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Abstract

Metal hydrides (MHs) are promising candidates for hydrogen storage due to their high volumetric
energy densities and safety features. Recent developments suggest hydride systems can cycle and
operate at pressures and temperatures favorable coupling with fuel cells for stationary long-
duration energy storage applications. In this study, we present a conceptual design of a metal
hydride-based storage system for backup power (0 to 20 MW supplied over 0 to 100 hours), and
benchmark system cost and performance. Leveraging experimental hydrogen absorption and
desorption data, we determine the uptake/release of hydrogen across likely pressure and
temperature conditions, and estimate the equipment power, upfront capital cost, levelized cost of
storage, land footprint, and energy density for a select number of metal hydrides and hypothetical
operation scenarios. Our findings indicate that hydride-based storage systems hold significant size
advantage in physical footprint, requiring up to 65% less land than the 170-bar compressed gas
storage options. Metal hydride systems can be cost competitive with 350-bar compressed gas
systems, with TiFeo.ssMno.os achieving $0.453/kWh and complex MH 2Mg(NHz)2-2.1LiH-0.1KH
achieving $0.383/kWh, compared to $0.397/kWh for 350 bar compressed gas in the base case
scenario. However, these advantages are sensitive to charging and discharging rate requirements,
operational cycles and material manufacturing prices. Extending charging times and increasing
operating cycles significantly reduce LCOS, especially for complex MHs, making them more
competitive for applications with slow charging and long duration energy storage needs. Key
strategies to further enhance the competitiveness of MHs include leveraging waste heat from fuel

cells, increasing hydrogen uptake, and achieving metal hydride production costs of US$10/kg.

Keywords: Hydrogen storage, energy storage, backup power, metal hydride, techno-economic
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Introduction

Ensuring a reliable power supply is essential for modern society. Power outages cost American
businesses around $150 billion annually, according to the U.S. Department of Energy'. The
increasing frequency and severity of these outages, driven by climate change, make reliable power
even more critical®. This is particularly true for essential infrastructures, such as health care and
data centers, where extended outages can disrupt medical operations, endanger public health, and
lead to substantial data loss and security breaches. To address these challenges and ensure a
dependable energy supply, these facilities often rely on diesel or natural gas generators as backup

power’ >,

Hydrogen powered fuel cells are emerging as a highly promising low-carbon alternative to diesel
backup power generators, particularly when paired with on-site production of hydrogen using
renewable energy®. There are many ongoing research efforts focusing on developing hydrogen fuel
cell backup power systems in critical infrastructure applications’®. However, a significant
challenge that needs to be addressed is the requirement of long duration storage of energy or
hydrogen!® 3. Due to its low volumetric energy density, for backup power, hydrogen storage
systems are being proposed that rely on compression (170 bar to 350 bar) or cooling and
liquefaction (-253°C). Such systems are costly, and presently challenged by hydrogen leakage and
safety concerns'*!7. As an alternative storage technology, metal hydrides (MHs) can reversibly
store hydrogen in a solid state under moderate storage conditions'®. For large scale hydrogen
storage applications, such as backup power, MHs that store hydrogen at lower pressures offer a
safer and more efficient alternative to high-pressure compressed gas. They provide stable, long-

term storage with reduced risk of leakage '*2°.

Intermetallic and complex MHs are among the most studied materials for reversible hydrogen
storage applications'®. Intermetallic hydrides are formed by combining hydrogen atoms with
intermetallic compounds composed of two or more metals. The principle behind intermetallic
hydrides is that an alloy AxByH;, containing one element (A) that binds hydrogen strongly and
another (B) that binds it weakly, can exhibit hydrogen storage properties intermediate to those of
its constituent elements!”!. In practice, a limited number of intermetallic hydride structures, such
as those with AB, AB> or ABs crystal structures, are commonly proposed for hydrogen storage

applications??>. Complex MHs store hydrogen in a complex anion form bonded to a metallic cation,
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offering high hydrogen storage capacity!’. Despite their high volumetric energy density, recent
system-level performance of MH-based hydrogen storage have primarily focused on transportation
applications'®#~2%, Although there has been recent progress in developing these materials for
stationary long-duration energy storage applications, there is a notable lack of benchmarking key
material-level and system-level stationary storage performance targets for comparison with

incumbent systems such as compressed gas storage.

In this study, we present novel process designs for metal hydride-based hydrogen storage systems
used in backup power applications (0 to 20 MW) and demonstrate targets for materials
development. Our base case assumes a 10 MW 96-hour scale backup power system, representing
the power and energy necessary to support critical infrastructure such as hospitals or data centers?’.
We adapt and employ a techno-economic analysis (TEA) approach for material screening and
system evaluation developed previously for metal organic framework storage materials®’, in order
to benchmark promising candidate hydrides with adequate experimental absorption/desorption
data. From this data we calculate hydrogen uptake under various pressure and temperature
conditions in the tank and determine the tank size and balance of plant designs to supply necessary
heating, compression, and cooling. The results are benchmarked against 170- and 350-bar
compressed gas storage operating under the same end user cycling scenarios. Finally, we discuss
research gaps and offer a roadmap for material and system research that can further improve

viability of this critical infrastructure advancement.

Methods
Back-up power system and operation cycles

In our base case, we model metal hydride hydrogen storage systems coupled with co-located
electrolyzers and fuel cells sized to meet 10 MW backup power events lasting 96 hours®’. In other
words, the system can supply 10 MW power for 96 hours without recharging. The power scale,
discharge duration, hydrogen release efficiency and fuel cell efficiency determine the total
hydrogen storage requirement, with larger power scales or longer discharge durations necessitating
greater hydrogen storage capacity. For the base case, charging time is set to 96 hours. We also
analyze the effects of varying charging rates, including both fast and slow charging scenarios,

which will be discussed later. Figure 1a illustrates the base case process flow of a metal hydride-
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based hydrogen storage backup energy system. In this on-site stationary hydrogen backup system,
hydrogen is generated by alkaline water electrolyzer stacks and stored in metal hydride-packed
storage tanks. The storage system also includes ancillary facilities to manage cooling, compression,
and heating requirements during the charge and discharge cycles. Hydrogen is reconverted to
electricity via proton-exchanger membrane fuel cell stacks when needed. The operational cycle of
the storage system is shown in Figure 1d. Initially, the storage tanks are assumed to be at room
temperature. During the initial charging stage, the tanks are heated to the requisite temperature,
and hydrogen from the electrolyzer is compressed and passed into the tanks to reach stage (2).
During this phase, cooling of the gas and tanks is facilitated by coolants. After hydrogen absorption,
the tanks are sealed, allowing the system to cool to room temperature, thereby storing hydrogen
for extended periods. This design decision is based upon a cost comparison of ambient storage
with reheating versus warm storage with thermal insulation. We calculate the costs of these two
approaches: the first one is a stand-by mode, where after the charging, the system is allowed to
cool to room temperature. When hydrogen needs to be discharged, the tank is reheated to the
required operating temperature. The second approach involves maintaining the tank at a consistent
temperature between the charging and discharging processes through continuous heating and
insulation. The cost for these two methods is shown in Figure S6 As the number of charging and
discharging cycles increases, the time between these processes shortens, reducing the energy cost
required to maintain a constant temperature. However, the cost for the standby mode increases due
to the need for more frequent reheating. Despite this, the standby mode still proves to be less
expensive over the full cycle span, which is why we select it for further analysis. During periods
of hydrogen demand, the storage system is reheated to the same temperature, releasing hydrogen
from the tanks to the fuel cell stacks at 2 bar, reaching stage (3). Some hydrogen remains in the
tank due to the release efficiency of the hydride materials. During this release, heat is supplied to
maintain the temperature necessary for hydrogen desorption (AHges). Following each discharge
process, hydrogen for the next cycle is immediately recharged to the initial stage (1) as shown in
Figure Ic. In the base case scenario, we assume 12 charge and discharge cycles per year,
corresponding to 1152 hours of annual power outage. The impact of the number of cycles is
investigated and will be discussed in the results. A higher number of cycles implies more frequent

use of the storage system, which could potentially reduce the system’s levelized cost of storage.
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Figure 1. (a) Process flow for the base case scenario of a MH-based hydrogen storage back-up
energy system, with main unit operations and system boundaries indicated by the dashed box. (b)
Process flow for the alternative scenario featuring both gas phase hydrogen and metal hydride
hydrogen storage; here, gas phase hydrogen initiates the fuel cell operation, which in turn provides
the waste heat required for the hydrogen desorption from the metal hydride. (c) Schematic diagram
illustrating the system cycles for charging, storing, discharging and recharging. (d) Overview of

the temperature and pressure conditions across various stages.

Additionally, we developed a process flow for an alternative scenario as shown in Figure 1b where
there is more gas-phase hydrogen in the storage tank. For certain intermetallic hydrides, if the
operating temperature remains below 80 °C, the heat from the fuel cell coolant is sufficient to
facilitate hydrogen desorption and reduce operational costs*'. In this setup, we oversize the storage
tanks to allow for 5 wt% gas phase hydrogen alongside hydrides in the storage tanks. The gas
phase hydrogen is released first to activate the fuel cells, whose waste heat, conveyed by a coolant

fluid, is then utilized to heat the metal hydride storage system for hydrogen desorption.
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Material selection and storage tank models

We select representative MHs and take experimental pressure-composition-temperature (PCT)
curves from the literature for AB (TiFe and TiFeo.ssMno.os)*?, AB2 (Tio,gszro,ost_55V0,45Feo.o9)3 3,
ABS5 (MnNisgFeo4)*® intermetallic hydrides and complex MH (2Mg(NHz),-2.1LiH-0.1KH)?4,
Intermetallic hydrides are based on an alloy composition, AxByH,, where the element(s) in A and
B respectively bind hydrogen strongly and weakly. This generally results in hydrogen storage
thermodynamic properties that represent an interpolation of the individual constituent elements'”.
Under typical hydrogen storage pressure/temperature swing constraints, intermetallic hydrides

generally have usable capacities less than 2 wt% hydrogen!”-*?

, although some high entropy alloys
exhibit saturation capacities exceeding 3% and hydrogen-to-metal ratios (H/M) exceeding 2333,
Common advantages of intermetallic MHs are rapid and reversible hydrogen charging and
discharging rates, high volumetric densities, and their operation at near-ambient temperatures and
low pressures®’. Complex hydrides exhibit significantly higher hydrogen gravimetric uptakes,
typically ranging from 4 to 14 wt% hydrogen®®. However, they are limited by slow kinetics,
requiring higher operating temperatures and pressures for effective use'>>7°, We determine the
usable hydrogen uptake from experimentally measured PCT curves, within a specific operating
pressure range and temperature, as shown in Figure S1. A 2-bar pressure limit during the desorption
is chosen to facilitate hydrogen flow from the storage tanks to the fuel cell stacks. We restrict the
storage pressure to less than 170 bar, which is set mainly to avoid using tanks other than Type |

storage tanks. We also obtained the material properties such as density, heat capacity, thermal

conductivity and absorption enthalpy from literature (Table S2).

The storage tank designed for the base case scenario includes a metal hydride bed and
cooling/heating tubes as shown in Figure S2a. During the hydrogen charging process, the metal
hydride generates heat, which must be effectively removed to facilitate continuous hydrogen
uptake. Conversely, during the discharging process, sufficient heat must be supplied to maintain
the necessary temperature. Coolant or heating steam is circulated through these tubes to facilitate
efficient heat transfer, thereby enhancing the charging and discharging kinetics. The number and
spacing of the cooling tubes within the tank are calculated using the adiabatic form of the metal
hydride acceptability envelope in cylindrical coordinates, a model previously developed by
Corgnale et al.*’. Based on the number of tubes, the internal diameter of the tank, and outer
dimensions of the storage tank can be estimated using the “Tankinator” model and “Design Tool”

7
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developed at Pacific Northwest National Laboratories®®*!*>. To fine-tune the parameters, we
integrate all codes into Python, rather than using the previously developed Excel Visual Basic for
Application code. To provide a comparison with the base case tank design, we also evaluated an
alternative tank configuration as depicted in Figure S2b. In this design, we assumed that an external
cooling tube surrounds the metal hydride bed. However, the limited contact surfaces necessitated
a smaller tank diameter to ensure adequate heat transfer between the tank and the coolant. Effects
of these two tank designs on the system performance are investigated and included in SI Note 1

and Figure S2c and S2d.

Key system-level assumptions in this analysis include first, the temperature dependence of the heat
capacity of MH and storage tanks is neglected. Second, the detailed internal mass and heat transfer
effects within the storage tanks are not considered. This includes complex interactions between
hydrogen gas and the storage medium, such as hydrogen diffusion and leakage, and the thermal
conductivity and heat capacity of MHs and storage tanks are assumed to remain constant,
independent of hydrogen concentration and temperature. Third, the kinetics of MHs are
acknowledged but not included in the TEA analysis. Lastly, heat exchange and insulation between
the ambient and the storage system are studied, but their cost is negligible and therefore not

included in the TEA analysis.

System-level performance and TEA

Based on the system boundary, operational cycles, material selection and tank design described
above, we conduct a critical analysis of the system-level performance of the MH hydrogen storage
system, focusing on energy density, footprint, and cost performance. The energy density is
calculated by dividing the energy released from each storage tank by the tank’s total volume. Using
the size of each tank, the total number of tanks and separation distance between tanks and the
overall storage system, we estimate the required footprint for the entire storage system. We then
analyze the LCOS of the MH hydrogen storage system by normalizing the capital investment and
operational costs over the system’s operating lifetime against the output power and comparing it
to compressed gas hydrogen storage systems. The power and energy required to size and compute
the capital and operation costs of various equipment are determined using an energy balance

method across the different operation stages®**}. Additional costs, such as maintenance, labor, land
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price, and direct and indirect cost, are also considered. More detailed cost factors are provided in
Table S5 with detailed TEA modeling available in SI Note 2. The effects of storage tank size on
LCOS, various methods of determining labor costs, and insulation considerations are presented in
Figure S3, S4 and S5, respectively. In addition to our base case scenario, we also investigate the
effects of charging rate, number of cycles, and power scales on LCOS, which will be discussed in
detail in the results section. The performance of MH-based hydrogen storage systems is compared
to conventional compressed gas hydrogen storage at 170 bar and 350 bar. In contrast, onboard
transportation applications use 700 bar pressure to maximize storage capacity, which requires
expensive high-pressure storage tanks that have yet to be demonstrated at large storage capacities**.
Therefore, such high-pressure storage is not considered for large stationary applications and is not

analyzed in this study.

Results and discussion
Performance of MH-based hydrogen storage

Figure 2 presents the system-level volumetric energy density and levelized cost of storage (LCOS)
for selected MHs compared to physical compressed gas hydrogen storage. Volumetric energy
density is defined as the amount of energy stored within the volume of a storage tank, with the
tank’s detailed design and calculations also provided in SI Note 1, Table S3 and Figure S2. The
LCOS represents the annualized equivalent of fixed capital investment and operational costs —
including energy, labor maintenance and other costs related to the stored hydrogen per year,
excluding the electrolysis and fuel cells. Calulations for these parameters are presented in SI Note
2. Figure 2a illustrates the performance of MHs under various operating temperatures and
pressures (denoted by different symbols and colors, respectively) in the base case scenario. All
MHs demonstrate a higher volumetric energy density than compressed gas, ranging from 1.2 to
2.5 times greater than 350 bar compressed gas, and 2.24 to 4.74 times greater than 170 bar
compressed gas storage system. This clearly shows the advantage of requiring smaller storage
footprint. For the LCOS, all intermetallic MHs exhibit a higher LCOS (ranging from $0.482/kWh
to $1.27/kWh depending on the operating conditions) compared to compressed gas systems.
Among the intermetallic MHs, TiFeo.gsMno.os at 328 K and 25 bar has the lowest cost ($0.453/kWh),

attributed to its combination of relatively high gravimetric capacity (1.84%), low absorption
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pressure (25 bar), moderate operating temperature (328 K) and mild absorption enthalpy (32.5
kJ/mol)*2. In contrast, the complex MH system (2Mg(NHz),-2.1LiH-0.1KH), under its optimal
operating conditions, has a slightly lower LCOS ($0.383/kWh to $0.395/kWh) than 350 bar
compressed gas ($0.397/kWh), primarily due to their higher hydrogen uptake, which reduces the
amount of MH required. The cost of MHs is a major component of the system cost, and a reduction
in MH price offsets the increased cost associated with more demanding operating conditions
(higher temperature, higher pressure and larger heat management needs) for complex MHs. It is
important to note that the system cost performance is highly sensitive to the actual cost of MHs,

which we have assumed to be $20/kg as the base case for all MHs.

Figure 2b shows the results for the second scenario, where an additional S5wt% gas-phase hydrogen
is stored in each tank to initiate fuel cells and the waste heat from fuel cells (80°C) is used to supply
the required heat during desorption for the intermetallic MHs. The storage costs are reduced,
bringing them closer to the LCOS of 350 bar compressed gas, and improving their economic
competitiveness. However, this approach involves a tradeoff, as the increased storage of gas-phase
hydrogen results in a decrease in system volumetric energy density. Among the systems,
TiFeo.3sMno o5 at 328 K and 25 bar achieves the lowest LCOS ($0.406/kWh) with a good balance
of volumetric energy density (0.646 kWh/L).

Figure 3a provides a comprehensive analysis of the LCOS cost breakdown for MHs and
compressed gas systems. The price of MHs is the main component of the capital cost for MH-
based hydrogen storage, whereas compressed gas incurs higher costs due to the use of Type 3 tanks
for 350 bar compressed gas. 2Mg(NH2)2-2.1LiH-0.1KH requires lower investment in the storage
material due to its third times higher hydrogen uptake compared to intermetallic MHs. In the 5 wt%
gas and waste heat scenario, similar trends are observed as in the base case, with a marginal impact
on overall costs due to the inclusion of external heat, which reduces the capital and operational
costs of the heater. Since the capital investments in equipment are related to the power they are
designed to provide, their costs become more economical when slower charging is allowed, as
presented in Figure 3b. This effect is more pronounced in complex MH case (purple line in Figure
3b), where cost for heat management constitutes a large portion of system costs. The required
storage space for MHs decreases notably with longer charging times (Figure 3c¢). This is because
the required number of coolant tubes inside each tank decreases with slower charging, leading to

a smaller tank size and an overall reduction in storage area. MH systems show a much smaller
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required storage area compared to the compressed gas system due to their high volumetric energy
density. While onshore plants may have sufficient land for large storage facilities, the price of
materials becomes an important factor; in contrast, for offshore applications or backup power in
high-land-cost urban areas, space is constrained, making compact storage more desirable'’.
Additionally, MHs require fewer storage tanks to provide the same power compared to compressed
gas, making installation, maintenance and infrastructure costs lower. Their smaller footprint also
enhances scalability and flexibility, making them ideal for diverse applications while minimizing
environment impact. The effects of annual operating cycles on LCOS are shown in Figure 3d.
Increasing the frequency of cycles reduces the capital cost per cycle (or per energy produced), as
the system is utilized more frequently, leading to a decrease in the marginal cost of capital—an
effect that enhances economic efficiency. With fewer cycles, the storage time between charging
and discharging is extended; for instance, one cycle per year implies storing hydrogen for 357 days
after charging, which characterizes long duration energy storage. In contrast, a higher number of
cycles means that hydrogen is stored for a shorter period before being discharged for energy
generation. Compared to 350-bar compressed hydrogen gas, intermetallic TiFeossMnoos has a
higher capital cost, resulting in a higher LCOS at low cycle frequencies. However, as the number
of cycles increases, the economies of scale come into play, leading to a sharper decrease in LCOS
for TiFeo.ssMno.05, narrowing the difference with 350-bar gas. 2Mg(NH2)2-2.1LiH-0.1KH, on the
other hand, have lower capital costs due to the reduced amount of MH required (Figure S9), but
they incur higher operational energy costs. While the lower capital costs keep the LCOS for
complex MH low at a small number of cycles, the impact of capital cost savings diminishes as the
number of cycles increases. In contrast, the higher operational costs do not benefit from increased
cycling. As a result, with further cycling, the operational costs eventually outweigh the capital
savings, potentially causing the LCOS for 2Mg(NH»),-2.1LiH-0.1KH to surpass that of the other
two methods. In summary, intermetallic MHs with higher capital costs due to the larger amount of
MH used are more favorable when the system is used frequently. In contrast, complex MH
2Mg(NH2)2-2.1LiH-0.1KH with lower MH costs are more competitive when the system is used

less frequently.
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Figure 2. Performance comparison between MHs and compressed gas hydrogen storage methods.
(a) Base case scenario: LCOS and volumetric energy density of MHs across various operating
temperatures and pressures, benchmarked against compressed gas storage. (b) Alternative scenario:
LCOS and volumetric energy density for intermetallic MHs storing 5 wt% of hydrogen in the gas
phase to initialize the fuel cell, with subsequent utilization of waste heat from fuel cells to drive

the discharge process. All cases assume 12 complete discharges per year.
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Figure 3. Cost breakdown of MHs and comparison with compressed gas hydrogen storage methods.

(a). LCOS breakdown for selected MHs hydrogen storage in two scenarios compared with

compressed gas hydrogen storage. ‘Others’ represents the direct and indirect costs such as
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installation cost, piping, contingency, legal and insurance, and site preparation. ‘O&M’ refers to
operation and maintenance. Error bar accounts for variations in labor cost ($25/hour to $60/hour)
and MH cost ($10/kg to $30/kg). (b) The effects of charging time on the LCOS for MHs and
compressed gas. The inset graph shows the effects of charging time on the LCOS breakdown for
the TiFeo.8sMno .05 base case scenario. (c) Effects of charging time on the required storage space for
MHs and compressed gas. (d) Effect of annual operating cycles on the LCOS for representative
MHs and 350-bar compressed hydrogen gas. The color gradient in the background highlights
different application focuses: orange represents long-duration, backup-focused applications, while
blue represents load optimization-focused applications requiring short-term storage between
charging and discharging. The black dashed vertical line indicates 12 annual cycles, corresponding

to the base case scenario.

Effects of material properties and future development targets

To better understand the effects of individual material properties on the overall LCOS, we
conducted a sensitivity analysis using a hypothetical MH system. We assume this MH has a
hydrogen uptake of 1.5 wt% at 333 K and 60 bar pressure, and a release efficiency of 90%
(resulting in a usable hydrogen release of 1.35 wt%). The enthalpy of hydrogen absorption is
assumed to be 30 kJ/mol. By varying each material property independently, while holding the
others constant, we calculate the resulting LCOS, as shown in Figure 4a to 4f. For instance, when
the operating pressure is varied from 20 bar to 100 bar, while maintaining the constant uptake and
power, the LCOS increases from 0.54 $/kWh to 0.58 $/kWh (Figure 4a), corresponding to an
incremental rate of 0.0005$/kWh per bar. This increase is primarily due to the higher costs
associated with the storage tank and the expenses of the compressor. Conversely, an increase in
hydrogen uptake decreases the LCOS, as it reduces the required amount of MH (Figure 4b) and
therefore costs in both the storage tank and related equipment. Packing porosity refers to the voids
between the MH particles when they are packed together. As shown in Figure 4c, the impact of
packing porosity on LCOS is minimal, as it only slightly raises the storage tank cost, which
represents a small fraction of the overall system cost. Economically, loosely packed MHs are
feasible as long as space constraints are not a significant concern, providing additional room for

MH expansion during hydrogen absorption.
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It is important to acknowledge that while this analysis isolates each parameter, many material
properties are correlated. For example, from the van’t Hoff equation, the absorption enthalpy is a
function of the equilibrium pressure and operating temperature, and materials with higher uptake
typically exhibit higher absorption enthalpy due to stronger metal-hydrogen bonding interactions®.
This analysis highlights the significance of each material property on the LCOS. For example, a
0.4 wt% increase in hydrogen uptake can reduce the LCOS by 0.09$/kWh. Even if achieving this
uptake requires higher operating temperatures or enthalpy, the overall cost reduction may still
justify the trade-off, as savings from increased uptake outweigh the additional costs. However, a
more detailed analysis of the relationship between uptake and enthalpy is needed in future work,
as understanding the rate at which enthalpy changes with uptake is critical for determining cost
trade-offs. Finally, material degradation also plays a critical role in LCOS, with better cyclability

and reduced degradation being crucial for economic feasibility (Figure 4e).

Figure 4g presents the potential for reducing the LCOS for the current MHs. The roadmap details
the storage system costs using TiFeo.8sMng.os under conditions of 328 K and 25 bar as the base case.
In this scenario, the cost is around 1.2 times higher than that of 350 bar compressed gas, and 1.6
times higher than 170 bar compressed gas. Cost reduction can be achieved through advancements
in material properties and engineering design, such as leveraging waste heat for enhanced thermal
management, improving material thermal conductivity, increasing hydrogen uptake and reducing
the cost of MHs. In the near term, known improvements in material manufacturing and the use of
low-cost raw material are expected to reduce MH costs. As noted in Figure 4g, by decreasing the
MH price to $10/kg, MH-based hydrogen storage could outperform 170 bar compressed gas in
LCOS.
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Figure 4. Effects of material properties on LCOS and material targets. (a-f) The panels
illustrate the effects of varying individual material properties on the LCOS and the corresponding
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roadmap for reducing LCOS of an H; storage system, starting from the base case of TiFeo.gsMno.os
under 328 K and 25 bar. The diagram highlights the reduction in LCOS achievable through various

methods and compares these results with compressed gas storage systems.
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System scalability

Hydrogen can be stored in a wide range of quantities, providing exceptional scalability as an
energy carrier for energy storage. This scalability makes hydrogen a particularly promising
solution for power supply, capable for meeting the needs of both small- and large-scale
applications. Figures 5a and 5b show the total hydrogen amount, and the corresponding MH
requirements as a function of power supply duration and power size. A system with a power size
of 5 MW or below is sufficient for supporting a small data center, whereas a power size between
5 MW and 20 MW would be suitable for a medium-sized data center. The power duration refers
to the time that the system can continuously supply energy; in our base case, we assumed 96 hours.
As power duration and size increases, more hydrogen needs to be stored, thereby necessitating a
greater amount of MH. However, as power size and duration further increase, MH-based storage
systems face significant limitations due to the escalating material requirements. For example,
providing 20 MW of power for 100 hours would require nearly 8,000 tons of intermetallic
TiFeo.ssMno.os MH , raising concerns about the feasibility of manufacturing such a large quantity.
In contrast, complex MH 2Mg(NHz)>-2.1LiH-0.1KH, with its higher hydrogen uptake, reduce the
required amount to be around 3,000 tons, making them more practical in material production and
large-scale backup power applications. For each power scale, we calculated the LCOS of
TiFeo.ssMno s at 328 K and 25 bar, as shown in Figure 5c. The LCOS remains relatively high for
smaller power sizes and shorter durations but decreases as both parameters increase. This
reduction in LCOS with larger power scales is primarily due to the realization of economies of
scale, where the capital cost of equipment is better distributed across the larger power output.
Additionally, we calculated the difference in LCOS between the TiFeossMno.os and 350-bar
compressed gas as presented in Figure 5d. Interesting, the trend in LCOS difference is not linear;
for smaller power sizes and shorter durations, the difference is significant, indicating that the
LCOS of MHs is much higher than that of 350-bar compressed gas. However, MHs are more
advantageous in medium to long durations (50 to 100 hours) and power sizes between 3.75 MW
and 16.25 MW (except for the 8.75 MW), where the LCOS difference is around $0.05/kWh. The
reason the difference in LCOS is not linear because, for different power scales, we assume equal
charging and discharging times (power durations). With the same charging time, increasing the
power scale requires a higher charging rate, which raises the system's LCOS. However, the

economies of scale work to reduce LCOS as the power scale increases. The combined effects of
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these two factors influence the overall LCOS. Since the impact of charging rate is non-linear and
more pronounced in MHs compared to compressed gas, the LCOS difference between the two
methods increases at certain points. Overall, these results suggest that while MH-based hydrogen
storage systems like TiFeo.ssMno.os offer potential benefits, especially for medium to long-duration
energy storage. However they face challenges for large-scale power applications over extended
durations due to the significant and unprecedented manufacturing volumes of hydrides needed to

satisfy market demands*®*’.
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Figure 5. Scalability of the hydrogen storage system. (a-b) Total stored hydrogen and required
MHs amounts as functions of power durations and power size, respectively. (c) LCOS for
TiFeo.8sMno.os at 328 K and 25 bar across various power scales. (d) LCOS difference between

TiFeo.8sMno.os at 328 K and 25 bar and a 350-bar compressed gas system.
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Uncertainties and future direction

In this study, we conducted a system-level cost analysis of MH-based hydrogen storage for backup
power applications and benchmarked it against the compressed gas method. Our results suggest
that MHs offer a compelling combination of high volumetric energy density and low operating
pressures compared to compressed gas hydrogen storage. These advantages not only reduce the
required footprint but also reduce the safety concerns and system complexity. Intermetallic MHs
could potentially achieve cost parity with 350 compressed gas in terms of LCOS when integrated
with external heat sources, such as waste heat from fuel cells. Additionally, allowing for a slower
charge rate could further decrease the LCOS and reduce the system footprint for MHs. Among all
the expenditures, the material cost of MHs is the most significant capital expense in the storage
system. Therefore, future advancements in MH technology - such as developing MHs with higher
uptakes, or using less expensive raw materials and enhanced manufacturing techniques- could
further reduce costs, making MHs even more competitive with compressed gas method. Beyond
evaluating the overall cost performance of this emerging technology, our study also identified key

limitations and critical areas for future research, as outlined below.

Our analysis is grounded in experimental measurements of PCT curves for hydrogen absorption
and desorption in MHs. Accurate measurements of hydrogen uptake and corresponding PCT
curves are important for assessing hydrogen capacity and heat enthalpy. However, variations in
hydrogen uptake variations can occur even with identical compositions due to factors such as
synthesis variations, impurities, phase separation and insufficient activation. Furthermore, scaling
up hydrogen storage introduces additional variations, as MHs synthesized on an industrial scale
may exhibit different hydrogen absorption properties compared to those synthesized in the

laboratory™.

For long duration hydrogen storage, which requires large amount of MH, standardizing industrial-
scale material synthesis and accurately quantifying hydrogen absorption performance are critical
areas for future research. In addition to experimental data, accurate simulation results can further
explore the potential of MHs in hydrogen storage. Unlike the extensive molecular simulations and
machine learning investigations of hydrogen uptake in physisorption-based metal organic
frameworks (MOFs)* 2, the complexity of hydrogen absorption by MH, encompassing

physisorption, chemisorption, diffusion, and phase transformations, is computationally expensive
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to simulate. Although ML has been used to predict hydrogen diffusion in MHs>?, hydride formation
enthalpy®*, thermodynamic stability®>> and phase diagrams>®, future research should target using
standardized experimental methods or computational simulations to generate sufficient data for
MH-based hydrogen storage. These data could then be employed to interpolate hydrogen

absorption performance using ML models.

The primary capital cost for MH-based hydrogen storage is attributed to the price of MHs. In this
study, we assumed a uniform price of $20/kg for all MHs tested, with error margin ranging from
$10/kg to $30/kg. However, this is a rough estimate, as different MHs generally have varying
prices. For example, AB and AB;-type hydrides can be cheaper than ABs hydrides based on the
cost of rare-earth elements. The price of MHs comprises two major components: raw material costs
and manufacturing costs. The raw material cost depends on the elements used; For instance, Mn,
Al, and Fe, Mg, Cr and Ti are relatively inexpensive, while Zr, Mo, W, Co and V are more
costly’”3¥. The manufacturing cost of MHs, which is highly dependent on synthesis methods and
production scale, remains underexplored®. A more detailed analysis of MH prices is crucial for
future research to provide a more accurate commercial potential assessment for MHs in hydrogen

storage.

Metal hydride reactions require efficient heat removal during the charging and heat supply during
discharging. Achieving this poses challenges due to the poor heat transfer characteristics of metal
hydride powders, which can potentially reduce the reaction rate. To mitigate this limitation, we
used a tank design to enhance heat transfer. In each tank, we calculated the required number of
coolant tubes to achieve the desired charging and discharging rate. Additionally, compaction of
powders into pellets or plates, supplemented with expanded natural graphite (ENG), is a common
method to improve thermal conductivity and packing density®® As shown in SI Note 4, adding
ENG can initially reduce the levelized cost of storage for LaNis MH. However, further increases
in ENG lead to higher costs due to the resulting decrease in volumetric energy density. Other
methods, such as tubes fins and aluminum foam have also been employed®®. The impact of these
methods on the thermal properties of MHs and their cost performance requires further investigation.
Moreover, we used the energy balance method to evaluate the total amount of heat that must be
supplied during the discharging, assuming the use of high temperature steam for heat transfer.
However, identifying the most efficient method for large-scale industrial heat transfer remains a
challenge to widespread application of MHs. In addition to the heat supply analyzed in this study,
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other potential sources for providing heat during discharge include combustion of a portion of the
hydrogen released from the storage material. As shown in SI Note 7, this approach would require
storing at least 20% more hydrogen to account for combustion needs. Moreover, the cold start
challenge must be addressed for this strategy to be effective. Although the overall LCOS was not
calculated for this scenario, it is clear that it would be higher than our base case, as a portion of the
stored hydrogen would not be available for electricity generation via fuel cells. However, this
approach could enable a self-sustained system without the need for external fuel or electricity.
Another theoretical solution involves storing the heat generated during the charging process (an
exothermic reaction) and reusing it during discharge. While promising, the technical feasibility of
this approach for large-scale hydrogen storage, especially for backup power applications with long
cycle durations, remains uncertain. The use of phase-change materials (PCM) has been studied for
storing heat®®®!, but the practicality of this approach, considering the massive amount of PCM

required and the associated energy costs, requires further investigation.

Additionally, the cyclability and degradation of MHs play vital roles in their competitiveness for
hydrogen storage applications. In this study, we estimated a requirement of 12 cycles per year,
totaling approximately 360 cycles over a 30-year lifespan. We postulated a 10% loss of storage
capacity for all MHs evaluated, based on limited information available in the literature (SI Note
3). This degradation rate, however, is likely to vary across different MH materials. Accurate
experimental testing of MH cyclability and degradation is important for evaluating system-level

cost performance.

Kinetics is another critical property that determines the practical application of MHs for hydrogen
storage. Intermetallic MHs tends to exhibit favorable thermodynamics and fast kinetics, whereas
lightweight hydrides and complex hydrides, which have high storage capacities, often have
suboptimal thermodynamics and slow kinetics®?. For long-duration hydrogen storage, rapid
hydrogen absorption is less critical compared to transportation applications, where refueling needs
to occur in minutes. The primary goal for stationary hydrogen storage is to safely store hydrogen
for extended periods while maximizing volumetric energy density. For MHs with sluggish kinetics,
multiple storage tanks can be charged and discharged simultaneously to meet the required
hydrogen input rate for fuel cells, allowing sufficient time for each tank to complete its cycle. Thus,
a detailed kinetic analysis was not included in this study and but should be considered in future
investigations of system-level storage costs. Extensive research has been conducted to improve
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absorption and desorption kinetics through alloying, nano-sizing, and catalysis at the laboratory
scale®?7%*. However, understanding how to scale up these promising MHs and their effects on cost

performance is important for future research.

Finally, for PEM electrolyzers, the H> outlet pressure is ~30 bar, which is sufficient to avoid the
need for a compressor in intermetallic MH-based hydrogen storage systems. The required inlet
pressure for a PEM fuel cell ranges from 2-5 bar, an achievable pressure level during desorption
from MH storage®”%. In this study, a desorption pressure limit of 2 bar was employed. However,
large-scale power storage systems may encounter significant pressure drops during hydrogen flow
through pipelines, adversely affecting system performance and increasing the LCOS. As detailed
in SI Note 5, increasing this limit to 5 bar to account for potential pressure drops results in a rise
in LCOS. The exact value of pressure drops and potential hydrogen loss during dispensing depends
on the coupling of the MH-H> storage system with the plant design and specific dispensing distance.
These factors were not included in the current model and deserve further investigation to optimize

hydrogen storage system design and operation.

Conclusion

In this study, we introduce novel process designs for metal hydride-based hydrogen storage
systems for backup power applications. We calculate their system energy density, footprint and
LCOS, benchmarking them against compressed gas hydrogen storage, and set targets for materials

development.

We employ a storage tank design with internal cooling tubes, optimized using the “acceptability
envelope” method. Coolant or heating steam is circulated through these tubes to facilitate efficient
heat transfer during charging and discharging processes. After charging, the storage tank is allowed
to cool down to room temperature. Before discharging, the tank is reheated to release the hydrogen
at the required operating temperature. We then calculate the capital and operational costs of
various equipment using an energy balance method, accounting for the power and energy required

to size the equipment across the different operational stages.

For a base case scenario with 96-hour charging, 10 MW discharge for 96 hours, and 12 operating

cycles per year, intermetallic MHs exhibit higher LCOS compared to physical based hydrogen
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storage but offer significantly higher energy density and a substantial advantage in land footprint,
requiring up to 65% less space than 170 bar compressed gas storage. Storing 5% of gas and
utilizing waste heat from the fuel cell further reduce the LCOS of intermetallic MHs. However,
this approach involves a trade-off, as the increased storage of gas-phase hydrogen results in a
decrease in system volumetric energy density. Among the intermetallic materials analyzed,
TiFeo.ssMno o5 at 328 K and 25 bar achieves the lowest LCOS ($0.406/kWh) with a good balance
of volumetric energy density (0.646 kWh/L). Complex MH 2Mg(NH2)2-2.1LiH-0.1KH
achieves a lower LCOS than 350 bar compressed gas, primarily due to high hydrogen uptake and

reduced capital cost, which offset the increased operational costs.

Extending the charging time reduces the LCOS across all systems by lowering the power
requirements for key equipment. 2Mg(NH2)2-2.1LiH-0.1KH shows the most significant reduction
in LCOS due to their higher reliance on heat removal and cooling. Additionally, slower charging
further reduces the required footprint for MHs, as fewer cooling tubes are needed in each tank,
making MHs more competitive for applications with limited space. Meanwhile, increasing the
frequency of annual operating cycles reduces the LCOS for all systems. However, intermetallic
MHs experience a more substantial reduction due to their higher capital costs, which benefit from
more frequent use. In contrast, complex MH 2Mg(NH2)2-2.1LiH-0.1KH with lower capital costs
are more competitive when the system is used less frequently, making them suitable for long-

duration energy storage.

To further enhance the economic competitiveness of MHs, future research should focus on
optimizing thermal management, increasing hydrogen uptake, and reducing MH production costs.
These advancements are crucial for realizing the full potential of MH-based hydrogen storage
systems. Our analysis of various power scales and durations indicates that MH-based hydrogen
storage systems offer significant potential for medium power and medium to long-duration energy
storage. However, large-scale power applications over extended durations remain challenging due
to the substantial manufacturing volumes of MH required to meet market demands (although this

problem is not unique to MHs).
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