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ABSTRACT: Materials-based H, storage plays a critical role in
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facilitating H, as a low-carbon energy carrier, but there remains Research ) Deployment
limited guidance on the technical performance necessary for specific

applications. Metal—organic framework (MOF) adsorbents have =~ | [ 7777777 mmTTo TTTTTOH
shown potential in power applications, but need to demonstrate Industry partnershlps, '
economic promises against incumbent compressed H, storage. Technical manufacturing I
Herein, we evaluate the potential impact of material properties, performance analysis, &
charge/discharge patterns, and propose targets for MOFs’ deploy- technology validation t
ment in long-duration energy storage applications including backup, . L
load optimization, and hybrid power. We find that state-of-the-art

MOF could outperform cryogenic storage and 350 bar compressed
storage in applications requiring <8 cycles per year, but need >S5 g/L
increase in uptake to be cost-competitive for applications that
require >30 cycles per year. Existing challenges include manufacturing at scale and quantifying the economic value of lower-
pressure storage. Lastly, future research needs are identified including integrating thermodynamic effects and degradation
mechanisms.

TEA prediction

11,12

ydrogen (H,) is a promising energy storage material
Hand is expected to play an important role in a
decarbonized society."” Successfully deploying a
hydrogen-based economy by 2030 can reduce U.S. emissions
by 16%, and create up to $140 billion in revenues and 700,000
jobs.” Developing solutions to affordably store H, for long
duration is essential for coupling H, based on renewable
intermittent energy with power applications that have little
flexibility on time-of-use.* Conventional H, storage methods
mainly rely on high pressures (as high as 700 bar) or
liquefaction to below boiling point (20 K) to achieve high
densities.” The compression processes and the associated tanks
are costly, have large land footprints, pose safety concerns for
high pressure, and liquid storage faces challenges with high
boil-off rates that limit storage duration.”’
Presently, it is unclear how material-based storage systems
perform compared to compressed gas and cryogenic liquid

frontrunners for bulk H, transportation applications.
However, they require careful thermal management to protect
expensive catalysts, high temperatures to facilitate conversion,
and complex purification, which may not scale or be responsive
enough for power applications coupled with turbines or fuel
cells.”

Physical storage methods rely on adsorbent materials to
obtain a high H, storage capacity under mild pressure and
temperature conditions.”> Hydrogen can be released at a
tunable pressure (below 200 bar), and rapidly as H, is stored
as a dihydrogen molecule without the need for chemical or
catalytic processes.”* Among the adsorbents under consid-
eration, metal—organic frameworks (MOFs) present a class of
porous materials based upon metal ions connected via organic
linkers. MOFs have been viewed as promising materials for H,

hydrogen storage for long-duration energy storage, and what Received:  March 28, 2024
are the targets for materials to outperform them on a cost basis. Revised:  April 25, 2024
Chemical H, storage methods convert H, to a storage material Accepted:  May 1, 2024
with high hydrogen content, such as ammonia, liquid organic Published: May 14, 2024
hydrogen carriers such as methanol or methylcyclohexane, and
metal hydrides.”” ' Ammonia and carriers are emerging as
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Figure 1. Overview of the scope of the study. (a). Proposed integration of systems analysis within material design and selection research. (b—
d). Representative charge and discharge patterns for the H, storage system in prototypical long-duration energy storage applications.
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Figure 2. Summary of the status and research roadmap for MOFs to be comparable with compressed H, storage at 350 bar. (a). The
schematic showing the key system components and their integration included in this study. (b). A roadmap for lowering capital costs of the
H, storage system (total system cost) from a starting point of MOF-S under 77 K and 170 bar, with the rest using Ni,(m-dobdc) as
representative state-of-the-art MOF. Further cost sensitivities can be found later in Figures 3 and 4. Aggressive charging and slow charging
represent ~70 and 8 cycles of operation per year, respectively. (c)-(d). Projected cost of MOF under common learning rates from 0.2 to 0.3
under various initial conditions (c) 10 $/kg, (d) 25 $/kg, where annual production starts at 2500 tonnes, assuming growing at a reported

rate of 12% per year.”>”>°

storage due to their high surface area (over 1000 m*/g), and
the high tunability of their chemical and structural properties,
allowing them in some cases to bind hydrogen at open metal

coordination sites.'>'® Because of this high tunability, there is

2728

room for meeting challenging cost targets via synergistically
designing system operation and tuning MOFs. In other words,
if not comprehensively studied, a risk is run that a given MOF
may be evaluated in techno-economic analyses (TEAs) under

https://doi.org/10.1021/acsenergylett.4c00894
ACS Energy Lett. 2024, 9, 2727-2735
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operating conditions missing its optimized use, and thus not
providing a definitive assessment of the technology’s potential
for deployment.

Considering the above challenges, and the need to accelerate
the implementation of H, storage technologies, in this study
we develop and apply an approach to identify ideal MOF
properties based on target long-duration energy storage
applications characterized by load profiles that represent
backup power (8 or fewer cycles per year), load optimization,
and hybrid applications requiring up to 30 cycles per year
(Figure 1). We categorize existing MOFs into representative
types based on the operating conditions and load profiles that
minimize the overall levelized cost of storage (LCOS). The
overall framework involves automated TEA based on
materials-level inputs (e.g., skeletal density, H, uptake, and
adsorption enthalpy), as well as system-level inputs such as
tank design, insulation, and charging patterns for long-duration
storage. As work was already performed demonstrating
cryogenic liquid hydrogen storage is nonviable in long-duration
energy storage applications (30 or fewer cycles per year)
coupled with on-site H, generation, we focus on 350 bar
above-ground compressed gas storage as a benchmark (Figure
2a), which is set as 31—40 $/kWh installed capital cost. "'
Note that other reported reference values include ~17 $/kWh
for above-ground storage tank only, and underground
compressed storage at a similar scale.'>"”

Opportunities for capital cost savings
include material development, opti-
mized operating cycles, and lower
material costs.

The potential for each opportunity to lower total system
capital costs is summarized in Figure 2b. We find that for a
given application and type of MOF, many combinations of
variables and operating conditions can reach the same cost
target and it is necessary to screen for the most viable designs
(Supporting Information (SI) Section S2). The roadmap
presents the total system cost for an energy storage system
using MOE-5 at conditions where it has its highest H, uptake
(dark blue column). For MOFs produced at 25 $/kg, and
operating under cryogenic and high-pressure conditions seen
in experimental isotherms, the system cost is around three
times as much as compressed gas at 350 bar if aiming for fast
charging for both systems (70 cycles per year).'* Substantial
cost reductions (~67% reduction from ~120 $/kWh to ~40
$/kWh) are possible by moving to materials with high uptake
at near ambient temperatures such as Ni,(m-dobdc), by
optimizing storage pressure and temperature, and by relaxing
requirements on fill rates (8 cycles per year). Developing
materials with improvements in excess uptake can be achieved
by either improving the density of adsorbent sites per volume
or mass of material, or improving the efficiency of those sites
given a set of adsorption/desorption conditions by tuning
thermodynamics.'

Given the challenge of material discovery and validation,
alternatively, combining system-level analyses with engineering
improvements, such as lowering the cost of storage tanks and
refrigeration systems, and improved heat integration, could
enable MOF systems to become the leading physical H,
storage option for long-duration energy storage. In the near
term, known improvements in material manufacturing and

2729

improved system integration to properly set charging patterns
will lower the deployment cost of known materials (details on
charging patterns are in SI Section S3). As noted in Figure 2b,
by reducing the MOF manufacturing cost to the proposed
lowest point of 10 $/kg reported in the literature,””*' MOF-H,
storage under slow charging could start to be comparable with
compressed 350 H, storage.

Recent studies project MOF manufacturing costs between
10 $/kg and 70 $/kg, depending on the synthetic route (e.g.,
thermal-based, solvent-based, production from was.te).zo_22 A
MOF manufacturing cost of 10 $/kg reflects production scales
of 2500 tonnes per year.20 In comparison, a single stationary
10 MW, 96-h storage system requires around the level of
thousands of tonnes of MOFs depending on operating
conditions. Increasing production at the demonstrated rate
of 12%* could lead to costs as low as 5—10 $/kg (Figure 2c
and 2d), if the learning rate of MOF is between 0.2 and 0.3,
which is a common range for emerging technologies and has
been used for predicting the cost of H, technologies.”**’
Achieving sub-5 $/kg would likely be challenging for any
MOFs that rely on critical materials, and require a faster ramp-
up in production volume (e.g., 30% as shown in SI Figure S1).

Moving on to consider both operating and capital expenses
for a storage system is possibly by determining the LCOS. The
LCOS captures additional fixed and variable operating costs
(related assumptions such as operating pattern and insulation
can be found in SI Sections S1 to S3). The LCOS for a given
application can vary significantly with the selection of storage
tank operating temperatures and pressures due to trade-offs in
H, uptake and H, conditioning (compression and cooling)
costs. Such variations are nonintuitive, and necessitate
optimization to identify the best performance for a single
MOF under practical ranges in storage tank pressure and
temperatures. For example, in Figure 3a, the lowest LCOS for
Ni,(m-dobdc) under a moderate charging rate (50% of
discharge) is 0.17 $/kWh under 208 K and 86 bar (region
1). The breakdown of the LCOS is presented in Figure 3b
highlighting the importance of both capital and operating
costs. Under this scenario, the refrigeration and compressor
cost is comparable with the storage tank cost (Figure 3b),
whereas, under the aggressive charging and/or colder
conditions used in previous work, refrigeration costs
dominate."*

However, in some cases, there may be little control over
such factors, and it is therefore illustrative to identify the
necessary improvement in excess H, uptake to be cost-
competitive with a compressed gas system (SI Section S2). By
applying this strategy to a scenario where the storage tank is
cycled 30 times per year, we find that Ni,(m-dobdc) can
outperform 350 bar compressed gas storage in LCOS under
slow charging conditions at S $/kg MOF, but needs an
increased uptake (>S5 g/L) under fast charging scenarios (SI
Figure S2).

Further, we show that for Ni,(m-dobdc), the uncertainties of
porosity and manufacturing cost significantly influence the
optimal storage tank operating pressure (Figure 3c; input range
determined in SI Section S2). For example, low porosity favors
mild cooling conditions (~200 K) to increase uptake. For
more expensive MOFs, higher pressure and lower temper-
atures are favored to maximize energy density and reduce
sorbent usage in general. Therefore, when MOF price is
around 15 $/kg or above, the optimum conditions are found
under 170 bar (highest value modeled as described in SI

https://doi.org/10.1021/acsenergylett.4c00894
ACS Energy Lett. 2024, 9, 2727-2735
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Figure 3. Optimization and uncertainties of MOF performance. (a) LCOS performance profile for Ni,(m-dobdc) at 5 $/kg, overall porosity =
0.64 (bed and pellet porosities = 0.4), charge rate half as fast as discharge rate. Region 1 denotes the conditions with optimal LCOS for this
application. (b) Breakdown of the lowest LCOS for Ni,(m-dobdc). (c) Ranges of optimum conditions for Ni,(m-dobdc) MOF under
different assumptions of overall porosity (pellet and bed) from 0.36 to 0.84, cost of manufacturing from 2 $/kg to 25 $/kg (base case 0.64
overall porosity, S $/kg MOF). (d) and (e) Effects of MOF manufacturing cost and overall porosity on the LCOS performance of Ni,(m-

dobdc).

The challenge of applying a techno-

economic analysis to inform prototype
design and storage technology eval-

uation is that there are many uncer-

tainties associated with the scaled-up
performance of MOFs that require
further demonstration.

Section S1). These factors collectively can also have a large

influence on LCOS (Figures 3d and 3e).

Another challenge related to the development of MOFs for
long-duration energy storage is the magnitude of plausible
materials requiring consideration due to MOF tunability. Thus,

further, we show how to evaluate specific MOFs in various
application settings. In the process, three types of MOFs have
emerged (proposed in Table 1), described below. In the final
portion of this perspective, we explore whether certain classes
of MOFs are preferred candidates for specific long-duration
energy storage markets under low and high electricity and land

costs.

To date, most MOFs studied for H, storage are Type 1,

including MOF-S, HKUST-1, UiO-67, ZIF-8, MIL-100,

Table 1. Representative Types of MOFs Investigated for H, Storage

Representative MOFs

Target operation
conditions

Main desirable nature
of MOFs

Current status

Refs

MOF types

Type 1
MOE-S§, HKUST-1, UiO-67, ZIE-8, MIL-
100, etc.
77K

High surface area

Abundant experiments and models
available (77 K, 5—200 bar)

2,26-30

Type 2

Ni,(m-dobdc), V-btdd

Relatively closer to ambient

Open metal sites

Moderate experiments and
models available

31,32

2730

Type 3

ALF

Subambient and low pressure

Small pores and designed to use economical raw materials

(i.e., abundant metals and linkers)

Limited experiments and models available

33

https://doi.org/10.1021/acsenergylett.4c00894
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Figure 4. Summary of how MOF types and application deployment conditions could affect the optimum storage tank conditions and LCOS.
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etc.”%** They are characterized as having decent uptake
under cryogenic conditions such as 77 K, and tend to favor
cooled operation (SI Section SS), which is also the range that
is mostly studied for these MOFs. Note performance trends
are the most generalizable for Type 1 MOFs since abundant
data from multiple similar MOFs (noticeably higher uptake
under cryogenic conditions) is used to develop the trend, as
shown in SI Section SS.

Type 2 MOFs include Ni,(m-dobdc) and V-btdd, and have
higher uptake compared with Type 1 MOFs at near-ambient
temperatures,”"*” therefore requiring less cooling than Type 1
to reach the required storage capacity, for example under
conditions (170—230 K depending on MOF type and
application patterns). The success of Ni,(m-dobdc) and V-
btdd achieving record-high H, uptake under relatively closer to
ambient conditions is partially due to the fact that their
enthalpy changes during adsorption (AH) are close to, or
within the optimum range of —15 to —25 kJ/mol, while
showing high density of open metal site and relatively small
pore diameter.’*>*>™*" Compared with prototypical Type 1
MOFs such as MOF-5, HKUST-1, UiO-67, ZIF-8, and MIL-

2731

100, Type 2 MOFs open up new opportunities as they
circumvent the need for excessive cooling (SI Section SS).

Recently, a third type of MOF has emerged in the H,
storage literature, which is designed to be synthesized via
abundant and cheap materials (i.e, aluminum and formic
acid), while retaining H, uptake. Type 3 MOF requires more
cooling than Type 2 but reaches its peak performance under
low-pressure conditions.”> Evans et al. report a low optimum
pressure range (10—40 bar), which remains high enough to
transfer H, into fuel cells.”” The generalization for Type 2 and
Type 3 MOFs needs further evaluation, which requires more
experimental data, particularly for Type 3, related to isotherm
assumptions under broad temperature ranges (see SI Section
S2 for discussion).

From here, we identify the optimum operating conditions
for these materials under different application scenarios
(Figures 4a to h) to predict their best cost performance
(Figures 4i to p), accounting for uncertainties in materials
properties. The application scenarios are primarily governed by
the high and low bounds for land cost, ratio of charge and
discharge rates, and electricity costs (SI Sections S1 and $6).
Land cost can have significant implications on system design,
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favoring densification, but only for very costly locations such as
metropolitan regions (SI Section S6). When the land price is
high, high pressures are favored for all three types to maximize
energy density, and optimum temperature is lower when slow
charging is allowed as refrigeration becomes less of a concern.
Of all scenarios modeled, Type 2 MOFs, represented by
Ni,(m-dobdc), offer the lowest cost if they can be produced
cheaply. In comparison, Type 1 MOFs are more sensitive to
application settings, where they manage to achieve a lower cost
than Type 2 by a small amount under certain scenarios.
Despite having higher LCOS under the same MOF price
range, Type 3 MOFs have higher chances of achieving the
cheapest material cost using abundant metals and linkers.
Further, their capability of achieving moderate uptake under
low pressure (~10 g/kg at ~10 bar) could make them an ideal
candidate for high-pressure electrolyzers (>30 bar, while this
Perspective assumes 2 bar).>**

Besides pressure, heat and cooling management is affected
by the way in which storage systems are integrated into H,
production and end use. When coupled with electrolyzers,
MOF-based H, storage requires that the H, be compressed
and cooled at the same time, which increases energy
consumption. For reference, the energy consumption to store
electrolysis-produced H, in Ni,(m-dobdc) system under
optimal base case (84 bar, 208 K) is ~6.8 kWh/kg, which is
comparable to the energy required for 350 bar compressed
storage ~9.3 kWh/kg in this study (include intercooling to
ambient conditions). On the other hand, using effective
cooling management and advanced refrigeration systems such
as mix-cycle and cascade refrigeration could potentially reduce
energy consumption for H, liquefaction by up to 50%.*”*
Such experience would be beneficial to optimizing MOF-based
H, storage systems to improve energy efliciency and reduce
cost.

As suggested in this Perspective, the uncertainty regarding
optimal tank operation and ultimate LCOS is large and will
remain until demonstrations can yield new insights on
parameters such as material stability, material thermodynamic
properties and heat management, packing porosities in tanks
and manufacturing pathways, and the end user flexibility
regarding use cycles. Material stability and reducing degrada-
tion are moderately important factors for the success of MOFs
in energy storage applications with low cycling and long IDLE
time. Establishing longer cycle stability (i.e., thousands of
cycles) and higher tolerance to impurities could open more
opportunities in H, storage applications (such as peak shaving
applications that require daily cycles). Additionally, the insights
on heat management gleaned from a prototype or small pilot
demonstration may not translate well to larger scales where
novel system integrations are possible. Although MOFs
generally experience low thermal conductivities*' that could
limit rates of heat transfer, this may not be a limiting factor in
slow-charging applications. Still, correctly measuring thermo-
dynamic properties and understanding the impacts of heat
transfer rates will be important for conducting more detailed
engineering analyses of heating/cooling management techni-
ques, particularly those that reduce cooling loads and avoid the
use of natural gas for heat.

Fundamental research remains critical for advancing MOFs
in H, storage. First, the thermodynamic properties of MOFs
are tunable, and the combined effects between changing
standard enthalpy (AH®) and entropy (AS®) upon adsorption
govern the equilibrium capacities of H, during adsorption and
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As a bridge between bench and
commercial-scale applications, kilo-
gram to pilot-scale demonstrations
could provide useful data and experi-
ence to address the above gaps. Given
the importance of hydrogen storage
for decarbonization, it is now time for
fundamental research, engineering, in-
dustry, and analysis teams to work
together and form more practical in-
sights for deployment of MOFs in long-
duration hydrogen storage.

desorption (SI Section S4). The goal being to yield a material
with the largest percentage of working hydrogen binding sites
between adsorption and desorption cycles (SI Figure SS),
increases its chances of reaching the target uptake capacity, if
not already met.*”*’ This goal must be considered alongside
the resulting changes to energy consumption at the system
level (SI Figure SSe and S5f). Second, the correlation of
porosity and surface area with system-level performance is still
poorly understood, as it must be modeled via molecular
simulations (such as Grand Canonical Monte Carlo simu-
lations), or measured experimentally, which are computation
or labor-expensive. Machine learning methods could greatly
help with reducing computational speed and improving the
optimization efficiency of performance prediction. As recent
machine learning studies are focused on operating conditions
around 77 K (Table 1),**° we encourage future computa-
tional work to include more near-ambient conditions suggested
in this Perspective.

Lastly, there are social and environmental benefits of
operating the sorbent system at lower pressure and operating
it autonomously on stored H, rather than natural gas which
have yet to be quantified. Currently, there is little under-
standing of the economic value of reduced system complexity
(i.e., dispensing systems), decreased hydrogen leakages, or the
enhanced safety associated with storing H, under lower
pressures compared to 350 and 700 bar for stationary
applications. One study on stationary refueling stations
suggests that dispenser costs for high-pressure storage could
increase costs by 10%."* We expect that there are additional
costs for safety handling, leakage prevention throughout the
dispense systems, degradation, and additional chances of
failure associated with storing under high pressure. In addition,
life cycle impact factors such as critical material usage, resource
availability, ecotoxicity, end-of-life pathways, and greenhouse
gas emissions during manufacturing are crucial, and would
further distinguish the potential between MOFs with other
toxic carriers, or within MOFs themselves. These factors are
important for the deployment of H, storage technologies and
should be considered for future studies, possibly using analysis
techniques including Life Cycle Assessment (LCA) and Failure
Mode, and Effects Analysis (FMEA), which could be applied
to improve our understanding of the potential of MOFs for
deployment in long-duration stationary applications.
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