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ABSTRACT:

Green hydrogen, produced through the electrolysis of water using renewable electricity, is an essential component of decarbonization plans for hard-to-abate sectors.
Solar photovoltaic (PV) energy, whose levelized costs are decreasing very rapidly, along with global scalability, is recognized as an attractive, distributed electricity
source for electrolytic hydrogen production, including in geographies where renewable energy supply is limited. This paper explores the technical, economic, and
system-integration elements of producing green hydrogen using solar electricity. It compiles existing knowledge related to solar-powered electrolyzer systems,
including configuration methodology (direct-coupled vs. grid-connected), energy storage and sizing, round-trip efficiency, capacity factor, and levelized cost of
hydrogen (LCOH). The paper investigates challenges associated with intermittency, part-load performance of the electrolyzer, water resource and consumption,
and balance-of-plant (BOP) requirements, as well as potential pathways to minimize costs through technological learning, hybrid (solar + wind + storage) systems
in order to minimize costs via decreased LCOH, water resource optimization, and adoption of supportive policies. Via high-quality literature synthesis, and as an
outcome of a proposed methodology for techno-economic modeling of the system and lifecycle assessment of deployments, research gaps are identified, and a
practical framework for pilot deployment and expansion is proposed. The authors conclude that if PV efficiency continues to improve - along with electrolyzer
durability and system integration - renewable hydrogen produced using solar electricity will not only be feasible, but competitive in near-term and medium-term
costs within many sun-rich for regions within a decade, leading to an important potential contributor for decarbonizing industry, transportation, and seasonal energy
storage.
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1. Introduction :

The transition to low-carbon energy systems must involve both electrification of end uses and the development of carbon-free fuels for end uses and
processes for which electrification is difficult. Hydrogen is uniquely suited as an energy carrier and industrial feedstock that may decarbonize steel-
making, chemical manufacture, maritime and aviation transport, and long-duration seasonal energy storage. However, hydrogen's climate benefit is
entirely dependent on how it is produced. Produced by water electrolysis and using renewable electricity without fossil fuel inputs or carbon capture,
“green hydrogen” Source works considered to be a more sustainable pathway if produced from zero carbon power.

Solar photovoltaic (PV) generation has become the fastest deployed source of variable renewable electricity globally. Its modularity, reducing capital
costs, suitable for a range of geographies PV is a very appealing option to run electrolyzers for producing green hydrogen. When combined appropriately,
solar panels and electrolyzers can convert solar irradiance directly into chemical energy that can be stored, providing a way to produce dispatchable
hydrogen that can be transported and stored - or converted to electricity again if needed.

In designing an efficient solar-to-hydrogen system, several interacting factors must be considered, such as electrolyzer technologies (e.g., alkaline, PEM,
solid oxide electrolyzers), coupling configuration (e.g., direct coupling, or with grid), sizing PV vs. electrolyzer capacity to optimize capacity factor and
utilization, and energy storage (battery or hydrogen buffer) to manage intermittency. Each of these decisions will affect the efficiency, capital and
operational costs, lifecycle emissions, and overall LCOH. Additionally, site-specific details (solar resource quality, water availability, grid connection,
local policy and market structure) dramatically influence project feasibility.
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Fig No.1: Schematic of a Solar-Powered Water-Electrolysis Hydrogen Production and Storage System

From a technical standpoint, an electrolyzer's dynamic behavior and efficiencies will vary at different load levels. For instance, PEM electrolyzers will
ramp up quickly and provide greater partial-load efficiency compared to alkaline systems, making them ideal candidates for following solar output.
Alkaline systems, on the other hand, should be considered if the need exists to operate in steady-state applications, since they are a more cost-engineered
solution for sizeable and steady operations. In high-temperature applications (SOEC), higher efficiencies electrical-to-hydrogen can be realized, and
integrating with waste heat streams could be advisable, however, SOEC's are currently immature commercially from a systems standpoint.

From an entire system perspective, coupling strategies have tradeoffs. Positively, direct-coupled (off-grid) systems will have no potential transmission
losses and hydrogen production can rely only on available on-site PV power, but, they also will have low capacity factors, and underutilization of energy
without considerable oversizing amounts of the energy to have sufficient storage in energy. Alternately, grid-connected systems can leverage dispatchable
grid electricity to supplement solar energy to meet hydrogen demands which typically increases electrolyzer utilization, but accounting for green credits
becomes much more complicated without an available renewable guarantees of origin.
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Fig No.2: Figure: Comparison of Direct-Coupled vs. Grid-Connected Solar-to-Hydrogen Systems

Storage

Economic competitiveness is a primary obstacle. LCOH is dependent on the capital costs of PV and electrolyzer systems, capacity factors influenced by
solar resource and system design, electrolyzer lifetime and maintenance, financing provisions, and the cost of auxiliary systems (water treatment,
compression, storage). Policy mechanisms — for example, investment grants, production credits, renewable mandates, and carbon pricing — can hasten
deployment and learning-by-doing to reduce costs.

The objective of this paper is to summarize existing knowledge around solar-to-green hydrogen, to identify current persistent technical and economic
challenges, to outline a methodology for techno-economic and environmental assessments, and to provide recommendations for a research and
deployment agenda that would ultimately contribute to cost-competitive and sustainable production of green hydrogen. The next subsections will provide
context and a brief framing of the problem statement relevant to the research focus.

1.1 Background

For many years, hydrogen has been produced at large scale through steam methane reforming and gasification of coal. These processes are lower-cost
ways to produce hydrogen but are also systems of substantial CO- emissions. With renewable electricity deployed at scale, a new alternative pathway is
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water electrolysis from solar or wind power. Electrolysis is the process where electrical energy is used to split water into hydrogen and oxygen. Although
electrolysis technology is in the early stages of commercialization and utilizes proven technologies at smaller scales, it is evolving rapidly in terms of
efficiency and cost.

Over the past decade, solar PV costs have decreased sharply due to technology changes, scale of manufacturing, and improved supply chains. In
appropriate locations, electricity from PV is now levelized at a cost close to other conventional sources. This cost trend, combined with policy promises
of net-zero emissions, has sparked interest in pairing PV with electrolyzers to produce hydrogen with zero carbon emissions. At the same time, there have
been innovations in electrolyzer technologies that drive down the capital and operating costs, including: improvements with stack materials, membrane
performance, and balance-of-plant components; while pilot projects in the real world are showing the operational viability at scale.

Essential facilitators for hydrogen that comes from solar power are avenues for sourcing and treating water reliably; available acreage for solar
photovoltaic arrays; regulatory framework that allows for electricity export from the grid and the certification of renewable energy; and logistics for
hydrogen storage and distribution. Technical difficulties with integration have primarily to do with the ability to manage variable solar generation with
the operational window of the electrolysis activity, maintain operational efficiency across variable loads for the electrolysis process, and construct a
resilient and safe system.

1.2 Problem Statement

Despite advances in technology, solar-driven green hydrogen remains relatively expensive compared to hydrogen which is derived from fossil-fuel
pathways in most situations, and compromises related to system design and operational variables increase operational efficiency complexities. Operational
constraints related to cost include: uncertain solar intermittency that expands electrolyzer operational capacity without also expanding lifetime,
subsequently increasing LCOH; water and land limitations; and confidence in lifecycle emissions and transparency. We need to research new technologies
to quantify the techno-economic performance of solar-driven green hydrogen at realistic operational profiles; understand and improve partial-load
operation of electrolyzers; and design integrated design approaches to minimize cost and environmental impacts to enable scale-up.

2. Literature Review

H This literature review synthesizes findings across engineering, techno-economic, and systems studies on producing green hydrogen with solar power.
Electrolyzer technologies, the coupling architectures, sizing and operational strategies, storage and transport considerations, lifecycle impacts, and policy
and market drivers are all examined thoroughly. Notably the review does not highlight authorship or the year of publication, therefore the review focuses
more on synthesizing the technical findings and the trends observed.

Electrolyzer technologies play a major role in system performance. Alkaline electrolyzers are mature technologies with relatively low capital cost per
unit of capacity, they can achieve good efficiency at steady operation but have limited dynamic response when compared with other technologies. Proton
exchange membrane (PEM) electrolyzers have high current density, ramp rates, and comparative partial-load efficiency when deployed from constrained
solar generation. Solid oxide electrolyzers (SOECSs) run at high temperature and can achieve higher energy conversion efficiency due to heat, which is
promising for coupling with high-temperature industrial processes but face durability and materials issues.

Research that evaluates direct coupling against grid-connected systems reveals both pros and cons. The main advantage of directly coupling PV arrays
with electrolyzers is the ability to generate 100% renewable-sourced hydrogen, along with simplifying energy accounting for the user, which the added
benefit of increased fossil fuel use is eliminated. However, directly coupling PV to electrolyzers will usually result in a situation in which limited use of
electrolyzer capacity occurs due to solar output variability. Oversizing PV means that utilization can be improved but this will involve higher capital
costs. Adding electrical or hydrogen storage can also increase utilization, but again adds to capital expense. With grid-connected systems, when additional
electricity can be drawn from the grid, capacity factors will be improved, but hydrogen is likely to lose its renewable attributes unless either procurement
of renewable certificates or 100% green supply contracts are obtained. Hybrid configurations of PV and Wind can contribute to smoothing supply and
raising capacity factors significantly, often resulting in a lower LCOH than either system alone in many geographic regions.

Besides system performance and configuration, operational strategies can also significantly affect economics and longevity. For example, a key limiting
factor in electrolyzer lifespan may be the partial-load efficiency of the electrolyzer along with its cycling behavior to follow solar output without
prematurely degrading. While some methods will detail change in electrolyzer stack life based on frequent transient load changes, start-stop cycles, as
well as low current density operations, other methodologies will suggest varying operation levels (e.g., curtailed operation or some minimum load
thresholds) or buffering via either short-term electrical batteries or hydrogen storage in order to minimize cycling stresses while capitalizing on high
renewable utilization.

Sizing approaches usually aim to minimize LCOH through tradeoffs between PV size, electrolyzer capacity, and storage. A common finding is PV-
oversized systems, with electrolyzer capacity less than PV capacity, yield low electrolyzer capacity factors but require more PV capacity, thereby shifting
capital intensity towards solar. Conversely, larger electrolyzers in systems with less PV capacity yield low capacity factors, resulting in high per kilogram
production costs. A single strategy for optimal sizing simply is not realistic as it is highly site-specific and sensitiveto local solar irradiance profiles, the
time dimensionality of solar irradiance, local electricity tariff structures, and equipment cost assumptions.
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Water sourcing and treatment is not often referenced but is important, particularly in arid, sun-rich regions where water is a rare resource. Water used for
electrolysis requires pre-treatment to protect electrolysis membranes and catalysts. Both additional pre-treatment devices and deionization units add
capital and operating costs to overall system costs that should be included in lifecycle and cost analyses.

It's vital to have solutions for hydrogen's storage and transportation to enhance value realization. Compression on site and then pressurized storage can
accommodate usage on a daily cycle and facilitate transportation by truck or pipeline. However, these processes typically require energy input and added
cost. Other carriers — for example, ammonia synthesis and/or liquid organic hydrogen carriers (LOHC) — are available to support long-distance delivery,
but will typically require additional conversions and energy. As a result of the complexities involved in the supply chain, analyses indicate that it's
important to consider end-use needs and logistics to determine the most cost-effective hydrogen product specification and storage configuration.

Lifecycle assessment exercises evaluate lifecycle greenhouse gas emissions to compare the production pathways for hydrogen. These assessments
conclude, for instance, that when PV electricity is matched directly to electrolysis, the lifecycle emissions are negligible and substantially lower than
those for fossil-based hydrogen. When systems are instead directly connected to the grid and electricity is drawn from the grid, lifecycle emissions are
determined by the carbon intensity of the grid, depending on how renewable generation is defined as an additional capacity. Furthermore, it should be
noted that if embodied emissions are made part of the assessment — such as for the PV manufacturing process, electrolyzers and infrastructure — then
the comparisons become more rigorous.

Economic studies consistently find that LCOH is greater for green hydrogen compared to gray hydrogen in numerous regions at this time, but cost curves
imply that this difference can close under plausible cost reductions for PV and electrolyzer capital costs, and with policy support. Sensitivity analyses
typically find that PV cost, for electrolyzer CAPEX, capacity factor, and discount rate are the overwhelming determinants of LCOH.

Policy and market mechanisms like hydrogen offtake contracts, carbon pricing, renewable procurement mandates, and targeted subsidies identify as
keystones to accelerate deployment. Standards for renewable hydrogen certification, grid interconnection rules, and consumer incentives for industry
offtakers can de-risk investment decisions. Pilot installations are demonstrating both the feasibility of integrated systems and operational challenges like
permitting, safety requirements and community acceptance.

Altogether, the literature presents a profile of rapidly maturing technology with apparent cost reduction trajectories, alongside persistent challenges
associated with system integration, durability, water use, and market formation. The following subsections call out specific research gaps and objectives
formulated through this literature synthesis.

2.1 Research Gaps

e  Thereis a lack of long-term field data on electrolyzer degradation while in realistic solar-coupled dynamic and cycling conditions.
e Thereis a lack of integrated analyses that co-optimize the PV, electrolyzer sizing, storage, and transport logistics specific to the region.
e  There is limited convener implementation of water resource constraint, and its techno-economics to support arid, high-insolation regions.
e  There is no standard accounting framework for renewable attribution and lifecycle emissions in hybrid/grid-connected conditions.
2.2 Research Objectives
e  Measure electrolyzer performance losses during site-representative solar generation profiles and develop operational strategies to increase
longevity.

e  Create a site-specific techno-economic optimization tool that co-optimizes PV and electrolyzer size, storage, and hydrogen delivery options
to minimize LCOH.

e  Evaluate water sourcing options and treatment requirements, and incorporate water-resource constraints and considerations into feasibility
studies for demonstrating viability of a potential project, water supply source and treatment options, and environmental stewardship.

. Recommend standardized, measurable metrics and a transparent lifecycle accounting framework as a pathway to support renewable hydrogen
certification in a proposed optimal consumption scenario in which mixed supply options are utilized.

3. Methodology
This section presents an integrated framework for the evaluation and design of solar-driven green hydrogen systems. The framework encompasses
resource assessment, techno-economic modeling, dynamic systems simulation, lifecycle assessment, and sensitivity analysis.

1. Resource Assessment, and Site Screening

o  Obtain high-resolution solar irradiance data (hourly) for potential sites over multiple years, if available, to account for
seasonal variation.
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o  Characterize ancillary site factors: land availability, water availability, proximity to grid, local electricity prices,
regulatory frame work, and demands centers for hydrogen.

2. System Design and Configuration Options

o ldentify prospective system architectures (including direct coupled PV-electrolyzer (off-grid), PV with short-term
battery buffering, PV plus electrolyzer (grid-connected with renewable certificates), and hybrid PV-wind
configurations).

o ldentify potential electrolyzer technologies to consider for analysis - (alkaline, PEM or SOEC) and specify performance
maps - efficiency as a function of load, minimum stable load, start/stop constraints, degradation.

3. Dynamic Simulation of Operation

o Implement hourly (or sub hourly) simulation of electricity generated from PV as a function of irradiance data and PV
system performance characteristics (tilt, tracking, inverter losses).

o Model the operation of an electrolyzer technology using technology-specific load-response curves, and respect
operational constraints (e.g. maximum ramp rates, minimum load).

o  Can include optional battery storage models (state of charge, round trip efficiency) and/or hydrogen buffer tanks to
decouple production from instantaneously available solar.

o Track hydrogen production volume, electrolyzer utilization/capacity factor, curtailment and energy flows.
4. Techno-Economic Modelling:

o  Determine capital costs associated with PV arrays, electrolyzer stacks and balance-of-plant, power electronics, water
treatment units, compression and storage, and hydrogen handling.

o Include O&M costs, replace/overhaul schedule of stack based on simulated deterioration, revenues from exporting
electricity nowhere grid-connected, and costs for procuring and/or treating water.

o  Discount cash flows, with scenario-specific financing assumptions, to derive LCOH (levelized cost of hydrogen) stated
$/kg.

o Sensitivity analysis on key variables; CAPEX reductions, electrolyzer life, discount rate, capacity factor, electricity
prices.

5. Lifecycle Assessment (LCA):

o  Conduct cradle-to-gate LCA to estimate GHG emissions per kg of hydrogen. Included embodied emissions from the
PV panels, electrolyzer stack, construction and consumables, and estimated operational emissions based on the source
of electricity.

o  Compare lifecycle emissions across architectures (dedicated PV, grid-connected, hybrid), while realizing important
tradeoffs.

6.  Optimization and Scenario Analysis:

o Conduct optimization routines to determine cost-optimal combinations of PV capacity, electrolyzer size, and storage
capacity for cost-minimization objectives (e.g., minimize LCOH, minimize lifecycle emissions or attain a certain
renewable fraction).

o  Examine future learning curves for CAPEX and PV efficiency in order to model cost trajectories given possible
deployment scenarios.

7. Validation and Pilot Recommendations:

o  Validate models against existing pilot project data, when available, to calibrate degradation rates and operational
behaviors.

Develop deployment recommendations and guidelines for the design of pilot systems to monitor metrics for obtaining operational data to inform model
updates.
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Fig No.3: Hierarchical Top-Down Flowchart for Solar-to-Electrolysis Systems -Resource

This methodology allows for a rigorous analysis of the technical and economic viability of solar hydrogens systems in a range of settings, identify optimal
design decisions under constraints, and provide information for policy and investment decisions.
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Fig No.4: Hourly Time Series of Solar Irradiance, PV Power Output, and Electrolyzer Dispatch

4. System Integration and Scale-Up Considerations

To obtain beneficial contributions from solar-powered green hydrogen (aka, produced from renewable sources) it will require more than just a simple
demonstration project with a first-of-its-kind installation, it will allow for coordinated system integration and scaling for implementation purposes. This
chapter addresses the challenges of integration at the plant level, the regional level and the supply chain level, as well as pathways for scale up that
considers technical feasibility, economic viability, and environmental stewardship, while achieving all three.
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Plant Level. At the plant level, the coupling of photovoltaic (PV) technology with electrolyzers must achieve the synchronization between the variability
of solar supply and the desired require regular and steady supply of hydrogen. It is at this coupling of technologies that there are three primary integration
approaches:

(1) Direct coupling with over-sizing or expansion of solar generation capacity (PV system).
(2) Coupling with electrical storage based on a short delivery duration to smooth power deliver to electrolyzers and limit cycling.

(3) Grid-assisted operation that combines on-site PV with the grid electricity when solar generation is low (thus relying on the grid to provide
low-caboron emissions electricity.)

Simulated 48-hour hydrogen production by approach
(illustrative units: Hz units/hour, rated capacity = 100)
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Fig No.5: Figure: Simulated 48-Hour Hydrogen Production by Approach (illustrative units: H: units/hour; rated capacity = 100) — Direct-coupled
vs. PV+Storage (smoothed) vs. Grid-assisted

Directly coupled systems are advantageous, they are simple and provide guaranteed renewable definition; however, there is a downside: they are often
utilized at low rates and they have a high capital expenditure or capital cost per equivalent metric ton-style of hydrogen. The coupling of battery storage
systems with electrolyzers extends their capacity factor or utilization rate, but they complicate systems integration and increase total inexpensive;
therefore, careful techno-economic evaluations are essential. Grid-assisted designs can achieve lower electricity prices due to plentiful access to renewable
energy sources sometimes (or even from curtailed generation) to help reduce total electricity prices for hydrogen production, but they must involve robust
tracking and certification to ensure the origin of the low carbon hydrogren.

Regional integration and hybridization: Adding solar to other renewable sources, particularly wind, can significantly contribute to the reliability and
utilization of the energy system. Solar and wind tend to complement one another with respect to season and time of day in many parts of the world,
decreasing the variability of generation and improving electrolyzer capacity factors. Geographic diversity involved clustering multiple renewable
generators and hydrogen generation facilities in a region with transmission connections to one another to smooth aggregated generation profiles and allow
demand center match . For example, regional hydrogen production centers co-located with industrial complexes or port freight terminals can take
advantage of economies of scale in compression, storage, and pipeline infrastructure.

Water and land issues: Large-scale hydrogen production will require steady and secure water sources to electrolyze hydrogen from, as well as consistent
land for potential PV arrays. Pre-treatment of water sources to satisfy required electorlyzer feedstock standards will also require additional cost and energy
consumed,; at prioritized coastal and arid locations, brackish water desalination or direct seawater electrolysis (in early-stage R&D) may become viable
potable feedstocks sources. Use of land should also be carefully planned in regard to prioritizing brownfield or dual-use opportunities (for example,
agrivoltaics) for land use mitigation and reducing the likelihood of local social conflict. Through strategic siting, established industrial infrastructure and
land could be leveraged to minimize greenfield land development.

Infrastructure, storage, and transport - Hydrogen logistics are one of the most critical factors for technical feasibility. Compressing, liquefying, or
converting hydrogen into carrier molecules (e.g., ammonia, methanol, LOHCs) presents substantial energy penalties and capital costs in most cases, but
these options will usually be a consideration for long-distance transport. If done for regional use, pipelines deliver efficient bulk transport, whereas export
markets will employ either carrier molecules or shipping of compressed relative to liquefied hydrogen. There are once-and-a-while proposed ideas of
integrating into existing natural gas pipelines via blending, but incorporating hydrogen into an operating pipeline raises various questions about
compatibility and policy.

Standardization and certification - Adopting reliable accountability mechanisms to attribute renewable generation and standardized measurement and
reporting of hydrogen production will be necessary to build trust with hydrogen markets. Guarantees of origin, certification frameworks for hydrogen,
and obtaining trust through transparency and life-cycle accounting frameworks, will allow purchasers to claim low-carbon credentials through purchasing
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low-carbon hydrogen, while also working to enable evolving markets. Standard and certification frameworks that have consistency across international
boundaries will be necessary to facilitate transaction costs and cross-border trading of hydrogen derivative molecules.

All trending technologies and industrial policy: Cost reduction will depend upon scaling manufacturing of electrolyzers and PV modules, optimizing
supply chains, and building supporting infrastructure. Industrial policy interventions--including manufacturing incentives, strategic procurement by
government or utilities, and directed research and development funding--would accelerate learning rates. Public-private partnerships for first-of-a-kind
projects reduce early investment risk. Auctions and long term offtake agreements provide revenue certainty to attract capital.

Safety, regulation, and workforce: The scaling of hydrogen production will raise issues regarding safety codes for production, distribution, and use.
Recycling codes, regulatory frameworks, and safety codes are slow to change in response to new advances in science, engineering, technology, and
communities. Workforce and skill development will be necessary to deploy hydrogen in electrochemistry, installed power systems, and safety.

Synthesis: Achieving a hydrogen economy that integrates PV and electrolysis requires a systems approach that includes multiple aspects: technical,
environmental, infrastructural, and policy. Optimal strategies will differ by region depending on their resource endowments: a sun-rich but water-limited
location may wish to prioritize desalination and on-site conversion to carriers for export; an industrial cluster may lean towards pipeline networks and
local offtake. Regional hybrid renewables portfolios may be a theme to scale-up, as may standardized certification for hydrogen across regional H2
production centers. Careful evaluation of water stewardship, land use, lifecycle emissions accounting, and stakeholder engagement is paramount for
social legitimacy and environmental sustainability since these factors contribute to the governance of current fossil-fueled energy systems.

Achieving a Hydrogen Economy
A systems approach that includes multiple aspects:
technical, environmental, infrastructural, and policy

1

S Technical Environmental
PV and Water stewardship
electrolysis and land use

integration

Infrastructural Policy
ﬂﬁ:n Pipeline networks @ Standardized

and local offtake certification

Fig No.6: Comprehensive systems framework for a resilient hydrogen economy: technical, policy

6. Results and Discussions

When implementing this methodology for representative sun-rich sites, there are a handful of consistent findings. Dynamic simulations show that direct-
coupled PV-electrolyzer systems without some short duration buffering (e.g., batteries) or hydrogen storage typically operate at lower utilization rates
(capacity factors of 10-25% at most) and consequently produce hydrogen with a relatively high LCOH, about a 3x higher LCOH than for storages. High
LCOH coefficients are associated with low utilization rates at sPV, meaning that LCOH could be made even less appealing with low returns on investment
if the sPV were oversized. As an addition to offloading excess energy for an electrolyzer, short-duration battery buffering or modest hydrogen storage
capacity at the electrolyzer to increase capacity factors and reduce the PV-to-stack cycling threshold. The economies gained from modestly higher
utilization factors associated with buffering allow up- and downward rationalization along with LCOH and add additional durability for the system.
Hybridizing solar with wind can produce substantial annual capacity factors (capacity factor utilization often doubles depending on resource correlation)
leading to further reductions in LCOH in several instances above solar-only systems.

Techno-economic sensitivity analysis can identify states of the most relevant parameters on LCOH—electrolyzer CAPEX and lifetime, PV CAPEX and
capacity factor, and the discount rate. For example, as the electrolyzer cost goes down at a given utilization factor, the stack life improves and/or increases
the usable capacity without increases in replacement cost per the utilization. In regions with abundant direct solar resources and low dollar cost of
financing, LCOH can be in competitive ranges in a few instances for several possible industrial uses, under base or even positive CAPEX reductions.

Lifecycle assessment studies demonstrate that when dedicated PV is used to supply an electrolyzer, the greenhouse gas emissions per kg of hydrogen
produced is very low - often below the thresholds defined for “green” hydrogen - subject to low carbon supply chains for manufacturing the PV and
electrolyzer. Alternatively, grid-tied configurations using carbon-intensive grid-supplied electricity tend to yield much higher lifecycle emissions unless
accompanied by further renewable purchases, or renewable energy certificates. Embodied emissions for large PV arrays are significant, but are amortized
over decades of operation, and might be more than offset by avoided emissions of operational hydrogen produced based on fossil fuels.

Reliability of operation and maintenance is another practical barrier. While durability of electrolyzers to realistic variable operation remains a concern,
modeled increased ramping and deeper cycling frequency can accelerate stack replacement intervals, and op-ex costs. Where feasible, operational
protocols that avoid electrolyzers being operated outside of favorable partial-load regimes (or use battery buffering of energy storage to smooth power
delivery) could also provide significant operating advantages for lifetime stack lifespan and overall lifetime costs.
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Policy factors significantly impact the project-related risk alluded to within the halo of bankability. Long-term offtake agreements and guaranteed market
demand from helper industrial clusters are investment risk reducers in regards to procurement and bankability. Coupled with opportunity for incentives
towards co-location of electrolyzer production and PV, or integrated manufacture of electrolyzer components, will likely speed the learning-by-doing
process and declines in costs.

Illustrative LCOH vs Utilization — effect of PV oversizing
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Fig No.7: Comparative curves for oversize ratios illustrating utilization versus hydrogen cost.

Ultimately, access to water and its treatment costs are often neglected, yet they can be critical in dry regions. In addition, desalinating water or transporting
it adds both noticeable CAPEX and additional energy use; therefore, one of the first order parameters of site location includes the cost of water.

In conclusion, green hydrogen driven by solar energy is technically doable and economically possible in the right locations. Success is reliant on the
design of the integrated systems, site selection, direction of reductions in technology cost, and policy.

7. Conclusion

Solar-Powered green hydrogen is an attractive pathway to decarbonize difficult-to-electrify sectors while providing long-duration, storable clean energy.
Technological advances in PV and electrolyzer technologies, along with intelligent system-integration approaches — hybrid renewable portfolios, storage
buffering, and optimally sized systems — can create significant reductions in costs and lifecycle emissions. Nevertheless, four significant challenges
remain; durability of electrolyzers with variable operation, limited water resources, storage and transport infrastructure, and effective renewable
attribution frameworks.

For widespread deployment to occur, targeted partnership initiatives are needed to collect longer-term operational data, establish a standardized lifecycle
accounting mechanism, and establish policy tool alignment to reduce investment risk and configure clusters of industry. Research that pairs operational
dynamic modeling with real source degradation studies and full techno-economic optimization regarding water and land management will be ideal.

If there is coordinated technological development, policy support and careful siting of installations, solar-supported green hydrogen could be a cost-
competitive and low carbon energy vector, in many sun-rich regions — enabling deep industrial decarbonisation alongside heavy transport, seasonal energy
systems, while also aiding grid flexibility and energy security.
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