated with hydrogen's low volumetric energy density and high diffusivity
[3]. Consequently, several transportation and storage vectors have emerged as leading candidates for
global shipping corridors: high-pressure pipelines, liquid organic hydrogen carriers (LOHC), and
ammonia synthesis. While pipelines are well-suited for regional transport and established land routes,
intercontinental trade increasingly relies on chemical carriers like ammonia and LOHCs, which can
leverage existing maritime infrastructure and offer higher storage densities [2, 4].

318


mailto:akhmet.ramazan@yu.edu.kz
mailto:lyailim.taizhanova@yu.edu.kz

No2 (55) 2026 «Yessenov Science Journaly

Despite their potential, each vector introduces unique environmental risks and lifecycle impacts
that must be rigorously assessed to ensure the net-sustainability of the hydrogen value chain. A critical
metric in this regard is the Lifecycle Carbon Footprint (LCF), which accounts for emissions across the
entire supply chain-from production and conversion (e.g., compression, hydrogenation, or Haber-Bosch
synthesis) to transport, storage, and final reconversion [1, 2]. Preliminary studies indicate that the LCF
of these vectors is highly sensitive to the carbon intensity of the energy used for processing and the round-
trip efficiency of the chemical cycles [1, 4]. For instance, the energy penalties associated with LOHC
dehydrogenation or ammonia cracking can significantly inflate the total carbon footprint if not powered
by low-carbon sources [2, 3].

Furthermore, the long-term environmental safety of these technologies depends on understanding
their chemical degradation pathways and potential ecological impacts during accidental releases or
routine operations. High-pressure pipelines are susceptible to hydrogen-induced embrittlement and
corrosion, which can lead to leaks and integrity failures [1]. LOHCs, while theoretically reversible, may
undergo catalytic or thermal degradation over multiple cycles, producing unknown byproducts and
affecting carrier longevity [3]. Ammonia, despite its advantages as a carbon-free fuel and carrier, presents
significant toxicity risks to marine ecosystems and human health in the event of spills along shipping
corridors [4].

While existing literature has extensively covered the techno-economic aspects of hydrogen
transportation, there remains a critical knowledge gap regarding the comparative environmental risk
assessment (ERA) of these vectors, particularly concerning their degradation behavior in diverse
environments. This article aims to address this gap by providing a comprehensive environmental risk
assessment of green hydrogen transportation and storage via high-pressure pipelines, LOHC, and
ammonia synthesis. By integrating lifecycle carbon footprint analysis with an evaluation of chemical
degradation pathways within the context of global shipping corridors, this study identifies the key trade-
offs and environmental safeguards necessary for a sustainable global hydrogen trade.

Materials and methods. In this study, we conducted a systematic search and analysis of
scientific literature concerning the environmental risk assessment of green hydrogen transportation and
storage. The search query was executed across major academic databases, including Scopus, Web of
Science, and Google Scholar, yielding an initial sample of 50 highly relevant publications. During the
screening phase, we performed a comprehensive evaluation of the abstracts, selecting papers based on
a set of rigorous criteria. Our primary focus was on studies dedicated exclusively to green hydrogen
produced via electrolysis using renewable energy sources. An essential condition for inclusion was the
detailed examination of supply chain infrastructure: transportation methods (pipeline, road, rail, or
maritime transport) and storage technologies, encompassing compressed gas, cryogenic liquids, as well
as underground and material-based systems.

We carefully selected articles that provided a direct environmental risk assessment,
environmental impact analysis, or life cycle assessment (LCA). It was imperative that the studies reported
specific quantitative or qualitative outcomes, such as emission levels, leakage rates, ecosystem impacts,
soil and water contamination risks, and climate effects. Particular attention was paid to the academic
quality of the sources; thus, our final selection comprised only peer-reviewed articles, systematic
reviews, conference proceedings, and reports from reputable organizations. Furthermore, we evaluated
the commercial relevance of the research, prioritizing papers that described real-world implementations,
pilot projects, demonstration facilities, or validated modeling studies of commercial-scale hydrogen
infrastructure.

To systematize the information during the data extraction phase, we employed a large language
model, providing it with detailed instructions to retrieve specific parameters from each paper. The
extraction process was designed to detail the technical specifications of the assessed transportation and
storage methods, alongside their integration with renewable energy systems. We identified the full
spectrum of environmental risks, covering not only greenhouse gas emissions and environmental
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pollution but also resource depletion, biodiversity impacts, specific atmospheric effects of hydrogen
leakage, and waste management issues at the end of the life cycle. Concurrently, data regarding the
applied methodologies were extracted: we analyzed system boundaries, utilized metrics (such as carbon
footprint or toxicity potential), data sources, and approaches to uncertainty testing.

To construct an objective overview, we also aggregated information on the magnitude of the
identified risks, including quantitative impact indicators, hazard levels (Table 1), and confidence
intervals. Significant emphasis was placed on mitigation strategies, ranging from the implementation of
novel materials and safety protocols to regulatory recommendations and site selection criteria. Finally,
we consolidated the results of comparative analyses across various infrastructure solutions, accounted
for geographic contexts and local environmental constraints, and highlighted the authors' key findings.
This comprehensive approach allowed us not only to systematize the primary environmental challenges
associated with the green hydrogen supply chain but also to identify critical gaps in current knowledge,
outlining clear trajectories for future research in this domain.

Results

The included studies span diverse methodological approaches and geographic contexts. Seven
studies were available as abstracts only, while three provided full text access. The majority employed
life cycle assessment frameworks [1-3, 6], with variations including microbial risk assessment [4],
safety-focused CFD modeling [10], and technical feasibility reviews [5]. Geographic coverage ranged
from specific regional analyses in California [3], the UK continental shelf [4], and Latin America [7] to

global assessments [5, 8, 10].

Table 1 - Characteristics of Included Studies

Study Study Type Primary Focus Geographic Assessment
Context Framework
Hanif Comparative LCA [3] | Transportation California, LCA using
Tayarani et pathways via pipelines | USA [3] GREET model [3]
al., 2022 and trucks [3]
E. Thaysen et | Microbial risk Underground storage | UK Novel microbial
al., 2023 assessment [4] in depleted gas fields continental | growth constraints
[4] shelf [4] framework [4]
Chiara EHSS management Production, Latin IWRM tools, BAT
Signoria et analysis [7] transportation, storage, | America and | gap analysis [7]
al., 2023 and energy carriers [7] | Caribbean
[7]
R. Hren et Environmental Production, storage, Not LCA framework
al., 2023 footprint assessment and transport pathways | specified [2] | [2]
[2] [2]
Nan Ma et Review of storage Large scale green Global [8] Technical and
al., 2023 technologies [8] hydrogen storage and economic
transportation [8] evaluation [8]
B. Widera et | Comparative Production, storage, Not Comparative
al., 2020 technology review [9] | transportation, and specified [9] | analysis of
applications [9] environmental
impacts [9]
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Study Study Type Primary Focus Geographic Assessment
Context Framework
Malik Cradle-to-gate LCA Seven inland delivery | Not LCA framework
Sajawal [1] pathways [1] specified [1] | [1]
Akhtar et al.,
2021
A. Solaetal., | LCA review synthesis | Green hydrogen Not LCA synthesis of
2024 [6] supply chains [6] specified [6] | 35 papers [6]
Zahra Comprehensive Storage and Global with | Technical
Gholami et technology review [5] | transportation focus on feasibility and
al., 2025 solutions [5] specific energy efficiency
countries [5] | analysis [5]
M. Calabrese | Safety and risk Hydrogen value chain | Global, with | CFD simulations
et al., 2024 assessment review safety challenges [10] | European and quantitative
[10] focus [10] risk assessment
[10]

Greenhouse Gas Emissions and Climate Impacts

Pipeline transportation consistently demonstrated lower greenhouse gas emissions compared to
truck-based delivery. The Hanif Tayarani et al. study found that solar electrolysis through pipelines
produced 50.29 g CO2eq per MJ of hydrogen consumed for 1% pipeline attribution [3], representing the
least ecologically intensive pathway [3]. In contrast, steam methane reforming with truck transportation
yielded the highest GHG emissions [3].

Akhtar et al.'s comparative LCA revealed substantial variation across seven delivery pathways,
with compressed gas via pipeline achieving 1.57 kgCO2-eq/kgH2 [1], while liquid organic hydrogen
carriers exhibited 3.58 kgCO2-eq/kgH2 [1]. When LOHC systems utilized produced hydrogen for
dehydrogenation heating, GWP decreased by approximately 35% to 2.34 kgCO2-eq/kgH2 [1]. Direct
ammonia utilization in fuel cell vehicles showed promising results at 1.62 kgCO2-eq/kgH2 [1].

Hren et al. quantified that storage and transport could account for approximately 35.5% of the
total GHG footprint in the hydrogen value chain when liquefied and transported via road rather than
pipeline [2]. The study identified gaseous hydrogen transported via pipeline as having 38-85% lower
energy footprint than alternative options [2].

The environmental advantage of green hydrogen over conventional systems diminishes when grid
electricity supplements renewable sources [6]. This dependency on electricity source represents a critical
factor in determining net climate benefits [6].

Water Resource Impacts and Contamination Risks

Water consumption emerged as a significant environmental constraint across multiple studies.
Truck transportation pathways consumed more water than pipeline alternatives, with this limitation
particularly acute in water-stressed regions like California [3].

Desalination for hydrogen production introduces brine discharge concerns, with Signoria et al.
identifying gaps in specific regulations for wastewater discharge from green hydrogen facilities. The
sustainability of freshwater demand requires assessment through Integrated Water Resource
Management tools and forecasting models, with watershed-scale and local-level evaluations
recommended [7].

The production of green hydrogen via electrolysis involves substantial water consumption [6],
creating potential conflicts with other water uses in water-scarce regions. Seawater utilization presents
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an alternative to reduce freshwater demand [7], though this requires desalination infrastructure with its
own environmental implications.

Offshore green hydrogen platforms may cause loss of marine biodiversity [6]. Land use and land
fragmentation impact cultural ecosystem services, with potential degradation of resources from land use
changes affecting ecosystems and communities [7].

Underground hydrogen storage in depleted gas fields poses risks from microbial activity that can
affect hydrogen recovery, cause clogging, and induce corrosion. Thaysen et al. developed a risk
categorization system based on subsurface temperatures: no microbial risk above 122°C, low risk above
90°C, and high risk below 55°C. This microbial risk directly influences storage integrity [4].

Geochemical reactivity and microbial activity in underground storage systems create additional
environmental concerns, with aquifers and depleted reservoirs facing challenges from gas purity
degradation [5]. Depletion of rare metals and critical materials in electrolyzers and power generation
equipment represents a potential environmental hotspot. The lack of information about end-of-life
equipment management exacerbates resource depletion concerns [6]. The production of onboard
hydrogen storage tanks is highly energy intensive [3], contributing to resource demands. For underground
storage, the limited availability of suitable salt deposits for cavern construction constrains scalability [5].

Hydrogen leaks during delivery along the supply chain create environmental consequences that
remain uncertain [6]. Signoria et al. emphasized that hydrogen leakage requires control, with the
substance's expansive flammability limits creating safety and environmental hazards. Hydrogen can
embrittle steel infrastructure [7], potentially exacerbating leakage risks over time. Calabrese et al.
identified hydrogen leakage as a technical barrier requiring robust safety measures [5, 10], with
atmospheric dispersion and explosion risks necessitating comprehensive risk assessment [10].

Cryogenic liquid hydrogen storage incurs energy losses up to 40% during liquefaction, while
compressed gas storage requires significant compression energy equivalent to 15% of hydrogen's lower
heating value. Material-based storage systems impose energy penalties of 20-40% for dehydrogenation
[5]. Water electrolysis demonstrated a net positive energy footprint of 60.32 GJ/t H2 [2], indicating more
energy consumed than produced when considering the full production chain. These energy penalties
significantly affect the overall environmental profile of different hydrogen pathways.

Table 2 - Quantitative Environmental Impact Assessment

Method Transportation/St | GWP (kgCO2- Energy Key
Category orage Type eq/kgH2) Footprint Environmental
Trade-offs
Pipeline transport | Compressed gas 1.57 [1] 38-85% lower Lower emissions
via pipeline [1] than alternatives | but higher
[2] infrastructure
costs [3]
Truck transport Compressed gas Higher than Higher energy More economical
via tube trailer [1] | pipeline [3] requirement [3] | but less
environmentally
friendly [3]
LOHC with Liquid organic 3.58[1] Highest among | Flexibility vs.
natural gas hydrogen carrier pathways [1] high emissions [1]
heating [1]
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use

ammonia fuel cell

Method Transportation/St | GWP (kgCO2- Energy Key
Category orage Type eq/kgH2) Footprint Environmental
Trade-offs
LOHC with Liquid organic 2.34 (1] 35% GWP Improved
hydrogen heating | hydrogen carrier reduction [1] efficiency by
[1] utilizing produced
H2 [1]
Ammonia Liquid ammonia 3.14 [1] Second highest | High energy
transport [1] emissions [1] density but
toxicity concerns
[3]
Direct ammonia NH3 in direct 1.62 [1] Promising Eliminates

reconversion but

efficiency [1]
[1] requires new
infrastructure [1]

Cryogenic liquid | Liquid hydrogen Not specified 40% energy loss | Large-scale
[5] in liquefaction transport
[5] capability vs. high
energy penalty [5]
Underground Salt caverns [5] Not specified Mature and Site availability
storage scalable [5] constraints [5]
Material-based Metal hydrides, Not specified 20-40% High volumetric
LOHC:s [5] dehydrogenation | density vs. kinetic
energy [5] limitations [5]

As shown in Table 2, quantitative environmental impact assessment demonstrates that Hydrogen
transportation via pipeline achieves the lowest GWP of 1.57 kgCO2-eq/kgH2 compared to alternatives
such as Ammonia and Liquid organic hydrogen carrier pathways, highlighting significant trade-offs
between emissions, energy footprint, and infrastructure requirements.

The comparative analysis reveals pipeline transport of compressed gaseous hydrogen as the most
environmentally favorable option when considering greenhouse gas emissions [1, 3], with solar
electrolysis as the production method further minimizing impacts. Truck transportation, despite
economic advantages, imposes greater ecological burdens through higher emissions and increased water
consumption [3].

Among carrier systems, direct ammonia utilization in fuel cells approaches the environmental
performance of pipeline compressed gas [1], though toxicity to aquatic organisms dependent on pH
conditions presents additional environmental concerns [7]. Liquid organic hydrogen carriers exhibit the
highest environmental burdens unless integrated systems utilize produced hydrogen for process heating
[1].

Life cycle assessment emerged as the predominant evaluation framework (Table 3), with global
warming potential serving as the primary metric across studies [1, 3]. However, Hanif Tayarani et al.
noted that the GREET model employed in their analysis focused primarily on GWP with limited
consideration of land and water use impacts [3], representing a critical knowledge gap.
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Table 3 - Assessment Methodologies and Frameworks

2024

synthesis [6]

consumption, land use,
material depletion [6]

Study Primary Key Metrics System Uncertainty

Framework Boundaries Analysis
Hanif Tayarani et | LCA [3] GWP, NOx, VOC, Well-to-wheel, Pipeline
al., 2022 PM2.5 [3] production to attribution

FCEV use [3] sensitivity
analysis [3]

E. Thaysen et al., | Microbial Temperature, salinity Underground Not mentioned
2023 risk data [4] storage in DGF (4]

framework [4]

[4]
Chiara Signoria IWRM, Water sustainability, Watershed to Not mentioned
et al., 2023 BAT energy efficiency [7] project design [7]

analysis [7] phase [7]
R. Hren et al., LCA [2] GHG, energy footprint, | Not specified [2] | Sensitivity
2023 acidification, analysis [2]

eutrophication, toxicity,
eco-cost [2]

Malik Sajawal LCA[1] GWP in kgCO2- Cradle-to-gate [1] | Not mentioned
Akhtar et al., eq/kgH2 [1] [1]
2021
A. Sola et al., LCA GHG emissions, water | Not specified [6] | Not mentioned

[6]

M. Calabrese et
al., 2024

CFD
simulations,
QRA [10]

Not explicitly specified
[10]

Hydrogen value
chain safety [10]

Empirical
modeling
uncertainties
mentioned [10]

Figure 1 shows the standard Life Cycle Assessment framework, illustrating the iterative
interaction between goal and scope definition, life cycle inventory, and environmental impact
assessment, with interpretation conducted across all stages. Hren et al. employed a more comprehensive
suite of indicators including acidification, eutrophication, human toxicity potential, and eco-cost [2],
achieving broader environmental assessment. The eco-cost framework revealed hydrogen from acid gas
achieved -41,188 €/t H2 eco-benefit, while biomass gasification incurred 11,259 €/t H2 eco-cost [2].
Sensitivity analyses were conducted for pipeline attribution scenarios [3] and electricity mix variations
[2], though many studies lacked explicit uncertainty quantification [1, 4, 6, 7]. The absence of

standardized system boundaries across studies complicates direct comparisons and meta-analysis.
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Figure 1. LCA framework based on ISO14040 [16]

Discussion

Geographic and site-specific factors substantially influence environmental risk profiles. In the
UK continental shelf, depleted gas fields suitable for hydrogen storage were categorized by microbial
risk: 9 fields with no risk (>122°C), 35 low-risk fields (>90°C), and 9 high-risk fields (<55°C). The
Southern North Sea emerged as most suitable due to alignment with renewable energy centers and
available pipeline infrastructure [4]. California's context highlighted water consumption as a critical
constraint, with the Low Carbon Fuel Standards program providing regulatory incentives for carbon
intensity reduction. The 400-mile distance from Los Angeles to Sacramento served as a reference case
for pipeline vs. truck comparisons [3]. Latin American and Caribbean projects face fragmented
regulatory frameworks, with Chile experiencing particular challenges from brine discharge in
desalination operations. Water scarcity and rapid project development pace pose challenges for land
planning and environmental management [7].

Global variations in green hydrogen production costs reflect policy differences and infrastructure
readiness. Australia, the USA, and Morocco are positioned for large-scale production due to renewable
energy potential, while Japan, India, and China face greater reliance on imports due to domestic resource
or infrastructure limitations. European Union member states show varying levelized costs influenced by
policy frameworks and trade dynamics [5].

Underground storage feasibility depends heavily on favorable geological conditions, with limited
availability of suitable salt deposits constraining certain regions. Seasonal electricity price fluctuations
affect economic viability [5], indirectly influencing environmental performance through operational
decisions.

The comparison covers all life cycle stages in Figure 2 defined in the system boundaries,
including production, conditioning, storage, transport, and deconditioning. A reference scenario is also
included, representing locally produced hydrogen via SMR, without any transportation involved. Results
are expressed as relative values, normalized to the highest-impact scenario within each impact category,
with the corresponding absolute value indicated. The impact categories considered are Global Warming,
Stratospheric Ozone Depletion, Terrestrial Acidification, Freshwater Eutrophication, Human
Carcinogenic Toxicity, and Fossil Resource Scarcity.
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Figure 2. Environmental impact comparison of six green H2 delivery scenarios of 1 kg of H2
[15]

In arid and water stressed regions, auxiliary cooling systems associated with hydrogen
production, storage, and compression infrastructure may themselves become a significant source of
electricity demand and indirect greenhouse gas emissions. Recent studies from the Aral Sea region
demonstrated that solar powered non pump evaporative cooling systems based on saline water can
provide an energy efficient and environmentally safer alternative to conventional HVAC technologies in
hot and dry climates. The proposed capillary driven system operates autonomously using small
photovoltaic panels and saline water, eliminating the need for energy intensive refrigeration cycles and
harmful refrigerants such as freon. Such approaches may be particularly relevant for green hydrogen
hubs located in desert and coastal regions where freshwater scarcity, weak grid infrastructure, and
extreme temperatures increase operational and environmental risks. In addition, the utilization of saline
water instead of freshwater supports water conservation strategies critical for sustainable hydrogen
infrastructure deployment in arid ecosystems [19].

Environmental Risk Mitigation Strategies

Solar electrolysis integrated with pipeline transportation represents the recommended pathway
for minimizing ecological impacts. Innovation in onboard hydrogen tank production technologies offers
potential for reducing energy intensity [3]. For liquid organic hydrogen carrier systems, utilizing
produced hydrogen for process heating rather than external natural gas reduces GWP by 35% [1].

Underground storage in salt caverns provides mature, scalable options, while cryo-compressed
hydrogen technologies balance density advantages with boil-off rate minimization. Advanced materials
and green-synthesized nanoparticles for photocatalysis show promise for improving production
efficiency [5].

Steel or composite tanks and underground geological formations offer diverse storage options
suited to different scales and timeframes. Compressed hydrogen serves short distances and low volumes
effectively, while liquid hydrogen at -253°C enables longer-distance transport [7].

Operational Practices and Safety Protocols

Strict compliance with international regulations including ILO convention no.174, EU Directive
2012/18/EU, and UN Recommendations on the Transport of Dangerous Goods forms the foundation of
environmental risk management. Development of Safety Management Systems incorporating
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quantitative risk assessment and best available technology gap analysis enables systematic hazard control
[7].

Pipeline transportation requires sensitivity analysis and attribution optimization [3], while vehicle
and infrastructure maintenance demand strict procedural adherence [7]. Regular inspections and worker
training mitigate operational risks [10]. CFD simulations support safety measure design and risk
assessment [10].

Site Selection Criteria

For underground storage, temperature thresholds provide clear selection guidance: sites above
122°C eliminate microbial risk entirely, while temperatures above 90°C maintain low-risk status. High-
risk sites below 55°C should be avoided [4].

Integration with renewable energy production centers optimizes environmental performance [4],
with existing pipeline infrastructure offering opportunities for repurposing [4]. Suitable site identification
must include buffer zone design [7], with application, scale, and regional infrastructure determining
optimal storage method selection [5].

Policy and Regulatory Frameworks

California's Low Carbon Fuel Standards program exemplifies regulatory mechanisms rewarding
suppliers for carbon intensity reduction [3]. Establishing stable legal frameworks, providing subsidies,
and investing in infrastructure enable market development [5]. European safety standards and codes set
benchmarks for international adoption [10].

Integration of safety protocols into national regulations, coupled with state-of-the-art water and
energy management measures, forms comprehensive policy approaches [7]. Sustained research
investment and government support prove essential for advancing production and storage technologies
[5]. Collaborative efforts among researchers, industry, and policymakers represent best practices for
reducing environmental impacts [5], with holistic environmental assessment frameworks addressing
cumulative impacts across the value chain [7].

The substantial heterogeneity in environmental performance across hydrogen transportation and
storage methods reflects distinct operational contexts rather than conflicting findings. Pipeline-based
compressed gas transport consistently outperforms alternatives in greenhouse gas intensity [ 1, 3], but this
advantage manifests primarily in contexts with sufficient transport volumes and established
infrastructure [3]. The 400-mile California reference case demonstrates pipeline superiority [3], while
short-distance, low-volume applications may favor truck-based compressed hydrogen despite higher per-
unit emissions [7].

Energy carrier selection involves fundamental trade-offs between energy density, conversion
efficiency, and environmental impact. Ammonia achieves high energy density facilitating long-distance
maritime transport [5], yet imposes environmental burdens through synthesis energy requirements (3.14
kgCO2-eq/kgH?2) [1] and aquatic toxicity risks [7]. Direct ammonia utilization in fuel cells circumvents
reconversion penalties, achieving environmental performance approaching pipeline compressed gas
(1.62 kgCO2-eq/kgH2) [1]. This suggests that the environmental viability of ammonia as a carrier
depends critically on end-use application-direct utilization shows promise, while hydrogen extraction
from ammonia introduces substantial environmental penalties.

Liquid organic hydrogen carriers exhibit the highest baseline environmental impact (3.58 kgCO2-
eq/kgH2) [1], yet process integration reduces this burden by 35% to 2.34 kgCO2-eq/kgH2 [1]. This
sensitivity to system design indicates that LOHC environmental performance depends on thermal
management strategies. Studies reporting high LOHC impacts employed external natural gas heating [1],
while those with hydrogen self-heating achieved moderate performance [1]. Neither scenario approaches
pipeline compressed gas efficiency, suggesting LOHCs remain environmentally disadvantageous even
with optimization.

Underground storage environmental risks vary systematically with geological context rather than

representing contradictory findings. The temperature-based microbial risk framework reconciles
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apparent discrepancies-high-risk classifications below 55°C reflect metabolically active subsurface
microorganisms capable of hydrogen consumption, clogging, and corrosion [4], while no-risk
designations above 122°C indicate temperatures exceeding microbial tolerance limits [4]. Salt caverns
in the Southern North Sea offer favorable conditions [4], whereas aquifers and depleted reservoirs face
gas purity challenges from microbial activity [5]. This suggests underground storage suitability depends
on selecting sites with appropriate thermal regimes rather than underground storage being inherently
high- or low-risk.

The finding that green hydrogen increases global warming potential when grid electricity
supplements renewables [6] initially appears contradictory to green hydrogen's low-emission profile.
This reflects temporal and geographic mismatches between renewable generation and hydrogen demand
rather than a fundamental flaw in green hydrogen technology. Grid electricity in many regions remains
fossil-intensive, such that backup power negates production-phase emission advantages. This implies
green hydrogen's environmental benefits materialize fully only with dedicated renewable capacity or grid
systems achieving high renewable penetration.

Water consumption variations across studies reflect regional availability rather than technology
differences. California studies emphasize water constraints [3, 3], while this receives less attention in
analyses from water-abundant regions. The recommendation for seawater utilization in coastal Latin
American projects [7] demonstrates context-dependent water management strategies. These findings are
compatible-water consumption represents a critical constraint in arid regions while remaining
manageable in others.

Critical material depletion concerns arise from electrolyzer and renewable energy equipment
rather than hydrogen storage and transport infrastructure per se [6]. The lack of end-of-life management
information [6] suggests this environmental risk remains poorly characterized rather than absent. Future
environmental assessments must incorporate circular economy principles for equipment lifecycles to
accurately characterize net environmental benefits.

Energy penalties during liquefaction (up to 40%) [5], compression (15% of LHV) [5], and
material-based dehydrogenation (20-40%) [5] represent inherent thermodynamic constraints rather than
technological inefficiencies subject to elimination. These penalties establish fundamental efficiency
ceilings for different approaches, indicating that method selection must balance energy losses against
operational requirements. Compressed gas suits short-term, high-turnover applications despite
compression penalties, while liquid hydrogen enables long-distance transport justifying liquefaction
energy costs for specific use cases.

The comparative advantage of pipeline transport over road transport increases with distance and
volume, with pipelines achieving 38-85% lower energy footprint [2]. This percentage range reflects
study-specific assumptions about distance, utilization rates, and comparison baselines. The broad range
indicates sensitivity to operational parameters rather than measurement uncertainty, suggesting pipeline
advantages amplify at higher capacity utilization factors.

Studies emphasizing greenhouse gas metrics favor pipeline compressed gas [1, 3], while those
incorporating broader environmental indicators including water consumption [3], land use, and material
depletion [6] reveal more complex trade-offs. This methodological variation explains apparent
inconsistencies in environmental rankings-no single method dominates across all environmental
dimensions simultaneously. Comprehensive environmental assessments require multi-criteria
frameworks encompassing climate, water, land, materials, and ecosystem impacts rather than relying
solely on carbon footprint metrics. The California policy context demonstrates that regulatory
frameworks incorporating Low Carbon Fuel Standards can drive adoption of lower-emission pathways
like solar electrolysis with pipeline transport [3]. European safety standards provide parallel regulatory
drivers [10]. However, Latin America's fragmented regulatory framework [7] indicates policy
harmonization remains incomplete globally. This suggests environmental performance improvements

require not only technological optimization but also supportive policy ecosystems. Geographic
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distribution of suitable storage sites-concentrated in specific geological formations like salt caverns in
the Southern North Sea or regions with favorable thermal regimes creates spatial mismatches with
hydrogen demand centers. This necessitates long-distance transport infrastructure, reintroducing
environmental impacts that underground storage alone would minimize. Optimal system configurations
must therefore consider entire supply chain geography rather than optimizing individual components in
isolation. The finding that hydrogen from acid gas achieves the highest eco-benefit (-41,188 €/t H2) while
biomass gasification incurs the highest eco-cost (11,259 €/t H») [2] reflects byproduct utilization benefits
versus resource-intensive production. This suggests waste stream valorization offers environmental
advantages over dedicated biomass processing, though acid gas availability remains geographically
constrained to specific industrial facilities.

Environmental risk assessment methodologies show limited standardization, with most studies
employing LCA frameworks [1-3, 6] but varying substantially in system boundaries, impact categories,
and uncertainty treatment. The GREET model's focus on global warming potential with limited
consideration of land and water impacts [3] exemplifies how methodological choices shape conclusions.
Comprehensive risk characterization requires expanding beyond climate metrics to encompass water
stress [7], biodiversity impacts, and material circularity [6].

Studies identifying hydrogen leakage as a concern with uncertain environmental consequences
[6] reflect knowledge gaps in atmospheric chemistry rather than contradicting findings of low leakage
rates from properly maintained systems [7]. Hydrogen's indirect climate forcing through hydroxyl radical
reactions and stratospheric water vapor formation requires further research to fully characterize
environmental impacts [6]. Current assessments likely underestimate atmospheric effects due to
incomplete mechanistic understanding.

The variation in reported greenhouse gas intensities-from 1.57 kgCO2-eq/kgH2 for pipeline
compressed gas [1] to 3.58 kgCO2-eq/kgH2 for LOHC [1] -exceeds typical LCA uncertainty ranges,
indicating real technological differences rather than methodological artifacts. Method rankings remain
consistent across studies despite numerical variations, providing confidence in qualitative conclusions
even where quantitative precision remains limited. Site-specific microbial risk assessment for
underground storage [4] complements rather than conflicts with generalized environmental footprint
analyses [1, 2, 6]. Microbial activity represents a local environmental risk requiring site selection criteria
[4], while LCA captures regional and global impacts through greenhouse gas accounting. Comprehensive
assessment frameworks must integrate multiple spatial and temporal scales to address the full spectrum
of environmental risks. The energy footprint of water electrolysis showing net positive values (60.32 GJ/t
H2) [2] appears contradictory to hydrogen's role as an energy carrier until recognizing that this represents
primary energy input rather than final energy content. The metric reflects conversion efficiency losses
inherent in electrolysis, highlighting that green hydrogen serves as an energy vector enabling renewable
integration rather than a primary energy source. This fundamental characteristic means hydrogen's
environmental benefits depend entirely on the carbon intensity of electricity inputs. Infrastructure
repurposing opportunities-utilizing existing natural gas pipelines for hydrogen transport [4, 8] -offer
environmental benefits through avoided new construction impacts, yet face technical constraints from
hydrogen embrittlement [7] and compositional compatibility requirements. The environmental trade-off
between utilizing existing infrastructure with modification costs versus constructing purpose-built
hydrogen systems requires case-by-case evaluation considering pipeline age, material composition, and
required safety factors.

Conclusions. Pipeline transportation of compressed hydrogen and underground storage in high-
temperature geological formations present the lowest environmental risks across greenhouse gas
emissions and energy consumption. Green hydrogen transportation and storage environmental risks vary
systematically across technological pathways, with pipeline-based compressed gas transport
demonstrating the lowest greenhouse gas intensity (1.57 kgCO2-eq/kgH2) when coupled with renewable

electrolysis. However, environmental risk profiles extend beyond climate impacts to encompass water
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consumption, land use, critical material depletion, and ecosystem effects. Storage and transport
contribute approximately 35.5% of total value chain greenhouse gas footprint for liquefied hydrogen via
road transport, while pipeline gaseous hydrogen achieves 38-85% lower energy footprint. Underground
storage in thermally suitable geological formations (>122°C for salt caverns) provides mature, scalable
options with minimal microbial risks, though geographic availability constraints limit universal
applicability. Critical knowledge gaps include incomplete characterization of hydrogen leakage
atmospheric effects, limited end-of-life equipment management frameworks, and insufficient integration
of water stress and biodiversity impacts in standard LCA methodologies. Assessment frameworks
predominantly employ global warming potential as the primary metric, with expanded indicator sets
needed for comprehensive environmental risk characterization. Regional policy contexts substantially
influence environmental outcomes, with California's Low Carbon Fuel Standards, European safety
frameworks, and infrastructure availability creating geographic heterogeneity in optimal pathway
selection. Site-specific factors including geology, water availability, and renewable energy integration
potential determine technology suitability rather than universal rankings applying across contexts.
Future research priorities include standardizing system boundaries and impact categories across
LCA studies, quantifying hydrogen atmospheric chemistry effects, developing circular economy
frameworks for equipment lifecycles, and integrating multi-scale risk assessment methodologies
encompassing local and global environmental impacts. Sustained investment in material science,
supportive regulatory frameworks, and collaborative stakeholder engagement prove essential for
advancing environmentally optimized green hydrogen systems supporting decarbonization objectives.
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JKACBLIT CYTEKTI TACBIMAJIJIAYFA ) KOHE CAKTAYFA BAMJIAHBICTBI
IKOJIOT'UAJIBIK KAYIIITEPAI 3BEPTTEY

*Pamasan A. K., Taitzkanosa JI.C., Typkmeno0aii H.
EcenoB yauBepcureti, Axray, Kazakcran
email: akhmet.ramazan@yu.edu.kz, lyailim.taizhanova@yu.edu.kz, nursultan_hse@mail.ru

Angarna. CyTrekTi KyObIpiap apKbUIbl JKOJIOTHUSJIBIK Ta3a TachbIMajjay YK KesiriMeH
TackIMallZlayFa KaparaH/ia KOpIlaFraH OpTara alTapibIKTail TOMEH acep eTe/li, KyObIp apKblibl ChIFbUIFaH
ra3 CyiblK OpraHMKaJIbIK CyTeri TachIMalayliblaapbl yiliH 3,58 Krco2-3KB/Kr'2-MeH CalbICThIpFaHIa
1,57 xrco2-3xB/kr2-re xereai. KyObipiapapl TacsiMangay O6anaMaisl SHEprus Ke3/iepiHne Kaparanaa 3 8-
85% - ¥a a3 sHeprus MIBIFBIHBIH KAMTAaMachl3 €TeIl, ajl KYH 3JIEKTPOJIN31 KyObIpiap bl KeTKi3yMeH Oipre
SKOJIOTHSUIBIK TYPFbIIAH €H a3 KapKbIHIBI >xonabl Oinmipeni. Caxray ymiH 122°c-TaH Kofrapsl
TEeMIIEpaTypaJarbl K€p acThl TY3/bl YHTIpJIEPl CYTEKTI KajlblHa KEATIpyTe 'koHe MHGPaKYPhUTBIMHBIH
TYTaCTBIFbIHA 9CEP €TETIH MHUKPOOTHIK KayinTep[i KOsAbl, ajl CaKTay »oHE TachIMayjay CYTEKTI
CYMBIITY JKOHE aBTOMOOWIIb KOJIITIMEH TachIMalJlay KEe31H/e MapHUKTIK Ta3fap IblH JKaJIbl KOJIEMiHIH
mamameH 35,5% kypaiiapl. bapisik skongapa SHepTys MIBIFBIHIAPEI alTapiIbIKTall 00JIbIN Kasia 6epe,
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CYHBUITY Ke3iH/e dHeprus MbIFbIHbI 40% - Fa JeiliH, an ChIFbIMAAY Ke31H/I€ CYTEKTIH KbI3IbIPY KYHBIHBIH
15% - b1 TeMeH Oonanbl. DKOJOTHSIIBIK TYEKEJAep MAPHHUKTIK Tazgap MIBIFApbIHABUIAPBIHAH aCHII
Tycell, acipece Kyprak aiiMakTapja CyAbl TYTBIHYJABI, 3JEKTPOIM3EpIEpIe CHUPEK MeTaniap MeH
MaHbI3Bl  MaTepUANJIAPABIH  CAPKBUIYBIH, KepJi TaijanaHyJIblH CalJapblH KOHE  TEHI3
maTdopMaliapbiHIa TEHI3 OMOIPTYPIIUTITIHIH )KOFATYbIH KAMTHIBL. BisTiMIeri MaHbI3/IbI OJIKBUIBIKTAPFA
CYTETiHIH aFbIIl KeTyiHIH aTMOC(EpabIK dCEPIHIH TOJBIK EMEC CUIIATTaMAaChl )KOHE Ka0BIKTHIH KbI3MET
€Ty Mep3iMiH OacKapyJblH JKETKUTIKCI3 KyHeci skarambl. Cascar KOHTEKCTIHAET alMaKTBIK
allBIpMAIIBUIBIKTAp, THPPAKYPBUIBIMHBIH KOJDKETIMIUTITT jkKoHe Oenriyi Oip ayMakKTarbl T'€OJOTHSIIBIK
KarJaiiap *oJaapAbl OHTalIbl TaHaayFa TyOereii acep eresi, OMTKeH1 KopIllaraH OpTaHbIH OapiIbIK
enmmemMepiaae Oip yakpiTTa Oipae-Oip omic OackiM OonMaiiibpl. AFbIMIaFbl Oaranay omicTeMenepi
HETi31HEH HETI3T1 KOPCETKIIl peTiHJe >kahaHIbIK JKBUIBIHY OJICYETIH MaijaagaHajbl, CyJIbIH KEPHEYIH,
OMOOPTYPILUTIKTIH 9CEpiH KOHE KOpIIaFaH opTara Kayilnm-Karepli >KaH-KaKTbl CHUMNATTay YIIiH
MaTepUaIbIK alHAIBIMABUIBIKTHI aHBIKTAY YIIIH KeHEUTIITeH KOPCETKIITED Kyieci KaKeT.

Tyiiin ce3aep: XKaceur cyrek, Omipmik [ukinaer baranay, CyTekTi KyObIp apKbUIbI TACBIMAJIIAY,
DKOJIOTHUSIIBIK Toyeken i O6aranay, CyTeKTiH CHIPTKA IIBIFYHI.

OIEHKA 3KOJIOT'MYECKUX PUCKOB IIPU TPAHCIIOPTUPOBKE "
XPAHEHHUMU «3EJIEHOT'O» BOJOPOJA

*Pama3san A. K., TaiizkanoBa JI.C., Typkmenoaii H.
VYuusepcurer EcenoBa, Akray, Kazakcran
email: akhmet.ramazan@yu.edu.kz, lyailim.taizhanova@yu.edu.kz, nursultan _hse@mail.ru

AHHoOTanusl. TpaHCIIOPTUPOBKA «3€JIEHOr0» BOAOPOJa IO TPyOONpOBOAAM OKa3bIBaeT
3HAYUTEIILHO MEHBLIEE BO3JECHCTBUE HA OKPYIKAIOLLYIO CPENly, YEM €0 JI0CTaBKa Ha rpy3oBuKax. [Ipu
TPAHCIIOPTUPOBKE CXKATOTO Taza 1mo TpybompoBoay BbiOpockl CO2 coctaBmsitor 1,57 xr/kr H2, B TO
BpeMs KaK MPH UCIOJIb30BAHUU JKUIKUX OPraHUYECKUX HOCHUTENEH BOJOpOJa 3TOT MOKa3aTelb PaBeH
3,58 kr/kr H2. [Ipu TpancnopTupoBKe MO TpyOOIpoBoay dHepromnorpedienue Ha 38—85 % Hipke, ueM
IIPU HMCIIOJIb30BAaHUM allbTEpHATUBHBIX BapuaHTOB. HanMeHee sHeprosaTpaTHBIM CIIOCOOOM SIBISIETCS
ANIEKTPOJIU3 C MCHOJIb30BAaHUEM COJHEYHOM DSHEPrMM B COYETAaHHMM C TPAHCHOPTHUPOBKOM IO
TpyObonpoBoay. i XpaHeHHsS BOAOPOAA HCHOJIB3YIOTCA IOJ3EMHBIE COJISIHBIE TELIephl, TI7ie
temneparypa npesbiiaer 122 °C, 4To HCKIIIOYAaeT PUCK MUKPOOHOTO 3apa)K€HHs, BIUSIOLIErO Ha
U3BJICUEHHE BOJOpPOJA M LEJIOCTHOCTh HHppacTpykTyphl. [Ipu CXMXKEHHH BOAOpOAa U  €ro
TPaHCIOPTUPOBKE MO IOpOraM Ha XpaHEHHE U TPAHCIOPTUPOBKY Mpuxoautcsa okoiso 35,5 % oOuiero
o0beMa BBIOPOCOB MAPHHUKOBBIX ra3oB. [Ipu mob6oM crocobe TpaHCHOPTHPOBKH MOTEPU SHEPTUU
3HAYUTEIIBHBI: TIPH CKUKEHUU BOJAOPO/Ia TOTEpU dHEPTUU cOCTaBISIOT 10 40 %, a mpu cxxatuu — 110 15
% OT ero HU3MIeH TeIIOTBOPHOI CIIOCOOHOCTH. DKOJIOTMUECKHE PUCKHU CBSA3aHBI HE TOJIBKO C BHIOPOCAMU
MapHUKOBBIX Ta30B, HO U € TOTPEOJIEHNUEM BOIbI, UTO OCOOEHHO aKTyaJIbHO JIJIS 3aCYLUIUBBIX PETHOHOB,
HCTOIIEHUEM 3allacOB PEIKUX METAUIOB M KPUTUYECKH Ba)KHBIX MaTepHalioB B 3JIEKTpOJIM3epax,
BO3/ICHICTBUEM Ha 3eMJIETIOIb30BaHUE U yTPATOH MOPCKOT0 OMOpa3HO0Opa3us U3-3a MOPCKUX IIIATHOPM.
K xputnyeckum npoOenaM B 3HAHUSAX OTHOCATCS HEJOCTaTOYHAS M3YYEHHOCTh BIIMSHUS yTeUueK
BOJIOpOJIa Ha aTMoc(epy U OTCYTCTBUE CUCTEM YTHIIM3ALUH OTCIY>KUBIIETO CBOW CPOK 000y IOBaHMUSL.
OnTuManbHbIN BEIOOP CrI0C00a TPaHCIIOPTUPOBKH 3aBUCHUT OT PETMOHAIBLHBIX 0COOEHHOCTEHN MOIUTUKH,
JOCTYITHOCTH MH(PPACTPYKTYPHI U T€OJOTMUECKUX YCIOBHHM KOHKPETHOro ydacTka. Ilpu sToM HU ouH
U3 CIOcOOOB HE SBISIETCS ONTUMAIbHBIM BO BCEX SKOJOIMUECKHX AacleKTax OJHOBpeMeHHo. B
CYLIECTBYIOIUX METOAOJIOIUAX OLEHKM B KA4eCTBE OCHOBHOI'O IOKA3aTels MCIOJIb3YETCsl IOTEHIA
r7100aJbHOTO TOTEIJICHUS, a JJii KOMIUIEKCHOM OIICHKM SKOJOTHYECKUX PHCKOB HE0OXO0AMMBbI
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pacIIMpeHHbIe  CHCTEMbI  [OKa3aTeliel, ydyHuThIBaloIue JAChHUIUT BOJIBI, BO3JACHCTBHE HA
Oropa3zHo0Opas3ne U MUPKYIISAIUI0 MAaTEPUATIOB.

KuiroueBbie ciioBa: 3enieHblil BOIOPOI, OlICHKA JKU3HEHHOT'O IMKJIa, TPAHCIIOPTHPOBKA BOIOPOIa
1o TPyOOIPOBOaM, OIIEHKA SKOJIOTHYECKUX PHCKOB, yTEUKa BOJIOPO/IA.
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