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WX Haa&KHOCTh M BBIOMpAaTh HamOoJee MOAXOAAIIUX MapTHEPOB. DTO MOMOTaeT YKPEMHTh
OTHOIICHHUS C TIOCTABIIUKAMHU U 00eCTIeUnTh 00Jiee CTaOMITLHBIC TTOCTABKH TOBAPOB.

AHanu3 LeH ¢ HCMOJb30BaHMEM IUGPOBBIX CHCTEM TMO3BOJSET aHAIM3UPOBATH LIEHHI Ha
TOBaphbl y pa3HbIX MOCTABIIMKOB. JTO MOMOTaeT BBHIOpATh HAamMOOJEe BBITOJHBIC MPEITIOKECHUS U
ONTUMHU3HUPOBATH 3aTPAThl HA 3aKYIIKH.

Boioowr: 1ludpoBoe TUIaHUPOBAHUE SBISETCS MOITHBIM WHCTPYMEHTOM IS ONTHMH3AIIN
CKJIAJICKOM U 3aKYTIOYHOM JIOTUCTUKU. OHO IM03BOJIAET aBTOMaTU3UPOBATh IIPOLIECCHI, AHATU3UPOBATH
JTaHHBIE, TPOTHO3UPOBATH CIIPOC, ONITUMHU3UPOBATH 3aachl U yIPaBIISAThH MOCTaBIIMKaMu. BHeapenue
UU(POBBIX PEIICHUN B JOTUCTUKY MOKET NMPUBECTH K MOBBIICHUIO 3(PPEKTUBHOCTU, CHUKEHUIO
3aTpaT " yJIy4YIIeHUIO Ka4ecTBa 00CITyKUBAHUS KIIMEHTOB.

Cnucok numepamypoi:

1. Crok JIxk. P., Jlamb6ept [I. M. Ctparernueckoe yrpasjieHue Jjoructukoin. — M.: Uubpa-
M, 2005.

2. Yénpan C., Maitann [1. YnpapiieHue 1ienodykaMu MoCTaBOK: CTpaTeTrus, TUITAHUPOBAHUE U
onepanuu. — CII0.: ITutep, 2017.

3. Koiina Ix. k., bapau 3. JIx., JIaarou K. JIx. YnpaBienue Ou3Hec-T0TUCTUKON: B3TIIAT
yepe3 Npu3My 1enouku noctaBok. — M.: Bumbsimc, 2001.

UDC 656.01

Chekerevac Z., Doctor of Technical Sciences, Professor
Independent Researcher, Belgrade, Serbia

Prigoda L.V., Doctor of Economic Sciences, Professor
Maikop State Technological University, Maikop, Russia

LOGISTIC CHALLENGES IN HYDROGEN PRODUCTION AND DISTRIBUTION

Abstract. This paper explores the logistical challenges of hydrogen production and distribution for
road vehicle propulsion. While hydrogen is a promising energy carrier with excellent properties, its
low energy density, high production costs, and demanding transport and storage requirements create
significant obstacles. Through an analysis of the supply chain, regulatory challenges, and
technological advancements, this study concludes that hydrogen can be a viable transitional solution
toward sustainable transportation, specifically if produced using renewable energy and surplus
electricity, while innovations in logistics and international standards alignment further support its
potential.

Keywords: Hydrogen Production and Distribution, Hydrogen-Powered Vehicles, Hydrogen Logistics,
Holistic Approach to Hydrogen Logistics.

Annomayun. B cmamve ananuzupyiomcs 1o2ucmudecKkue 8bi306bl NPOU3800CMEa U pacnpeoeneHus
8000pooa 0nsi A8mMoModOUILHO20 mpancnopma. Hecmompsi na e2o nepcnekmu@HOCMb, HU3KAS
9Hepeemu4eckas NJIOMHOCMb, 6bICOKUE 3ampamsl U CIONHCHbIe MPeOOBAHUS K MPAHCNOPMUPOBKE
co30aiom 3HayumenbHovle npenamcemeus. Mcciedosanue nokaswiéaen, ymo 6000p00 MOdiCen CmMamb
HCUZHECNOCOOHBIM peutleHuem 05 YCMOUUU8020 MpaHcnopma npu UCHOIb308AHUY 80300HOBIIEMOU
SHepauu U UHHOBAYUIL 8 TOSUCTUKE.

Kntouesvie cnoea: I[Ipouzeoocmeo u pacnpeoeierue 8000pood, ABMOMOOUIU HA B000PO0e,
JIO2UCMUKA 8000P00A, KOMNIEKCHBIU NOOX00 K T02UCMUKE 8000POOd.
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Hydrogen as a fuel resurfaces as a topic of interest during environmental challenges or fossil
fuel crises. The first hydrogen-powered engine was built in 1807 by Frangois Isaac de Rivaz but
wasn’t suitable for widespread use. Etienne Lenoir developed the first commercial single-cylinder
engine, in 1860, selling 350400 units. During WWII, Boris Shelishch adapted 200 GAZ-AA trucks
to run on hydrogen from spent barrage balloons [1].

Prototypes of hydrogen vehicle engines re-emerged in the 1970s during the oil crises but were
set aside due to falling oil prices and technical limitations. In the late 20" century, concerns over CO2
emissions renewed interest in hydrogen for transportation.

Today, two main hydrogen powertrains exist: Hydrogen Internal Combustion Engines (HICE),
offering zero CO2 emissions and quick refueling, and Fuel Cells (FC), which convert hydrogen into
electricity with high efficiency and zero harmful emissions. Both types present challenges and
benefits, aiding efforts to reduce emissions and transition to sustainable energy.

If we consider hydrogen from a logistics perspective, its characteristics are particularly
significant. It is very light, and when used as fuel, its small molecules have a higher potential for
leakage. They can easily pass through many materials that would otherwise be impermeable to larger
molecules. Therefore, special sealing of pipelines and tanks is required. Hydrogen-air mixtures have
a wide flammability range. Hydrogen burns with a colorless flame, which makes it difficult for
firefighters to handle in case of a fire. It has a high flame speed, ranging from 2 to 3 m/s or even more.
Hydrogen also has a high autoignition temperature. Its low density—approximately 14.4 times lighter
than air—causes it to rise when it leaks. Because of its lower volumetric heating value, hydrogen
must be stored in tanks under very high pressures (20 to 70 MPa) to ensure the necessary vehicle
range. Consequently, it must be transported under very high pressure. When transported in tanker
trucks, hydrogen is usually compressed to a pressure of at least 20 MPa, allowing for efficient storage
and transport of large quantities. It should not be overlooked that producing hydrogen requires more
energy than it can release at the point of use, making it more of an energy carrier than a fuel.

Hydrogen as a fuel for road vehicle propulsion presents significant logistical challenges. It is
costly and requires large-scale production and delivery. Each phase of its supply chain involves
complex operations and heightened risks. This section provides an in-depth exploration of hydrogen
production stages and distribution for vehicle use.

Transporting hydrogen requires specialized infrastructure due to its unique properties.
Hydrogen's low energy density makes compression (2-25 MPa) or liquefaction necessary for
economical transport. Its high flammability and lack of developed infrastructure add to logistical
challenges. Depending on demand and distance, transport can utilize pipelines, tanker trucks, or
maritime shipping.

Pipeline transport is suitable for large-scale delivery, leveraging existing natural gas pipelines
to reduce investment costs. Hydrogen loses pressure less over long distances than natural gas, needing
input pressures of 2—3 MPa. However, risks like hydrogen embrittlement demand the development of
advanced materials capable of withstanding such challenges. Hydrogen can migrate into metal pipe
walls, causing material failure through two mechanisms: degradation in heat-affected zones (HAZ)
and the growth of fatigue cracks (FCP) in the pipe base material. Research suggests X70 steel is a
better material for mitigating these risks and recommends oxygen mixtures to limit embrittlement,
particularly for small-diameter pipes (<250 mm). Purity requirements necessitate purification
technologies like PSA, achieving hydrogen purity levels of 99.9999%.

Maritime transport is indispensable for intercontinental shipping. Compressed hydrogen
(CGH2) is economically viable over distances of several thousand kilometers, but liquid hydrogen
(LH2) offers higher volumetric density. LH2 shipping benefits from Europe’s LNG infrastructure, with
57 terminals operational by 2024. Evaporated hydrogen can fuel ships to minimize boil-off losses, as
demonstrated by the HySTRA project [4]. Alternative methods include ammonia and Liquid Organic
Hydrogen Carriers (LOHCs). Ammonia shipping is mature, with 38 exports and 88 import terminals
globally [5], but energy-intensive synthesis and cracking make it less attractive. LOHCs promise
easier handling but lack large-scale systems and require energy-intensive dehydrogenation.
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For smaller quantities transportation, compressed hydrogen in pressure vessels is simplest, with
Type III and IV vessels allowing capacities of 200—-1000 kg per truck at pressures of 20—50 MPa.
However, risks in road transport arise from hydrogen's flammability and high-pressure storage
requirements. Accidents could result in hazardous leaks, fire, or explosions, demanding stringent
safety protocols during transit. Cryogenic LH> tanks provide higher capacity (up to 4000 kg) and are
suitable for medium distances (>130 km), though boil-off and residual hydrogen remain challenges.
Despite these challenges, technologies like cryogenic tanks ensure that vented hydrogen can be
recycled back to liquefaction plants, minimizing losses.

In addition to hydrogen-specific requirements, a holistic approach to hydrogen logistics must
address challenges in the supply chain, including regulatory issues, environmental impact,
technological advancements, and workforce training.

Regulatory challenges arise from varying standards between countries, complicating
international hydrogen transportation. Discrepancies in safety regulations, storage protocols, and
infrastructure requirements hinder global alignment. Different preferences for hydrogen sources and
classifications further exacerbate these issues.

Environmental impacts include hydrogen leakage, which can harm the ozone layer and
contribute to tropospheric ozone formation, adversely affecting air quality. Greenhouse gas emissions
during hydrogen transport and storage, specifically if fossil fuels are used in production, pose
significant concerns.

Technological advancements are vital for safer and more efficient hydrogen logistics.
Innovations in nanotechnology, advanced materials for storage, and methods like renewable-powered
electrolysis can minimize hydrogen’s ecological footprint. Enhanced leak detection and pressure
control systems further improve safety and reliability.

Training and education ensure the safe handling of hydrogen. Therefore, employees must
receive training in safety protocols. They need to be familiar with high-pressure systems and
cryogenic liquids. Emergency response procedures should also be part of their training. Regular
updates to training programs are essential. This is particularly important when implementing new
technologies. Maintaining safety standards and operational efficiency requires continuous education.

Conclusions. For decades, numerous authors, including the author of this paper, have
explored the environmental aspects of vehicle propulsion and tested various fuels and technologies.
While no single solution eliminates environmental impacts, electric vehicles (EVs) are currently
considered optimal. However, EVs relocate negative impacts on electricity production sites, lithium
mining areas, and battery manufacturing facilities. Recycling helps, though often driven by necessity
rather than economic benefits. Thus, EVs can only be a sustainable solution if electricity and batteries
are produced in environmentally friendly ways.

Hydrogen, meanwhile, is gaining renewed attention as a potential transitional energy carrier for
transportation. Although hydrogen boasts excellent energy properties, its logistics—f{rom production
to vehicle use—pose significant challenges. Nevertheless, analyses in sections 2 and 3 suggest that
these technological and organizational challenges are solvable, and hydrogen-powered transportation
is experiencing rapid growth.

Despite its promise, hydrogen remains costly and energy-intensive compared to fossil fuels.
The environmental benefit of hydrogen largely depends on the electricity source used in production.
Hydrogen production through surplus renewable energy, which would otherwise be wasted, is
particularly favorable.

Addressing regulatory, technological, and educational gaps is essential for hydrogen's success.
Harmonizing international standards, advancing materials and detection technologies, and providing
specialized training for hydrogen-safe handling are key steps forward.

Finally, improving transportation systems and vehicle utilization could significantly reduce
pollution caused by road transport which, although less impactful than industries like cement
production, thermal power plants, warfare, and wildfires, still contributes notably to environmental
degradation.
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BO3JYIIHBIE KOPUJIOPHI BYIYIIEIO: PA3SBUTHE I''TOBAJIBHOM
CETHU ABUAIIEPEBO30OK

Annomauun. B cmamve paccmampusaromes cospementvle meHOeHYUU pa3zeumus 2100a1bHOU cemu
asuanepeso3oK, GKUASL AHAIU3 HOBbIX MAPULPYMOE (MPAHCNONAPHBIX U IOHCHO-MUXOOKEAHCKUX) U
Ux e1uAHUe HA COKpAWeHue pemeni 00CMAeKU 2py306 mexcoy konmunenmamu. Ocoboe Humanue
VOENeHO UBMEHEHUI0 2PY30NOMOKA 6 YCI08USX POCMA INEeKMPOHHOU KOMMEPYUU U CE30HHBIX
KoneOaHull, a makodce peKoH@UIYpayuu Mapuipymos noo B030eticmeuem 2eonoaumuyecKux
Gaxkmopos. Ocobwvili akyeHm cOelan HA A0anmayurd OMpaciu K CAHKYUOHHBIM OCPAHUYEHUSIM,
BKIOYASL NOUCK ANIbIMEPHAMUBHBIX NOCMABUUKOS U pazeumue yu@dposvlx peuwtenul. Peanuzayus
NPEONONCEHHBIX Mep NO360AUN  NOBbICUMb  IPPEeKMUSHOCMb U YCMOUYUBOCb  ABUAYUOHHOU
JIOUCIUKU 8 YCTIOBUAX COBPEMEHHBIX 8bI30608.

Knrwuesvie cnosa: enobanvuas cemv nepeso3ok, ONMUMUZAYUS MAPULPYIOS, 2€ONONUMUYECKUE
PUCKU, MPAHCNONAPHBIIL U 10dcHO-muxookeanckutl mapupym, TMS (Total Management System).

Abstract. The article examines current trends in the development of the global air transportation
network, including the analysis of new routes (transpolar and South Pacific) and their impact on
reducing the time of cargo delivery between continents. Special attention is paid to the change in
cargo traffic in the context of the growth of e-commerce and seasonal fluctuations, as well as the
reconfiguration of routes under the influence of geopolitical factors. Special emphasis is placed on
adapting the industry to sanctions restrictions, including the search for alternative suppliers and the
development of digital solutions. The implementation of the proposed measures will improve the
efficiency and sustainability of aviation logistics in the face of modern challenges.

Keywords: Global transportation network, route optimization, geopolitical risks, technological
innovations, transpolar route, South Pacific route, TMS.
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