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Nomenclature

desorption

Symbol Definition Unit
Psk Skeletal density kg/m?
Pcrystal Crystal density kg/m?
Pp Pellet density kg/m?
Obulk Bulk density kg/m?
\7p0re Pore volume per unit mass m’/kg
€p Pellet porosity
€p Pellet porosity
Viod Volume of the packed bed in e
the storage tank
My; per tank Mass of H; stored per tank kg
My _tt2—solid Mass of adso?;ii H, stored per ke
M _t12— gas—tank Mass of gas-pge;slf H; stored per ke
m. Mass of gas-phase H» fed by
J-H2-gas electrolyzer or fed to fuel cell
m,qs Mass of adsorbent per tank kg
Myessel Mass of storage tank kg
Meycess Gravimetric excess H» uptake g/kg or kg/kg
Nstorage % of bed filled %
OH2 Density of hydrogen kg/m?
Migtal Gravimetric total H, uptake g/kg or kg/kg
e e g
Espec System-level specific energy kWh/kg
Edens System-level energy density kWh/L
Niank Number of storage tanks
Capacity Target H capacity kg
Mcap storage Actual H; capacity kg
AfLq, Specific isosteric heat of Kl/kg




HH2
My oF
Umor

Mya)

—~

Uwall

CPsolid

Qcool
heat

Qioss
Ws
Ro

Y
MWy,

Ncompressor
Pcompressor
Klﬂ KZ’ KZ
a,b
TStorage
s
Cg
Cpmor
Aﬁads
Qheater
Pheater
i
n

Tax

Dpv

p deliver

Specific enthalpy of H»
Mass of MOFs

Specific internal energy of
MOFs

Mass of the tank wall

Specific internal energy of the
tank wall

Heat capacity of solid
Cooling or heating energy

Heat loss

Mechanical work by the
compressor

Gas constant
Ratio of heat capacities
Molecular weight of H»
Compressor efficiency
Compressor power
Cost parameters
Refrigeration parameters
Storage temperature
Capital cost
Energy cost
Heat capacity of MOFs
Heat of desorption
Heater energy
Heater power
Real discount rate
Number of operating years
Tax rate
Present value of depreciation

Delivered power

kl/kg

kJ/kg
kg
kl/kg
kl/kg-K
kJ
kJ
kJ

kJ/mol-K

kg/mol
%
kW

$
$
kJ/kg-K
kJ/mol
kJ
kW

MW




Chemical Engineering Plant

CEPCI Cost Index
CRF Capital Recovery Factor
DOD Depth of discharge %

Fitting parameters for the

Dmax % B, Po, Va Dubinin-Astakhov model

Fitting parameters for the dual-

A1B1CiEy, AzBoCoF, site Langmuir model

Mpgleased Mass of H, released kg

Uges Velocity of releasing the m/s
hydrogen

S Flow section m?

k Rate of temperature increase K/s

Note 1 System-level performance calculations

In general, an energy balance approach is used to calculate the energy and power requirements in each stage
of operation. The analyses in this study are based on both experimental isotherms and adsorption
performances from molecular simulation.

This note includes the detailed methods used to calculate the system-level performances of the MOF-based
hydrogen back-up power system.

To convert the material properties of MOFs into bulk properties used in industrial applications, we first
determine their skeletal density (pgx) via Equation (1):

1
Psk = — (D

Pcrystal

_Vpore

where perystal in kg/m® is the crystal density of the MOF, which is the commonly-reported value in

literature. Vpore denotes the pore volume per unit mass in m¥/kg.

The pellet density (pp, in kg/m?) and bulk density (ppyix in kg/m?®) are determined based on the skeletal
density, pellet porosity (&), and bed porosity (gp) using Equations (2) and (3).
Ppulk = (1 — &) - Pp= Pp = (1 - Ep) “psk (2)

The hydrogen gas capacity my; per tank (kg) for each vessel is calculated from myp501i9 and myypgas, Which
are the adsorbed (solid-phase) and gas-phase hydrogen in kg.

My2 per tank = MH2s0lid T MH2gas (3)
Here, myjp501iq and myypg, are determined by Equations (4) and (5):

1000g
My2s0lid = Nstorage " Mads * mexcess/(k_g) 4)



ads 1000
My2gas = Tstorage (Vtank_in - HI;T?() “puz(T, P)]/( ke g) (5)

where m, 45 (kg) is the mass of MOFs stored in the tank, which is determined by Equation (6).
Maygs = Vtamk_in *TMpack * Pbulk (6)

In Equations (4) to (6), Viank in i the internal volume (m®) of the storage tank. The efficiency values
Nstorage and Npack are the storage efficiency and packing efficiency, respectively. Ngiorage accounts for
how much hydrogen is actually adsorbed respective to its theoretical limit. Mpac represents how much
within the internal volume of the storage tank is used to pack the MOFs. In this analysis, both efficiencies
are assumed to be 0.9 for both the solid (adsorbed) and gas phase hydrogen to account for the disk-shape
heat exchangers for cooling and heating, and other minor devices that may occupy the tanks internal volume
(i.e., valves and other supporting structures for the heat exchangers)'-.

Meycess 1S the excess hydrogen uptake of the MOFs in mg/g, which is defined as the difference in the total
amount hydrogen in a defined system minus the amount of hydrogen in the same system and under the
same conditions, but without adsorption®. In this analysis, Mgycess 1S Used to calculate the hydrogen
adsorbed by the solid MOF pellets (my,01iq in Equation (4)), not counting those stored within the pores
and empty volumes within the storage tank, which are defined as the gas-phase stored hydrogen (my,g5s)-

Meycess 1S €xtrapolated from experimental isotherms, or modeled via molecular simulation depending on
the type of MOFs discuss later in this note.

As mentioned in the main manuscript, we first compare multiple promising MOFs identified based
on previous material-level screening.”® The list of MOFs analyzed in this study is included in
Supplementary Table 1. For Nix(m-dobdc) and V-btdd MOFs, we use experimentally generated pore
volume, excess uptakes, and fitted isosteric heats of adsorption, as the input for the system and cost analyses.
Note that the experimental excess uptakes here refer to the extrapolated values using the dual-site Langmuir
model. Examples of extrapolation are shown later in Supplementary Fig. 7. The relationship between the
absolute and excess uptakes described in this paper is shown in Equation (7), where Vpore (cm?/g) is the

pore volume of the MOF.>!°

Mexcess = mtotal(abs in some paper) Vpore ' pHZ(Tr P) (7)

For the rest of the MOFs, we use the Monte-Carlo-based RASPA software!! to run the molecular
simulation to determine the excess uptake rate and isosteric heat of adsorption for the promising MOFs
listed in Supplementary Table 1. The procedure and corresponding force field parameters are obtained from
relevant literature.>!! The structural data (CIF) for these MOFs are downloaded from the Cambridge
structural database.'?

We compared the experimental results of V-btdd MOF with the simulated value from RASPA to
ensure that the simulation uptakes fit the experimental results. Supplementary Fig. 1 shows that within the
simulated temperature and pressure range in Fig. 2 of the main article, the comparison between the
simulated hydrogen uptake achieves reasonable agreement with experimental results. We recognize there
is a difference between the modeled and experimentally measured hydrogen uptakes. Since the simulated
value is generally greater under the modeled storage range, the simulated value is used to calculate the
theoretical storage potentials for the promising MOFs. For the same reason, experimentally extrapolated
values from V-btdd and Nix(m-dobdc) were used for the detailed cost analysis and comparison with
incumbent technologies.
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Supplementary Figure 1| Comparison of absolute H, uptake results between RASPA simulation
and dual-site Langmuir fitting results. The experimental isotherms for V-btdd MOF are obtained under
the conditions in Fig. 2 of the main text

Note that for the isosteric heat of adsorption, the value from RASPA simulation is lower than the
experimentally fitted values (around 30% to 60% of the experimental value). The impacts on the cost
analysis of these differences between the modelled and experimentally-derived isosteric heat of adsorption
are neglected, as sensitivity analysis in later section (Supplementary Note 6) shows that the impact of the
difference in isosteric heat of adsorption is less than 2% on the cost performance. Because of this, the cost
impacts of the different isosteric heating values under different operation conditions are also neglected for
V-btdd and Niy(m-dobdc).

Supplementary Table 1 | List of the Promising MOFs modeled in Fig. 2 of the main article

SNU-70 HKUST-1 (Cu-BTC)
NU-100 NOTT-112

MOF-5 (or IRMOF-1) Ui0-67

SUKYIH (Cu-based MOF) Niz(m-dobdc)
CMOF-1a V-btdd (V2Cla.5(btdd))
Zny(bdc).(dabco)

The material-level system performance is determined by normalizing the amount of hydrogen stored to the
tank volume, vessel mass, and adsorbent mass. Particularly, the system-level specific energy (Egpec in

kWh/kg) and energy density (Egens in kWh/L) are determined in Equations (8) and (9):

Espec =

MHy32 per tank EH2 8)
Mygs+Mank+MH2 per tank
__ Myzper tank’ExH2 (9)

Edens - 103L
Vtankﬁout'(F)



where My and Viapk out are the mass (kg) and outer volume (m?) of the storage vessels, which are
adjusted using the wall thickness and mass under each temperature and pressure condition determined from
the Department of Energy Tankinator tool®. Ey,(33.6 kWh/kg) is the standard energy density of hydrogen
for specific energy and energy density conversion. '

Note 2 Cost analysis methodologies

Based on the system-level performance calculations, the number of tanks required to store the target
capacity (= 90700 kg from Tables 1 and 2 of the main text) is determined in Equation (10)
Capacity (1 0)

Ntank =
My2 per tank

which is rounded up to one integer. Due to this approximation, the actual stored capacity calculated via
Equation (11) is slightly higher than the target capacity and is different between the MOF adsorbents.

Mcap storage = Ntank " MH2 per tank (1 1)

The total purchase cost of the tank (including liners and walls) is determined as the product of ng,, with
the unit cost of each tank determined by the Tankinator model'* under each specified storage condition
(including liners and walls). The internal disks and fluid channels for heating and cooling are not included
due to limited data available for scaling factor, and existing analysis shows they occupy a small amount of
the tank cost (<5%), and may change dynamically with operation conditions®.

The power and energy required to size and compute the capital costs of various unit operations are based
on the energy balances between the different operation states in Fig. 1d of the main text. The enthalpy at
each state (j) is calculated via Equation (12)

Hj = Ngank * {mj—HZ—solid ' [Aﬁads(Tj—tank: Pj—tank) + ﬁHz (Tj—tank: Pj—t )] + Mj_H2-gas—ta
HHZ (Tj—tan er—t ) + +rnj—HZ—gas 'HHZ (Tj—gasr Pj—gas) + mMOFUMOF(Tj—tankr Pj—tan ) +
MyanUwan (-t Pj—tank)} (12)

where H, designates the specific enthalpy of species x in kJ/kg, Uy is the specific internal energy in kl/kg,
which is the same as the specific enthalpy for solids such as the adsorbents and wall of the vessel. Again,
AH, 45 (kJ/kg) is the heat of adsorption determined from the simulation and experimental results. Note that
the specific heat of adsorption and desorption from the simulation had the unit of kJ/mol, and is converted
into kJ/kg using the molecular weight of hydrogen (2.02x1073 kg/mol). mM;j_p2_solid 1S the mass of solid-
phase hydrogen adsorbed by the MOFs under state (j). m;_y2_gas—tank i the mass of gas-phase hydrogen
stored in the tank under state (j). mj_p,_gas 1S the mass of gas-phase hydrogen outside of the tank (either
fed from the electrolyzer or to the fuel cell) under state (j). Tj_tank Pj—tan are the temperature and pressure
of all the solids, and gas-phase hydrogen, and solid-phase hydrogen in the tank after equilibrium is reached.
Tj_gas and Pj_g,s are the temperature and pressure of the gas-phase hydrogen outside of the storage tank,
which can be either fed from electrolyzer, or to the fuel cell.

The thermodynamic properties for hydrogen gas under different operation conditions are determined from
the National Institute of Standards and Technology (NIST) database using the Coolprop python package. '’
The sensible heat for cooling/heating the solids between the different states (j and 1) is determined using a
constant solid heat capacity during the adsorption and desorption. Since the temperature span in the main
analysis did not reach the cryogenic region, such an approximation is a reasonable approach and has been
used by several recent performance analyses of gas adsorption processes.'®!’
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—~ —~ T;
AUj,solid - AUi,solid = fTi] Cpsoriadt (13)
The energy required to initial charge, charge, or discharge is estimated using the following energy balance
Equation (14), assuming the kinetic energy and potential energy terms are neglected:

He— Hy = Ws + QM + Qioss (14)

heat

where Hy and H; are the final and initial enthalpies calculated using Equation (12) under different stages
described in Fig. 1d of the main text. The temperature and pressure conditions for the final and initial states
for different charging and discharging cycles are shown in listed in Supplementary Table 2, with

illustrations shown in Supplementary Fig. 2.

(2) (1)
Charged tank under Aglsét];i?yge(z)rm
storage T, P (90% filled) - (353 K, 2 bar)  Empty tank
nitial charge : i )

%ﬂi Tanks return to
——— ambient

abueyosiqg

1}

—
90% of stored  Discharged H, H, fed from :
Hyin(2)  fed tofuel cell clectrolyzer ~ D'Scharged tank
discharged, (353 K, 2 bar) (353 K, 2 bar)
tank remains
under storage 4)

temperature (3)

Supplementary Figure 2 | Detailed illustrations of the charge and re-charge states in Fig. 1d of the
main text
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Supplementary Table 2 | Detailed parameters for each charge and re-charge state in Fig. 1d of the

main text
State @) 2) 3) 4)
(1-DOD) - (1-DOD) -
Mi_H2—soli 0 m .
J7H2-solid Hasolid MH2solid MH2solid
Adsorbed solid-
phase H; in the Remaining H; in Remaining H; left
Comment Empty tank tank as calculated left in the tank in the tank
in Equation (4)
1—-DOD 1—-DOD
Mj_H2-gas—tank 0 My2gas ( ) ( )
" MHy2gas " MHy2gas
gas-phase H; in the . .
Comment Empty tank tank as calculated Remammg Ho left Remammg Ho left
. . in the tank in the tank
in Equation (5)
DOD - (mpyzgas DOD - (mpyzgas
m;_ygo— m 0 & &
JHemeas cap storage + Mpys0lid) + Mpys0lid)
Comment All gas is fed from All gas stored in | Discharged gas fed | Recharged gas fed
electrolyzer the tank to fuel cell from electrolyzer
Ti_tank N/A (no need to 293 K-223 K 293 K-223 K 293 K-223 K
specify)
Comment Empty tank Storage Storage Storage
temperature temperature temperature
P;_tank N/A 10 bar-170 bar (11, ~DboD) (11, ~DboD)
2—tank 2—tank
Remaining pressure | Remaining pressure
Comment Empty tank Storage pressure under ideal gas under ideal gas
assumption assumption
Tj_gas 353K N/A 353K 353K
Comment Feed temperature Al gas in the tank Discharged H, fed Feed temperature
from electrolyzer to fuel cell from electrolyzer
Pj_gas 2 bar N/A 2 bar 2 bar
Discharged H, fed
Comment Feed pressure from All gas in the tank | to fuel cell (or from Feed pressure from
electrolyzer electrolyzer
electrolyzer)

In Equation (14), Wy is the mechanical work required by the compressor to compress the hydrogen to the
desired storage pressure, and Qcool/heat 18 the cooling and heating energy requirements. During the charge

and discharge the dynamic heat loss is not modelled. Therefore Q)oss is zero during the charge and
discharge. For the compressor, the work required in kJ/kg is determined by Equation (15); another similar
formula for compressor sizing led to similar results.'®!° Since the hydrogen generation and conversion
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systems are assumed to be on-site and co-located with the storage system, the related energy required to
transport the hydrogen in the pipeline is assumed to be included within the 70% efficiency of the
compression unit.

The amount of hydrogen leftover in the tank in both the solid and gas phases is 10% of the amount when
fully loaded at the storage temperature and pressure. Note that under low-pressure storage conditions (10
bar), 90% of DOD is less than the fuel cell pressure. In this case, the fuel cell pressure is used as the
remaining tank pressure after the discharge (P3;_¢; ). The minor inconsistency between the actual storage
capacity required versus what is calculated using Equation (10) is neglected for the 10 bar storage conditions.

y—-1

R Pou
Ws = Ngank * (Mpg per tank) * MV\;HZ%. ((Tnt)( Y ) —1) (15)

Based on the compression power requirements the assumed compressor efficiency, the compressor is sized
from the required power (kW) based on Equations (16) and (17):

_ Mcap storage’ Ws
PCOmpreSSOr - 3600s (16)

11compressor'tcharge' 1h

1Oglocg_compressor =K; + Kzloglo(Pcompressor) + K3 [loglopcompressor]2 (17)

where 1) is the efficiency of the compressor. K; =2.2897, K, = 1.3604, and K3=-0.1027 are the correlation
parameters for the purchase equipment cost.?” teharge (h)is the target charging time.

To save computational cost, the internal mass and heat transfer effects during the adsorption and desorption
and their impacts on the actual charging and discharging (tdischargc) times between different MOFs are not
included in this study. A representative example of modeling the mass transfer effects could be found in
our earlier study.?!

The energy requirement of the heater is determined using a similar fashion. The efficiency of the heater is
assumed to be 0.7, accounting for the heat loss during this process. For the heating unit, the cost parameters
K1, K>, and K in Equation (17) are 6.9617,-1.48, and 0.3161, respectively.?® The energy required from the
heater is calculated by Equation (18) from the energy balance and the power, and the power used to size
the heater is calculated from its efficiency and target charging time in Equation (19). Based on our previous
analysis,?! the actual charging rate might differ from the input charging time due to mass and heat transfer
effects within the storage tanks. We recognize that the charging time could potentially be longer than what
is set as the target, and are slightly different based on the type of MOFs and adsorption mechanisms. The
details of these effects are not included as it is not the focus of this study.

Qneater = Hf — H; — Ws (18)

_ Qheater
l)heater - 36005 (19)
tdischarge'T'nheater

For refrigeration, the capital cost and energy cost are determined from the storage temperature (Tstorage i
K) from Equations (20)—(22), which are fitted using the capital cost (Cg in §) and refrigeration energy cost

(C2 in $/GJ) data extracted from Luyben 2017.%
Cg = aTStorageb (20)
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For Cp refrigeration 1mw: @ = 2E11, b = —=2.077 (21)

For Cg_refrigeration_lMW ra=4E7, b =-2.669 (22)

25,000,000 $400.00
[ ]
& 20,000,000 | : =
e 5 3 $300.00 |,
7] ® = %
§ 15,000,000 | R? = 0.9781 ?, R?=0.9676
S @ $200.00 [ ®
s 10,000,000 | % o
[$) e )
5,000,000 | e g $10000 | 8,
. i ...
5 ) ® . ...
$0.00 ' e
70 170 270 70 170 270
Temperature (K) Temperature (K)

Supplementary Figure 3 | Correlations of capital and energy cost for 1 MW refrigerators with respect
to the cooling temperature. Data extracted from Luyben 2017.%

Note that Equations (17) to (18) are derived for 1 MW refrigeration systems. To convert the refrigeration
capital cost for this study, Equation (23) is used, using the 0.6 scale factor recommended by Luyben 2017,
in the case where Pujtial charge > Pcharge-  Als0, note that the electricity cost used in Luyben 2017 is $16.8/GJ,
which is equivalent to $0.06/kWh.

0 _ 0 . initial charge~ 0.6
Cp_refrigeration - Cp_refrigeration_lMW ( kW ) (23)
100033

The energy cost for the refrigeration system in this study is determined by the energy (C}Oz_refrigeration in
$/GJ) consumed during both the initial charge and charging phases (Equation (24)). In this study, we assume
that the operation costs for compressor, refrigeration, and heater comprise the energy cost. As a one-time

inventorying material, the cost of purchasing the refrigerant could be neglected to compare with the capital
cost and energy cost.?

0 — 0 AE: ...
CE_refrigeration - CE_refrigeration_lMW (Ell’lltlal charge + Echarge) (24)

Finally, the levelized cost of energy is determined based on the annual storage capacity using Equations
(25) and (26) from the Capital Recovery Factor (CRF). The number of operating years (n), and the real
discount rate (j), tax rate (tax), and the present value of depreciation (D) were determined from the latest
NREL’s Energy Analysis documentations.?’

_ja+pn
CRF = =0 (25)

LCOS = ( (0> Cg)'CRF'(l_TaX'DpV) > Annual O&M Costs
" MAnnual H, capacity-(1-Tax) Annual H, capacity

)/ (Enz) (26)

The annual hydrogen capacity is estimated using Equation 27 from the actual hydrogen stored on-site
(Mcap storage), Number of annual operation cycles (neyces), and the depth of discharge (DOD) for each
cycle l. In this study, we set our target storage duration as 96 hours to meet the standard for emergency and
standby power systems requirement for critical infrastructure by the National Fire Protection Association.?
90% for regular 96-hour discharge capacity base case study. As discussed in the main text, we assume 240
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hours of annual storage duration as the base case, which can be distributed flexibly among different cycles
in Equation (27), as long as all the prior calculations made are based on 96-hour storage capacity.

. I=ncycles—1
Annual H, capacity = Mcap storage T lel Mcap storage DOD; (27)

When comparing the cost performance between this study and the other contemporary incumbent energy
storage technologies, the system costs normalized to the per kWe discharge, and kWh of energy stored are
used. As shown in Equations (28), only the capital investments are compared when calculating the system
cost to avoid inconsistency drawn from the assumptions from operation costs, depth of discharge, etc. For
comparing incumbent technologies, system costs listed in the Pacific Northwest National Laboratory
(PNNL)’s 2020 Grid Energy Storage Technology Cost and Performance Assessment are used.”> When
making the comparison, the indirect and direct (i.e., system integration) is assumed to be 0.4.%

X Cp
Pgeliver(10 MW in this study)

System cost ($/kW) = (28)

Note 3 Additional assumptions and cost factors

The key assumptions for the above-mentioned cost analysis are included in Tables 1 and 2 in the main text.
Other additional assumptions and the cost factors used are summarized in the following Supplementary
Table 3. Note that maintenance is assumed to be 3% of the total capital cost,’**” and MOF cost is included
when calculating the maintenance for MOF storage in order to make a fair comparison with the compressed
gas storage.

Note that there is a nationwide variation from 0.02 to 0.1 $/kWh for the wholesale electricity cost based on
the geographical and seasonal differences. The 0.067 $/kWh value we use in this study is relatively
conservative as most wholesale prices are between 0.02-0.07 $/kWh.?

The labor cost for this back-up power system requires unique consideration. Equations (29) and (30) are
used as the basis to calculate the labor required for the system, using the equivalent equipment module
approach.?

Now = [6:29 + (0.23  Nyp)1%5 (29)

Cg_latbor = N, - working hours per year - 36 $/hr - 2 (30)

Here, we assume that the back-up system is well-designed so that for year-round monitoring and usage,
each type of unit operation can be considered as one piece of equipment using Equation (29) accounting
for contingency, worker benefits, etc. Thus Ny,= 4 (for compressor, storage tank, refrigerator/heater,
electrolyzer/fuel cell) was used for year-round monitoring/maintenance (350 working days per year, and 24
hours per day).

We also made another calculation assuming 100 pieces of equipment (estimation of the number of
compressors, refrigerators, and heaters) during the back-up cycles. In this case, Nx;=100. The hours of
operation are 240 hours per year for the base case.

The labor cost calculated for the first case (year-around operation for 4 pieces of equipment) is $1,600,000
per year and $94,000 per year for the second case (240-hour operation for 100 pieces). We selected the
average value for the labor cost for this back-up power system. 1-4% of uncertainty in LCOS in the base
case depending on the temperature and pressure conditions.

14



Supplementary Table 3 | Key cost factors for the TEA analysis in this study

Cost factor Value Reference

Life time (years) 30 This study

Real discount rate (%) 7 NREL, 2020%

Tax rate (%) 38.9 NREL, 2020%

Present value of 0.83 NREL, 20203

depreciation

MOF cost ($/kg) 25 El-Sayed and Yuan, 2020%; DeSantis et al., 2017°°
Energy cost ($/kWh) for 0.067 $/kWh EIA, 20212

charging the storage system

Operational labor wage 36 $/h US Bureau of Labor Statistics®!

($/h)

Maintenance (%) 3%

CEPCI 2001 397 Turton et al., 2018%°

CEPCI 2007 525 Turton et al., 2018

CEPCI 2019 607 Turton et al., 20182°

CEPCI 2020 614 Jenkins, 2020*

Inflation 1.2% US Bureau of Labor Statistics

Direct and indirect costs for 0.52 of capital Spurgeon et al., 2018%; Shaner et al., 2016**; James
fixed capital investment et al. 2013%%; Colella et al. 20143

(e.g., Installation, back-up,
contingency, piping, legal
and contractor fees)

For heat transfer with the ambient of each storage tank, the conductive heat transfer between the bulk
storage tank system and the ambient, and its relation with the insulation thickness is studied. The effects of
internal conductive heat transfer, or convective heat transfer during charging and discharging are not
modelled. Heat loss rate per area (Pioss in W) between the storage tanks and ambient is estimated by Equation
(31) via conduction through the cylindrical tank wall'®:

In Ttanke ln(‘”insfo)
Ttank; Tins_ i

27K tankLtank 2TKinsLtank

)l G

dQ 0SS
cit = Pioss = (Tstorage — Tamp)/[(

where Tink o and runk i are the outer and inner radiuses of the insulation layer, which are 0.31 m and 0.3 m,
respectively, as determined from the Tankinator tool.* Tiorge is the storage temperature (K) in the standby
mode (refer to state 2 in Fig. 1d of the main text), and Tumb is the ambient temperature , which is set as 298
K. kiank and kins are the thermal conductivities of the storage tank and insulation material, which are 239
W/m-K for type I aluminum tank and 0.004 W/m-K for common multi-layer vacuum insulations.?’-*

15



The cost of insulation is calculated by Equation (32).

54§
Cg_ins = ke TT (rinso2 - rinsiz) * Ltank * Pins = 1.9 (32)

where pjps is the density of the of multi-layer vacuum insulation (60 kg/m?), 54 $/kg is its unit cost (2010
value), and 1.9 is the process and installation factor.*

During the stand-by mode, Equation (11), Hf — H; and Wi are zero because the storage condition does not
change and no mechanical work is done. Therefore, Equation (11) is reduced to —Qjoss = Qcool-

dQjoss

During the standby mode, the heat loss rate Q = is constant, therefore

Qioss = Q " Tstorage (33)

where tgiorage 18 the storage time (h), which can be determined from Equation (34).

tstorage = [360 24— Neycles * (tdischarge + tcharge)]/ncycles (34)

Where nycjes 1s the number of operation cycles per year, and tgjscharge 18 the target discharge time (h), and
tcharge 18 the target charging time (h).

The cost required to maintain the storage temperature (CJ ;o55) during each cycle is calculated by Equation
(35).

Cg_loss = Qloss " Ntank * l)electricity (35)
where Pejectricity 18 the electricity cost ($/kWh), which is 0.067 $/kWh for the base case.

As shown in Supplementary Fig. 4, insulation cost and energy cost to maintain the storage temperature
during standby are highly related to the amount of insulation materials used for the storage system, which
in this analysis is represented by the thickness of the insulation material. Supplementary Fig. 4a shows the

tradeoff between Cg_ins and Cg 1,5s when amount of insulation material is used under two representative

storage conditions (293 K and 170 bar, 223 K and 170 bar, and 77 K and 170 bar). Under both conditions,
increasing the amount of insulation materials requires higher capital cost, but requires less energy/operation
cost to maintain the storage temperature to compensate heat transfer with the ambient. Under higher
temperature conditions, more storage tanks are required since gas phase hydrogen density and uptake by
the MOFs are both reduced. Therefore, the capital cost to purchase the insulation materials are higher. On
the other hand, the driving force of heat transfer, which is the gradient between the storage temperature and
the ambient, decreases in higher storage temperatures. Thus, the cost of maintenance is lower when the
storage temperature is closer to the ambient.

Based on the tradeoffs discussed above, Supplementary Fig. 4b show how the optimal LCOS can be reached
by controlling the thickness of insulation materials. The general trend is that when the storage temperature
is higher, the theoretical optimal thickness is higher to offer minimum cost. Under all three cases, the
optimal cost associated with insulation and maintaining the storage temperature accounts is non-monotonic
with temperature and the optimum conditions change dynamically with the storage conditions. Under
optimal conditions, costs associated with insulation and maintaining temperature account for only small
amount within the total LCOS (Supplementary Fig. 4b), and the thickness of insulations has negligible
effects on the system-level energy density (Supplementary Fig. 4¢), Thus, to reduce computational cost in
calculations, these effect are not modelled for the rest of the analysis.
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Supplementary Figure 4 | Capital cost of insulation and operational cost of maintaining storage
temperatures for Ni;(m-dobdc) with different thickness of insulation materials under 223 K and 77
K (both 170 bar) storage conditions. a, Breakdown and tradeoffs of LCOS. b, Total LCOS of insulation
and maintaining temperature during storage. ¢, System-level energy density.

Note 4 Cost breakdowns and tradeoffs

Supplementary Table 4 below shows a cost breakdown, as well as the key system-level performance
parameters of the Nix(m-dobdc) under different storage temperatures and pressures. This table serves as a
supplement to Fig. 3a of the main text and a reference for the scale of CAPEX and OPEX for different
components. From the results, the CAPEX and OPEX for the heater are very small compared with the rest
of the components.

In terms of the cost breakdown, liquid hydrogen storage under high-pressure conditions is not favored
mainly due to the cost associated with the cryogenic refrigeration of on-site generated hydrogen (Fig. 3a
of main text). For Comp-H, storage, the compressor is the costliest component for the Comp-H, storage to
pressurize the hydrogen from around atmospheric pressure to 350 bar. According to the Tankinator
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model, the cost of storage tanks increases significantly with pressure (~$9000/tank at 170 bar for Type I,
and ~$20,000 at 350 bar for Type IV)."

Supplementary Table 4 | Cost breakdown of Nix(m-dobdc) under the representative storage
temperatures and pressures

LCOS MOF
breakdowns Others Compressor Tank Refrigeration Heater Cost O&M
($/kWh)
High porosity
MOFs
223 K170 bar 1.08 0.40 0.23 0.65 0.0049 0.78 0.83
293 K 170 bar 1.14 0.40 0.34 0.35 0.0041 1.09 0.87
223 K 10 bar 3.27 0.09 0.08 0.40 0.0063 5.71 2.25
293 K 10 bar 7.49 0.09 0.21 0.19 0.0046 13.91 4.96
Low porosity
MOFs
223 K 170 bar 1.63 0.40 0.14 0.69 0.0067 1.90 1.20
293 K 170 bar 2.09 0.40 0.24 0.38 0.0059 2.99 1.48
223 K 10 bar 4.44 0.09 0.03 0.44 0.0073 7.96 3.00
293 K 10 bar 15.47 0.09 0.11 0.23 0.0063 29.32 10.13
Reference
methods
Comp-H. 293K, 5, 0.59 0.34 0.42 00032  N/A 0.59
350 bar)
Comp-H: 293K, 5 0.45 0.25 0.36 0.0032 N/A 0.48
170 bar)
L‘q'H;;rl)S’ K1 353 0.00 0.00 4524 0.0056  N/A 17.70
Note 5 Footprint

The design of hydrogen storage tanks can have different length to diameter ratio from 3 to 374*2, which
has negligible effect to the energy density as the tanks have the same volume (~3 m?internal). The wall
For this analysis, a representative value of 15 is selected. The size of the storage system can be estimated
based on the number of tanks calculated from Equations (1) to (10). As shown in Supplementary Fig. 5a
to Supplementary Fig. Sc, the tanks are modeled as hollow cylinders installed on cuboid racks. Note that
minor gaps between storage tanks shown in Supplementary Fig. 5a to Supplementary Fig. Sc are not
included in the energy density calculation in Supplementary Note 1 and in Fig. 2 of the main text for the
broader analysis under different temperature and pressures.
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The number of storage tanks installed in the x, y, and z directions can be adjusted to give a cubical storage
system. For the dimensions used in this analysis, the ratio of number of tanks stored in the x, y, and z
directions are approximately 15:15:1. Listed in Supplementary Table 5 are the tank design parameters
from the system analysis for the promising MOF Ni,(m-dobdc) compared with compressed hydrogen

storage.

Supplementary Table 5 | Footprint comparison results between Ni»(m-dobdc) and compressed
hydrogen storage. Tank thicknesses for both length and radius under different conditions are determined
from the Tankinator model .

ot | 00 0T NSO T Compreet 0 | Comproa iz
S > ; 170 bar 293 K 350 bar 293 K
porosity 0.6 bed porosity 0.2
Number of tanks 1600 980 2100 1100
Tank type Type 1 Type 1 Type 1 Type IV
Height t(} width 15 15 15 15
ratio
Tank inner 0.62 0.62 0.62 0.62
diameter (m)
Tank outer 0.69 0.69 0.69 0.67
diameter (m)
Tank inner
length (m) 10 10 10 10
Tank outer
length (m) 10.07 10.07 10.07 10.05

Shown in Supplementary Fig. 5d, the reduction of required number of tanks to store the target amount of
hydrogen can be directly translated to the reduced of footprint. Both packing porosities (0.6, 0.2) under
the base case condition (170 bar, 223 K) require less footprint compared with compressed hydrogen
storage under the same pressure condition. As shown in Fig. 2 of the main text, the energy density of
Nix(m-dobdc) is exceeds compressed Ha tanks under 350 bar, requiring less than 80% of the volume to
store the same amount of hydrogen (~90,700 kg for 10 MW deliverable power).
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Supplementary Figure 5 | Results of footprint analysis. a, 3-D illustration of how MOF tanks are
stored. b, front-view of the storage system. The dimensions are shown are for Type I storage tanks under
170 bar, 223 K, as determined from the Tankinator model. ¢, side view of the storage system. d, relative
volume and dimensions of MOF H, storage vs. compressed H» storage under representative conditions.
Shapes are for illustrative purpose only. Relative sizes should refer to the labelled numerical values and
Supplementary Table 5.

Note 6 Sensitivity analysis

For the sensitivity analysis, the upper and lower bounds of various critical parameters are included in the
Supplementary Table 6.

Supplementary Table 6 | Base case values, as well as upper and lower boundaries for sensitivity
analysis.

Economical Expensive  Reference for base
Value Base value
case case value

Meycess (2/kg) 13 21 5 Experimental isotherms

Cpmor (J’kg'K) 900 360 1440 Wieme et al., 2019 4

Afl g5 (kI/mol) 12 = 20 Kapelewsdetals
El-Sayed et al., 2020%;
MOF cost ($/kg) 25 10 40 DeSantis et al., 2017%°
Target charging time (h) 4 6.4 1.6 This study
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Supplementary Fig. 6 shows the sensitivity of results to target charging time, as well as several critical
material properties: MOF cost, excess uptake, the heat of adsorption, and heat capacity. For each variable,
a 60% variation is used for both the upper and lower bound of the analysis compared to the base case value.
From this Supplementary Fig. 6, target charging time, MOF cost, and excess uptakes are the most influential
factors for the cost performance, therefore are chosen for further detailed studies.

Changes in LCOS compare to base case

-40%  -20% 0% 20%  40%  60%

Target charging time Slow chafging|

MOF cost [WH

Excess uptake

Heat of adsorption Low -AH,4s | s Expensive case

m Economical case
Heat capacity Low Cpwmor

Supplementary Figure 6 | Sensitivity analysis of MOF H: storage system for back-up power
applications.

Note 7 Modeling the discharging behaviors

We modeled the desorption process under both pressure swing and temperature-programmed desorption
scenarios to make sure that the modeled system in this study could meet the discharge requirements by the
end user, which is providing 10 MW of back-up power for 96 hours. For this study, we use a modified
Dubinin-Astakhov (DA) model*** to analyze the discharge behavior of MOFs for the back-up power
application. The adsorption form of the DA model is represented by Equation (36):

RT \2 P
Mygea = MWy, - [nmax €xp (_ oc+[3T) In? (?0) — PH2 'Va] (36)

where Mg, (g/kg) is the total adsorbed hydrogen. MWy, (kg/m?) is the molecular weight of hydrogen,
and R (J/mol-K) is the gas constant. T (K) and P (Pa) are the temperature and pressure of the storage system.
Nmax» & B, Py, V, were the model parameters are determined based on fitting the model to experimental
isotherms.

Among the different models used to describe adsorption isotherms, we select the modified DA model to
save computational cost while retaining high accuracy. Specifically, when analyzing the discharging
behavior of the system, we find the modified DA model could be reversed at a much lower computational
cost compared with other isotherm models with similar accuracy. To validate the reliability of the modified
DA model, we compare the fitting results of the modified DA model with results generated using the dual-
site Langmuir model, which is known to provide high accuracy. The dual-site Langmuir model is described
by Equation (37),%' where the dual-site Langmuir parameters (A4, B;,Cq, A5, By, C,) are determined using
the same experimental data sets as the modified DA model.
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1+B1C16Xp(_%)P 1+BZC2exp(—%)

P
Mgotal = p (37)
In terms of accuracy, Supplementary Fig. 7 shows the fitting results of both the modified DA model and
the dual-site Langmuir model using experimental isotherms of V-btdd MOF under various temperatures.
The root mean square error (RMSE) value of the modified DA model is similar to the dual-site Langmuir
model. Therefore, the modified DA model provides enough accuracy to model the adsorption and
desorption behavior of MOFs for the purpose of this study.

a DA fit b Dual-site langmuir fit
40°Cexp — 40°Cfit 40°Cexp — 40°Cfit
400 - 25°C exp 25°C fit __40.0 - 25°C exp 25°C fit
=) -40°C exp 0°C fit 2 0°C exp 0°C fit
3 40°Cexp — -40°C fit =) -40°Cexp — -40°C fit .
o 30.0 1 © -65°Cexp -65°C fit PO o < 30.0 1 -65°C exp 65°Cfit e
S 20.0 - S 20.0 -
2 L
£ 10.0 E 10.0 |
5 £ %~
© 00 : , : © o0 : : :
0E+00 5E+06 1E+07 2E+07 OE+00 5E+06 1E+07 2E+07
Pressure (Pa) Pressure (Pa)

Supplementary Figure 7 | Comparison of fitting results for the total gravimetric uptake rates of V-
btdd adsorption isotherms under various temperatures using a, modified DA model, and b, Dual-site
Langmuir model.

Beyond the desorption kinetics of H, from MOFs, the hydrogen outflow velocity (uqes in m/s) could be
calculated based on the pressure difference between the storage vessel (P,) and fuel cell (P;), as shown from
a dynamic energy balance in Equation (38).4>% Equation (38) is integrated over the modeled discharge time
to calculate the total amount of hydrogen released in Supplementary Fig. 8a. The hydrogen release rate

dm . . . . . . .
(% in kg/s) during the discharge is calculated from equation (38) using the velocity, hydrogen

density, and flow section at the exit of the storage vessel S (m?).

d

% = Uges (8, Myotal) * PH2 * S - MW (38)

_ ’Z(Pz—Ps)
Udes = MWh2 PH2 (39)

P,, the instantaneous pressure in the storage vessels, is determined by reversing the modified DA model*4¢
shown in Equation (40), where ny,.y, @, B, Py, V, are obtained from the fitted experimental isotherms.

g
T +PH2Va
P, (T, mota1) = P3/exp ng% (40)

a+BT

We modeled the temperature-programmed desorption by employing first-order heating with a constant

heating rate (k = % in K/s). Note that as the pressure decreased during the discharging process, the

hydrogen release rate would reach its maximum value regardless of whether the vessel was heated.
Therefore, a control block was added to the model so that the heating rate (k) automatically becomes zero

22



C]'mreleased

dt
only limited effects to add temperature-swing desorption; therefore, it is not introduced in the TEA in this
study. On the other hand, the ideal desorption should be a controlled release with a steady desorption rate
based on the end-application requirement, as shown in Supplementary Fig. 8d. In this study, we assume
that this could be achieved via well-designed feedback control (i.e., between the hydrogen flow controllers
and flow section of the storage tank). The desorption model is not related to the cost analysis, as we assume
the process control could be well designed to offer a steady release of hydrogen.

when = 0, which could be shown in Supplementary Fig. 8c. As shown in this model, there are
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Supplementary Figure 8 | Representative examples of the modeled hydrogen desorption behavior
under different release patterns. a, The total amount of hydrogen released during pressure-swing
desorption. b, modeled hydrogen release rate during pressure-swing desorption. ¢, Comparison between
temperature-swing desorption (orange) and pressure-swing desorption (blue). d, The ideal controlled
release of hydrogen used for the TEA in this study.

Note 8 Compressed H; storage and liquid hydrogen storage

In this study, both the system-level performance and TEA for the compressed hydrogen storage is modeled
using the same methodology as described in Supplementary Notes 1 and 2, without the MOF contents. For
example, Equation (4) is not used, and the amount of hydrogen stored per tank is calculated solely from the
hydrogen density at the corresponding temperature and pressure. The thermodynamic properties of
hydrogen are obtained under the desired temperature and pressure conditions for these two scenarios.

For compressed hydrogen gas storage under 170 bar and 350 bar, another modification made to the model
is that the type of storage tank is changed from Type I to Type IV, which is suitable for the high pressure
conditions. Type I tanks are used for compresssed hydrogen gas storage under 170 bar conditions. As seen
from Supplementary Fig. 9, the system-level energy density of compressed hydrogen storage increased at
lower temperatures. However, the increased hydrogen density does not compensate for the additional costs
to store compressed hydrogen gas under lower temperature conditions. Therefore, for the compressed
hydrogen gas storage modeled in this study, the LCOS increases at lower temperatures.

LH, is modelled under the temperature of 19 K and atmospheric pressure. Because the model is derived
using an energy balance approach and the kinetic and potential energy terms are neglected, the pump used
to transport the cooled hydrogen to the storage tank is not modelled. Also note that for both compressed
hydrogen gas storage under low temperature conditions and LH>, there are additional heat losses under low
temperature due to heat transfer between ambient, which is not modelled in this study. Combining these
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assumptions, the results in this study for LH; s a relatively optimum. In other words, the actual cost of LH>
storage and compressed gas storage should be higher than the results demonstrated in this study.
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Supplementary Figure 9 | Levelized cost of storage and system-level energy density of compressed
hydrogen gas storage at 350 bar.

Note 9 Discussions for extended temperature and pressure storage

Results shown in Fig. 2 in the main text shows that the within the modelled temperature range under near-
ambient conditions (>200 K), the LCOS decreases at lower temperature while the system-level energy
density increases. Although 223 K was selected as the lower limit for this analysis to avoid system
complexity shown associated with cryogenic storage, it is beneficial to understand how LCOS and
system-level energy density of the promising MOFs will change under temperatures lower that 223 K.
Therefore, cost performance under extended temperature range is plotted in Supplementary Fig. 10 for
two representative MOFs.

Shown in Supplementary Fig. 10a, Niy(m-dobdc) has higher excess uptake under near-ambient
temperatures (200 K to 293 K), while MOF-5 has higher excess uptake under cryogenic conditions
(below 150 K), and is commonly used in recent reports as promising storage candidate for cryogenic
conditions*’**, For MOF-5, experimental data from literature® is used for low temperature conditions,
which shows good agreement with the simulated excess uptake data from this study under near-ambient
conditions (Supplementary Fig. 10a). Excess uptakes for Ni,(m-dobdc) are extrapolated using the
isotherms shown in Supplementary Fig. 7. Although these isotherms are fitted using experimental data
above 200 K, the fitting agreements shows close match with experimental data from external
collaborators under cryogenic conditions as low as 77 K. Thus can be used for this analysis under 150 K.

Supplementary Fig. 10b and Supplementary Fig. 10c show that for both MOFs, the system-level energy
density increases under low temperature conditions, but accompanies with higher LCOS, mainly due to
the dramatic increase of refrigeration costs discussed in Supplementary Note 2 and Supplementary Fig. 3.
In terms of cost, the optimal cost range is slightly below ambient conditions, approximately the 200K to
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233 K range for all conditions, except for MOF-5 under 0.2 bed and pellet porosity, which is lower
(200K to 125 K shown in Supplementary Fig. 10c). Note that for cryogenic conditions, both in laboratory
and industrial applications, significantly more complex refrigeration systems are required than near-
ambient conditions around 223 K, on top of higher costs.?*?>3° Therefore, the tradeoff between cost and
energy density should be analyzed according to specific applications, for example space limitation and
tolerance for additional complexity.
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Supplementary Figure 10 | Additional performance results for extended temperature range (293K-
77K, 90 bar) of selected MOFs. a, Excess uptake data used under extended temperature range, literature
data for MOF-5 extracted from Purewal et al. 2012%°. b, LCOS and system-level energy density for
Niz(m-dobdc) and MOF-5 from 293 K to 77 K (90 bar, 0.6 bed and pellet porosities). ¢, LCOS and
system-level energy density for Niy(m-dobdc) and MOF-5 from 293 K to 77 K (90 bar, 0.2 bed and pellet
porosities).

For pressure, the increased energy density is the main benefit of pressurizing from 100 bar, the
recommended large-scale above-ground storage pressure®!, to 170 bar, with relative less decrease in
LCOS. Quantitatively, under 0.2 packing porosity, the increase in energy density from 100 bar (or 90 bar
as analyzed in Fig. 2 of the main text) to 170 bar is approximately 30%, while the reduction of LCOS is
only around 8%. As discussed in the Methods Section of the main text, the 100-bar recommendation for
above-ground storage is set to avoid complexations of storage tanks>'. In some cases (i.e., space
limitation) the storage pressure can be moderately increased between 100 to 170 bar to stay within the
limit of Type I storage tanks to reduce the footprint required*>>-%>,

Storing at higher pressure ranges (i.e., up to 350 bar) will no doubt increase the system-level energy
density, but will require type IV storage tanks, which is considerably more expensive than Type I tanks
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(Supplementary Note 2). Moreover, higher pressure would require significantly more complex storage
infrastructure other than storage tank, such as distributing the hydrogen to the fuel cells*2.

Most importantly, the pressure range is well-above the experimental pressures for most of the MOFs
studied. Thus, not only limited amount of experimental data on the candidate MOFs are available to
validate the uptakes, not enough data has shown the effect of such high pressure to the durability and
adsorption mechanisms of MOFs. Due to the above-mentioned considerations, higher pressure storage
conditions are not modelled, and 100 bar—170 bar storage is recommended, and the detailed selection

should depend on the specific applications.

Note 10 LCOS analysis for regular back-up and load optimization scenarios

Supplementary Fig. 11 shows the LCOS and system-level energy density when the system is used only to
cover regular outage in the U.S.3¢-8, which requires one charge/discharge cycle per year. As discussed in
the main text, this application is relatively expensive among the scenarios depicted in Fig. 2e of the main
text, which might only be consider by end-users such as data centers that is able to dedicate large portions

of their power expenditure to back-up systems.>
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Supplementary Figure 11 | Performance of promising MOFs compared with conventional physical
storage methods under 96-hour annual storage duration. The following caption is the same as Fig. 2
(a to d) in the main text. a and b, Fixed temperature under different pressures. ¢ and d, Fixed pressure
under different temperatures. a and ¢, Loose packing conditions at 0.6 bed and pellet porosities (¢=0.6). b
and d, Dense packing conditions at 0.2 bed and pallet porosities (¢=0.2, 80% filled with MOF). Costs are
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reported as installed cost. LCOS is for back-up power scenario (operational parameters listed in Table 2
of the main text). System-level energy density for Lig-H: in this analysis is 2.4 kWh/L.

Supplementary Fig. 12 shows the results for an extended application scenario (1440 hours), which can be
used for more load optimization-focused application, for example up to 4 hours daily peak shaving for
350 days and 60-70 hours of regular back-up per year. As mentioned in the main text, the detailed
operating pattern is highly geographical-dependent®, and will benefit from market analysis that takes

facility revenue into consideration.
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Supplementary Figure 12 | Performance of promising MOFs compared with conventional physical
storage methods under 1440-hour annual storage duration. The following caption is the same as Fig.
2 (ato d) in the main text. a and b, Fixed temperature under different pressures. ¢ and d, Fixed pressure
under different temperatures. a and ¢, Loose packing conditions at 0.6 bed and pellet porosities (¢=0.6). b
and d, Dense packing conditions at 0.2 bed and pallet porosities (¢=0.2, 80% filled with MOF). Costs are
reported as installed cost. LCOS is for back-up power scenario (operational parameters listed in Table 2
of the main text). System-level energy density for Lig-H: in this analysis is 2.4 kWh/L.
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Note 11 Cost estimates for electrolyzers, fuel cells, batteries, PSH, and Generators

Supplementary Table 7 summarizes the critical information used to determine the cost of electrolyzers and
fuel cells. Based on previous literature, the efficiency for the commercialized alkaline water electrolyzer is
in the range of 59% to 70%, and the efficiency of the near-commercialized and commercialized proton
exchange membrane (PEM) electrolyzers are 60%-80%.°%* Therefore, a conservative value of 60% is used
in this study to calculate the cost of the upstream electrolyzers.

Supplementary Table 7 | Key assumptions for integrating the MOF H; storage system with fuel cells
and electrolyzers

Value Value Ref

Electrolyzer efficiency 60% Chi and Yu, 2018%; Kumar and
Himabindu, 2019%; Esposito, 2017

Storage and fuel cell efficiency  35% Barbir 2005%; Barbir, 2009%; Wei et al.,
2014%; and this study

Grid integration $18/kW Mongird et al., 2020%

Additional installation costs for 25% of storage CAPEX  This study

storage unit (“included in others

in Fig. 4b of main text”)

For the capital costs in terms of $/kW (electrolyzer requirement), we extrapolate the representative capital
cost and log10 electrolyzer sizes (kW) from Yates et al. 2020,%” which reviewed and summarized the cost
contemporary published costs and sizes of electrolyzers. Supplementary Fig. 13 shows the key data used
for the linear interpolation suitable for the size range required in this study. For the electrolyzer, the
uncertainty range in Fig. 4a and Fig. 4b of the main text was estimated based on the Monte Carlo simulation
performed by Yates et al. 2020,°” which was approximately 30% for the lower bound and 50% for the higher
bound. The electrolyzer cost estimated by PNNL’s Grid Energy Storage Technology Cost and Performance
Assessment report® also falls within approximately the 50% markup limit. Note that the power used to
estimate the electrolyzer cost is the power input requirement of the electrolyzer, rather than the output
power, because the feed parameter to the Monte Carlo simulation®” is the nominal power. The efficiencies
are another factor that leads to the high cost of electrolyzer in this study, expecially in fast charge scenarios.
For example, if a 10 MW back-up power system designed for 96-hour storage is targetted to be charged in
48 hours, the corresponding electrolyzer power would need to be approximately 95 MW accounting for the
energy losses in electrolyzer output, storage, and fuel cells, etc.
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Supplementary Figure 13 | Representative electrolyzer system cost vs. size (kW) relationship. The
extrapolation covers approximately the average values from the contemporary published cost analyses. Data
extracted from refs,*®7° which was previously reported and summarized by Yates et al. 2020.¢’

For the fuel cell, we assume $200/kWe output of direct manufacturing cost®.To account for the
uncertainties, 50% markup is added to the electrolyzer and fuel cell cost for the upper bound of the error
costs in Fig. 4a and Fig. 4b in the main text, also to account for the potential corporate markups. 30%
markdown is added as the lower bound, which for the electrolyzers are approximately the range reported in
Yates et al. 202097, The resulting capital cost of electrolyzer is then normalized to 10 MW output system
for the back-up power.

The system costs range of batteries and pumped storage hydropower (PSH) are estimated from PNNL’s
Grid Energy Storage Technology Cost and Performance Assessment report.? For batteries, the system cost
for storage capacity from 2 to 10 hours is extracted from Appendix 3 of the report.?® Since the given system
cost increases linearly with the storage capacity, a linear interpolation is performed to obtain the system
costs beyond 10 hours in Fig. 4 and Fig. 5 in the main text. The lower bound and higher bound of the battery
costs are set using the most economical and expensive costs between lithium-ion, lead acid, and vanadium
redox flow batteries. A similar methodology is used to predict the cost range for PSH using the two storage
capacities (4 and 10 h) for 100 MW in Figure #7 of the referenced report.* Note that for PSH, 100 MW is
used in the report, so the value for 10 MW systems should be slightly higher than what is used in this study.

For diesel and natural gas generators, the reported capital costs for the diesel and natural gas generators are
in the range of 800 and1000 $/kWh, respectively’. National average of diesel and natural gas costs used in
this study are 19.5 $/MBTU and 8 $/MTU, respectively including delivery to the end-user’’. Using the 9
kWh/L energy density, the cost of the storage tank for diesel (<1% of total capital), and its change (0.1%
of total capital) from 10 MWh to 1000 MWh is determined negligible compared with the capital and fuel
cost?®>’!, Natural gas is assumed to be supplied using pipeline and included in the fuel cost.
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