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ABSTRACT

Green hydrogen, produced via water
electrolysis powered by renewabl e energy sources,
is positioned as a critical energy carrier for
decarbonizing ““hard-to-abate” sectors where
direct electrification is unfeasible. These sectors
include heavy industry (e.g., steel, ammonia
production), long-haul transport, and long-
duration energy storage. Despiteitspotential, the
widespread deployment of a green hydrogen
economy isconstrained by threeprimary barriers:
Author (1) the high production cost compared to fossil-
Anita Sagar fuel-based ““grey” h_ydrogen,_(Z) the significant

challenges associated with storage and
E-mail : anitasagarcocs@gmail.com transportation infrastructure, and (3) low round-
trip efficiency in power-to-gas-to-power
applications. This paper reviewsthe current state
of green hydrogen, analyzing its baseline
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INTRODUCTION

Thegloba energy transitionisacce erating, with solar and wind power becoming the chegpest forms of
new el ectricity generationin history (IRENA, 2023). Whilethis progressisdriving therapid e ectrification of
passenger transport and residentia heating, asignificant portion of the global economy remainsdifficult to
decarbonize. “Hard-to-abate” sectors such as steel manufacturing, cement production, petrochemicals, maritime
shipping, and aviation rely on high-density, combustiblefuel sand cannot beeasily or economically el ectrified
(Davisetd., 2018).

Thiscreatesacritical rolefor aclean, chemical energy carrier. Hydrogen (H,) hasemerged asthe
leading candidate. However, not all hydrogen is clean. The vast majority of hydrogen produced today is “grey
hydrogen,” made from natural gas via steam-methane reforming (SMR), a process that emits large quantities
of CO,. “Blue hydrogen™ is a proposed intermediate step where SMR is paired with carbon capture and
storage (CCS).

The only truly climate-neutral pathway is “green hydrogen,” which is produced by splitting water (H,0)
into hydrogen and oxygen viaelectrolysis, using e ectricity from renewable sourceslike solar and wind (IEA,
2021). Thispaper reviewstheliterature on the green hydrogen economy. It establishesthebasdineapplications,
identifiestheformidable economic and technical barriersto itswidespread use, and discussesthecritical
modifications both technol ogical and systemic required to unlock itspotential asacornerstone of anet-zero
future.

Results and Discussion

Thisreview synthesizesfindingsfrom leading energy agencies, peer-reviewed journas, and industrial
reportsto build acomprehensive picture of the green hydrogen landscape.
1. Result: BaselineApplicationsand Target Sectors

Theliteratureidentifiesfour primary target applicationsfor green hydrogen, moving fromimmediateto
long-term potentid.

1. Indudtrial Feedstock: Themost immediate application isthe direct replacement of grey hydrogenin
exigingindustrial processes. Thelargest consumersareammonia(fertilizer) productionand petroleum
refining.

2. Heavy Industry: Green hydrogen can serve asaclean fuel and reducing agent for high-temperature
industrial heat. A key exampleisin steelmaking, using hydrogen-based Direct Reduced Iron (DRI) to
replace coking coal.

3. Long-Haul Transport: For sectors resistant to battery electrification (due to weight and range
requirements), hydrogenfud cellsareaviableaternative. Thisincludesheavy-duty trucking, maritime
shipping, and asaprecursor for synthetic sustainableaviation fuels(e-fuels).

4. Long-Duration Energy Sorage: Unlikebatteries, which are efficient for short-term storage (hours),
hydrogen can be stored in large quantitiesfor weeks or months, alowing for the seasond shifting of
energy (e.g., foring excesssummer solar for useinwinter).

Discussion: Thishierarchy of applicationsiscritical. Using green hydrogen to replace existing grey
hydrogen (Application 1) isthemost straightforward path, asthemarket and infrastructureaready exist. The
new applicationsin stedl (Application 2) and transport (Application 3) represent thelargest potentia for new
decarbonization. Conversdly, theuse of hydrogen for power generation (Application4) or in passenger vehicles
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iswidely discussed but facesimmense competition from batteries, which arefar moreefficient.

2. Reault: Identified BarrierstoWidespread Adoption

Thereview confirmsaconsensuson threeformidable barriersthat currently relegate green hydrogento
aniche, heavily subsidized market.

1. ProhibitiveProduction Cost: Green hydrogen’s cost ($3-$8/kg) is 2-4 times higher than that of grey
hydrogen ($1-$2/kg). Thiscost isdriven by two factors: the capita cost (CAPEX) of theedectrolyzers
and, most significantly, the cost of the massive amounts of renewable dectricity required to runthem
(Jdlich, 2020).

2. LowRound-Trip Efficiency: The “power-to-gas-to-power” cycle is inherently inefficient. The process
of electrolysisis~70-80% efficient, and converting the hydrogen back to el ectricity in afuel cel is
~50-60% efficient. Thecombined round-trip efficiency of 35-50% isdramatically lower than the~90%
round-trip efficiency of aLi-ion battery (Mallapragadaet al ., 2020).

3. Infrastructureand Storage Challenges: Hydrogenisthesmallest, lightest molecule. Itisdifficultto
storeand transport, requiring either high-pressurecompress on (350-700 bar) or liquefaction (cryogenic
cooling to-253°C), both of which are energy-intensive processes. It al so causes embrittlement in
exigting natural gas pipelines, precluding their easy reuse.

Discussion: Thesebarriersareinterconnected. Thelow round-trip efficiency (Barrier 2) meansthat
more renewabl e el ectricity is needed, which exacerbates the cost problem (Barrier 1). The storage and
trangport challenges (Barrier 3) makeit difficult to produce hydrogenin remote, high-sun/wind areasand ship
it to demand centers, further inflating thefinal delivered cost. Thissuggeststhat green hydrogen should be
reserved only for applicationswhereits chemica propertiesare essential, not for tasks (like grid balancing)
that batteries can perform moreefficiently.

3. Result: Key Modificationsto Enhance Viability

To overcomethesebarriers, theliterature pointsto two parallel streamsof innovation: technol ogical
modificationsto the production process and systemic modificationsto themarket structure.
3.1. Technological Modification: Advanced Electrolyzer Technology

The core of the cost and efficiency challengelieswith the electrolyzer. Thisreview identifies severa
innovationsamed at improving thiscoretechnol ogy.

> Alkaline(AEC) vs. PEM: MatureAlkaineElectrolyzers (AEC) are cheaper but lessflexible. Proton
Exchange Membrane (PEM) e ectrolyzersare moreexpensive (using precious metalslikeiridium) but
can ramp up and down quickly, making themided for pairingwith variable solar and wind.

» Anion ExchangeM embrane (AEM): This emerging modification seeks the “best of both worlds”
theflexibility of PEM without the need for precious metal's, promising asignificant cost reduction
(Sperlingetd., 2019).

» Solid Oxide(SOEC): Solid OxideElectrolyzer Cellsoperateat very high temperatures (>700McircC).
Thisisakey modification for industrid use, asthey can usewaste heat from stedl or chemical plantsas
an energy input, dramatically increasing their e ectrica efficiency and lowering the cost of hydrogen
production.

Discussion: Thistechnologica raceiscritical. Reducingthe CAPEX of dectrolyzer stacksand, most
importantly, improving their efficiency (i.e., theamount of e ectricity needed per kg of hydrogen) isthe most
direct way to tacklethe primary cost barrier.

3.2. Systemic Modification: Policy and “Hydrogen Hubs”

Thisreview findsthat technol ogy d oneisinsufficient. Systemic and market-based modificationsare
being deployed to create aviable market today.

»  Policy Levers. Governments are creating “demand-pull” by subsidizing production. The U.S. Inflation
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Reduction Act’s 45V tax credit, which provides up to $3/kg for clean hydrogen, is a prime example.

Thispolicy single-handedly makes green hydrogen cost-competitivewith grey hydrogen today.

»  The*“Hydrogen Hub” Model: Thismodd isadirect systemicresponseto theinfrastructure barrier
(Barrier 3). Instead of buildingacostly nationa pipelinenetwork, hubsco-locatelarge-sca erenewable
generation (e.g., agigawatt-scale solar farm) directly with alarge-scal e hydrogen consumer (e.g., a
steel mill, anammoniaplant, or aport for shipping).

Discussion: This “hub” model is a critical strategic modification. It bypassesthemost difficult and
expensi ve chalengelong-distance hydrogen transport. Thisstrongly suggeststhat thefuture of the hydrogen
economy will not beagloba commodity network likeail, but adecentralized seriesof regional, co-located
industrid ecosystems. Thepalicy levers, inturn, aredesigned to de-risk themassive capitd investment required
to build thesefirst-of-a-kind hubs.

CONCLUSIONS

Green hydrogen isapowerful and necessary tool for achieving anet-zero economy, but it isnot a
universal panacea. This review of the literature finds that its application must be strategic, targeted at “hard-
to-abate” sectors where direct electrification is not a viable option.

Theadoption of green hydrogeniscurrently constrained by fundamenta barriers: high production costs,
low round-trip €efficiency, and immenseinfrastructure challenges. The path to viability, therefore, requiresa
dual-pronged approach of “modification”:

1. Technological modificationsin electrolyzer technology (AEM, SOEC) are essential for improving
efficiency andlowering the capita cost of production.

2. Systemicmodifications, specifically Government subsidies (like the 45V credit) and the “hydrogen
hub” model, are critical for creating a bankable market and bypassing the prohibitive cost of transportation.

We concludethat the green hydrogen economy will not emerge organically from free-market forces
aone. It must be cultivated through targeted policy, strategic co-locati on of supply and demand, and sustained
innovationinitscore production technologies.
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