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Problem Statement System Boundary ol trip efficiency (RTE) at a fixed

electricity price of 9 cents/kWh found
that hydrogen fuel cells (HFC) reach
cost parity with lithium-ion batteries

The accelerating global shift toward renewable energy il I o T — " (LIB) at about 62% RTE, while
poses significant challenges for ensuring reliable and — hydrogen-argon internal
continuous power supply, given the variability of sources _ ;(;22%5;'?2:;9&2;((“;53 d%iﬁsat
like solar and wind. Rapid growth in electricity demand - quide R&D by highlighting e'?ﬂciency
underscores the urgent need for effective, scalable energy - Te e e e s e« n o w s targets needed for competitive
storage solutions to stabilize grids and prevent economic — N | energy storage costs.
inefficiencies. However, energy storage technologies face S e e k.l e
unresolved economic, environmental, and technical

barriers , raising concerns over integration, raw material /“

sustainability, and end-of-life waste management. =

e CO2e [kg]
=9

=
2 3.0E+08

Cumu

2.0E+08

Research Question

1.0E+08

Results & Interpretation

0.0E+00 E
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 0 1000 2000 3000 4000 5000 6000 7000
Stored Energy Delivered [GWh] Stored Energy Delivered [GWh]

12 14 16 18 20 22 24 26 28 30 0 2 - 6 8 10 12 14 16 18 20 22 24 26 28 30
Asset Age [years] Asset Age [years]

8000 9000 10000 11000

Which energy storage technology offers the most
environmentally sustainable and cost-effective solution for
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J 300000000 fuel cells and lithium-ion . surpasses LIB emissions after ~20
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S 200000000 to material intensity, especially maintain lower emissions long-term.

To quantify the Levelized Cost of Storage (LCoS) for 2150000000 wce:  Platinum-group metals and S iie————————"""""  Emissions for all technologies rise
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. except in hydrogen-based S e 0 00 s|lower cumulative emissions

To assess the life cycle greenhouse gas (GHG) emissions Hydrogen Avgon  Hydrogen Fuelcell Litium on battery - systems, where GWP depends B growth compared to hydrogen

and global warming potential (GWP) of each technology, Engine s Ty on hydrogen production systems reliant on electrolysis.

nsidering r material extraction. oroduction. and methods and system
consiaering raw material extraction, proauction, a efficiency.

operation, following a cradle-to-gate approach.

Conclusion

Lithium-ion batteries (LIB) have
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To provide practical recommendations for policymakers Energy Storage Technology the lowest levelized cost of
and industry stakeholders to make data-driven decisions Storage storage (LCoS), with balanced - e b b A : |
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This research project’s goal & objective align with the UN $0.292/kWh e T phase GHG emissions among the three energy storage
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due to low round-trip technologies studied. Operational emissions depen
19 oo 13 cor efficiencies, especially in fuel entirely on the carbon intensity of the input electricity and
EOKIRCTION ACTION Hydrogen Fuel Cell (HFC) cells (HFC), whereas HAICE's round-trip efficiency (RTE), with HAICE adding negligible
lower financial costs shift the . .. :
o burden further onto charain direct emissions. Hydrogen fuel cells (HFC) suffer from high
Lithium-ion Battery (LIB) ging . . o . .
expenses. construction emissions and low RTE. Lithium-ion batteries
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fixed electricity prices due to higher RTE, but optimized
HAICE can achieve lower LCoS, especially when electricity
prices are low or negative. HAICE also offers better
scalability compared to HFC, enhancing cost and
environmental feasibility in low-carbon systems.
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