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1. Experimental Methodology
1.1. Alumina-Supported Materials Synthesis

For alumina (Al203)-supported samples, Fe(NOz)3.9H.0 (Sigma-Aldrich) and AlI(NO3)3.9H.0
(Sigma-Aldrich) were mixed with deionized water. The mass of the support material (Al.O3) was
calculated to be 30% of the total mass of the fully oxidized sample. The solution was stirred on a
hotplate at 300 rpm for ten minutes at ambient temperature; followed by the addition of
concentrated sodium carbonate (Na2CO3) solution in deionized water (100 mL, 0.25 mol/L) to the
nitrates solution while stirring. After 30 minutes of stirring at 300 rpm, the precipitate was
separated by filtration and washed with deionized water. The obtained solid was dried in a furnace
with air flowing (500 sccm) at 120°C overnight and calcined at 400°C for four hours!. The final
product was further ground with a mortar and pestle. This sample is denoted as FeOx/Al>0s. For
the mixed iron-cobalt oxide, correct amounts of Fe(NOz3)3.9H.O (Sigma-Aldrich) and
Co(NO3)2.6H20 (Sigma-Aldrich), were mixed with the support following the same procedure. An

example of the mixed cation oxide is noted as Feo5C0050x/Al20s.
1.2. Materials Looping Performance Testing

The space velocity values were calculated using Eq. S1 and S2, in which modifying the
concentration of NHz gas to 1, 3, and 5% corresponded to 6, 18, and 30 Lyy,/(sotia - 1)

respectively.

SVt [Lney / (sotia - W]
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The time-averaged conversions of NHs and H2O were calculated via Egs. S3 and S4 over five
cycles, in which the molar flow rates of NHs and H>O in the exhaust are integrated and divided by

the integration of the inlet gas molar flow rate.
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2. Looping Performance Experimental Results
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Figure S1: Reactor outlet gas profile of CLAOD-WS experiments using a) FeOx/YSZ at 450°C and SV yy, = 6 Lyg,/ (gsotia - h),
b) FeOx/YSZ at 450°C and SV vy, = 30 Lyp,/ (gsotia - ht), ¢) FeOXYSZ at 600°C and SV vy, = 6 Lyy,/ (Gsotia - h), d) FeOX/YSZ
at600°Cand SVyy, = 30 Lyg,/(gsotia - h), €) FeosC0050x/YSZ at450°C and SV g, = 6 Lyp,/ (gsotia - h), T) FeosC00s0x/YSZ
at 450°C and SVyy, = 30Lyy,/(gsotia-h) , 9) FeosCoosOxYSZ at 600°C and SVyy, = 6 Lyu,/(Gsotia-h) , h)

FeosC0050x/YSZ at 600°C and SV yg, = 30 Lyy,/(gsotia - h). For all of these experiments SVy,o = 12 Ly, 0/ (gsotia - h).
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Figure S2: Looping performance of YSZ-supported materials at different NHs step space velocities. Ammonia conversions of a)
FeOx/YSZ and b) FeosC0050x/YSZ. Steam conversions of ¢) FeOx/YSZ and d) FeosC0050x/YSZ. Conversions are calculated using
Egs. S3 and S4. “max ” refers to the thermodynamic equilibrium conversions and “exp ” refers to five-cycle experimental results.

For all results here, SVy,o = 12 Ly, 0/ (gsotia - 1)
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Figure S3: Looping performance of Al.O3 supported materials at different NHs step space velocities. Ammonia conversions of a)
FeO«/Al203 and b) FeosC0050x/Al203. Steam conversions of ¢) FeOx/Al203 and d) Feo.sC00.50x/Al203. Conversions are calculated
using Egs. S3 and S4. “max” refers to the thermodynamic equilibrium conversions and “exp” refers to five-cycle experimental

results. For all results here, SVy,o = 12 Ly, 0/ (gsotia - h)-

Other materials were synthesized and tested for the CLAOD-WS at 600°C with 6 Ly, /(gsotia - h)
and 12 Ly, 0/ (gsotia - h) space velocities. The results are shown in Table S1. These samples were

not further investigated due to their worse performance compared with FeOx/YSZ and

Feo.5C0050x/YSZ.



Table S1: NHs and H20 conversions of CoOx/YSZ, NiOx/YSZ, and FeosNiosOx/YSZ in five cycles of CLAOD-WS at 600°C with 6

Ly, / (Gsotia -h) and 12 Ly, o/ (gsouia - h) Space velocities.

Material NH; conversion [%] | H2O conversion [%]
CoO,/YSZ (30wt%) 95 2
NiOx/YSZ (30wt%) 79 0

FeosNiosOx/YSZ (30wt%) 62 12

It is worth mentioning that potentially small traces of NOx gases (NO, NO, and N2O) were
detected in the NH3 step of the first CLAOD-WS cycle for several samples, but no NOx was

detected beyond the first cycle (Figure S4).
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Figure S4: CLAOD-WS reactor outlet gas profiles using FeOx/YSZ at 600°C: a) Quantified gas flow rates of Hz, N2, H20, and NHs

in sccm, and b) Mass spectrometer signals for NO, NO2, and N20 in Torr.
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Figure S5: NHz conversion Hz-reduced (red) and as-synthesized (blue) a) FeOx/YSZ and b) FeosC0050x/YSZ at 600°C and SVyy, =
6 Lyn,/(gsouia - 1) - The Hz reduction was for 60 minutes, and the as-synthesized materials were fully oxidized by air at 600°C

during synthesis.

3. Equilibrium Simulations Using Equilibrium and Phase Diagram Modules in FactSage

To determine the phases at equilibrium, two steps of our presented looping scheme were separately
simulated in the Equilibrium module of FactSage software® 3. The reactants in the equilibrium
calculation were defined as the same amount of solid as our experiment and the same amount of

gases flown to the reactor over the duration of a reaction step (12 min for the NH3 step, and 3 min



for the steam step). For gases, the volume of gases flown to the reactor over the duration of a
reaction step was divided by the molar volume of gases at standard conditions. Initially, specific
molar amounts of reactant gases and solids for the NH3 step were set up to reach equilibrium,
giving equilibrium solid and gas compositions, and the resulting equilibrium pO2. Then the
resulting solid at equilibrium in the NHs step was taken to react with H2O and reach equilibrium
in the model, giving equilibrium composition and pO2. These pO2 values between reduced and re-
oxidized states were shown as the range of phase transition on phase diagrams of Fe — O, and Fe

— Co — O systems in Figures 4i and 4j.

To plot phase diagrams, elements of Fe and O for the Fe — O system and Fe, Co, and O for Fe —
Co — O system were input to the Phase Diagram module of FactSage software. For the Fe — O
system, for a given range of temperature and po2, the phase diagram was plotted. For the Fe — Co
— O system, for a given range of temperature and poz, the molar ratio of Fe/(Fe+Co) was set to be

0.5. For both material systems, the total system pressure was set to be 1 atm.

4. Material Characterization with XANES and Oxidation State Analysis

XANES data was analyzed by Athena software to give normalized absorption (l) vs. absorption
energy as in Figures 5a to 5f*. Table S2 and Figure S6a show the oxidation states of Fe in
FeOx/YSZ in NHs-reduced and steam-oxidized conditions at 450°C and 600°C. Similarly, Tables
S3 and S4 as well as Figures S6b and S6¢c show the oxidation states of Fe and Co in
FeosC0050x/YSZ in NHs-reduced and steam-oxidized conditions at 450°C and 600°C,
respectively. To evaluate the change in oxidation state per mol of active metal in FeosC0050x/YSZ,

oxidation state changes for Fe and Co were both included considering their molar ratio (Table 1).
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Table S2: Oxidation state of Fe in FeO«/YSZ according to XANES.

Oxidation state of Fe in FeO./YSZ
T[°C] Oxidation state change
Reduced Re-oxidized
450 1.38 2.69 1.31
600 0.00 2.86 2.86

Table S3: Oxidation state of Fe in FeosC0050x/YSZ according to XANES.

Oxidation state of Fe in Feps5C0050x/YSZ
T[°C] Oxidation state change
Reduced Re-oxidized
450 1.31 3.00 1.69
600 0.00 3.00 3.00
Table S4: Oxidation state of Co in Feos5C00.50x/YSZ according to XANES.
Oxidation state of Co in FepsC0050x/YSZ
T[°C] Oxidation state change
Reduced Re-oxidized
450 0.00 1.49 1.49
600 0.00 0.71 0.71

11
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Figure S6: Oxidation states of a) Fe in FeOx/YSZ, b) Fe in FeosC0050x/YSZ, and ¢) Co in Feos5C0050x/YSZ in the NHs-reduced

(red squares) and steam-oxidized (blue circles) samples at 450°C and 600°C.

5. XRD Refinement

Refinement and Reference Intensity Ratio (RIR) methods in PDXL software were used to analyze
the XRD data to quantify the phase compositions®. The Reference Intensity Ratio (RIR) method
relies on the comparison of the observed intensities of phases in a sample to standard reference
values, allowing for the quantification of phase fractions. Each phase in a sample has a reference
intensity, obtained from standard databases such as the ICDD (International Centre for Diffraction
Data)®. The RIR values help normalize the intensity data, allowing us to calculate the weight. The
refinement results gave the mass ratio of identified phases; thus, by using stoichiometry and molar
mass of different phases, the molar ratio of oxygen to redox active metal elements (Fe and Co) can
be calculated for NHs-reduced and steam-oxidized samples. The difference in this ratio between
reduced and re-oxidized samples shows the sample’s oxygen exchange capacity normalized by the

active metal molar amount (Eq. 3). The error bars of the refinement measurement are shown in

Table S5.
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Table S5: XRD refinement mass ratio of different phases and their error bars.

Phase Weight ratio [-] | Relative error [%] Phase Weight ratio [-] | Relative error [%)]
Feos5C0050x/YSZ reduced at 450°C FeosC0050x/YSZ re-oxidized at 450°C

Fe-Co 0.440 11 Co 0.109 12
(CoFe)30q4 0.000 2 (CoFe)s0q4 0.550 2
YSz 0.560 8 YSz 0.341 6
FeOx/YSZ reduced at 450°C FeOx/YSZ re-oxidized at 450°C
Fe 0.156 16 Fe 0.000 2
Fes04 0.550 4 FesO4 0.712 7
YSZ 0.294 3 YSZ 0.288 7

FeosC0050x/YSZ reduced at 600°C

Feos5C0050x/YSZ re-oxi

dized at 600°C

Fe-Co 0.479 12 Co 0.148 15
(CoFe)s0s4 0.000 3 (CoFe)304 0.600 3
YSZ 0.521 12 YSZ 0.252 4
FeOy/YSZ reduced at 600°C FeO./YSZ re-oxidized at 450°C
Fe 0.586 5 Fe 0.000 2
FesO4 0.000 3 Fes04 0.530 7
YSZ 0.414 6 YSZ 0.470 7

6. Method for Energy and Techno-economic Analyses: CLAOD-WS

For the looping scheme in Figure 6a, NHs is initially preheated in HX1 and then enters the reactor
where it is oxidized and decomposed at 600°C. To more efficiently utilize the thermal energy of
the NHs step’s products, the plant is equipped with two heat exchangers to preheat the inlet NH3

in HX1 and generate hot water in HX2. In the second reaction step, steam is used to re-oxidize

13



FeOx/YSZ at 600°C, and then produced H> mixed with unreacted H.O is directed to external
applications (in this case, a Hz fuel cell). A Hz fuel cell only has product H2O which can be directly
fed back to the water-splitting reactor. Since water-splitting is an exothermic reaction, the
dissipated thermal energy from this process, Qz, is utilized in a hot water generator for further hot
water production. Note that the only source of energy consumption in this scenario is the
endothermic first step (Q1). The duration of NHz and H2O steps is the same and assumed to be 6
minutes each. It is also noted that since negligible amounts of NOx gases were observed during
our experiments, which can be avoided by starting with a reduced material, no NOy treatment

procedure was considered for the CLAOD-WS plant in this energy and techno-economic analyses.

In this section, the governing equations for the energy and economic analyses of the CLAOD-WS

system are presented and solved using Python programming.

Table S6 shows the equipment items and their governing thermodynamic and sizing equations in

the CLAOD-WS plant.

Table S6: CLAOD-WS plant equipment items and their equations’-8.

Equipment items Thermodynamic equations Sizing method

Qux1 = €ux1QHx1,max

Qux1,max = MIN(14Cp12,M3€p34) (T3

QHXl
HX1 _ Apyy = —<HXL
T1) HX1 ™ U LMTDyyx,

(T3 —T3) —(Ty —Tq)

LMTD 51 = -
Ln
(=72
, ~ , Qux2
HX2 Qux2 = €ux2Qux2max

Apyp = ———
HX2 ™ U LMTDyy,
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Quxzmax = MIN(yCp 45, M6Cpe7)(Ts
—T¢)
(Ty —T7) — (Ts —Ts)
LMTDHXZ = T4_ — T7
In(77——=*
Q.= (nBCp,B — flch,z)Ts Msolid
. A MFeOX nFeOX
3 mHz,stepl- tstepl- MHZ n—Hz
1- Wt%ysz
Reactor
0, = (ﬁgcpg — figc, 8)T9 M: molar mass [kg/mol]
n: reaction stoichiometry
Hot Water ' ' Onwe
Quwe = EnweQ2 Apwe = T T
Generator (T11 — T10)

Table S7 shows the input parameters for the CLAOD-WS plant model.

Table S7: Input parameters for the CLAOD-WS plant.

Parameter Value Description

T, 30 [°C] Ambient temperature
Py 101,325 [Pa] Ambient pressure

T, 30 [°C] Temperature at stream 1
T, 5715 [°C] Temperature at stream 2
T3 600 [°C] Temperature at stream 3
T, 211.5[°C] Temperature at stream 4
Ts 42 [°C] Temperature at stream 5

15



Te 30 [°C] Temperature at stream 6
T, 93.3[°C] Temperature at stream 7
Tg 600 [°C] Temperature at stream 8
Tq 600 [°C] Temperature at stream 9
T1o 30 [°C] Temperature at stream 10
T11 90 [C] Temperature at stream 11
X4 90 [%] NH; conversion
X, 40 [%] Steam conversion
Eux1 95 [%] HX1 effectiveness
Eux2 95 [%] HX2 effectiveness
Euwe 95 [%] Hot water generator effectiveness
Neth 90 [%] Electrical-to-thermal energy conversion efficiency
U 300 [W/m2.K] Overall heat transfer coefficient (gas-gas/steam)

Table S8 shows the results of the energy analysis on the CLAOD-WS plant. The mass of the solid
was calculated based on the stoichiometry of the reaction and step durations in a way that the
amount of oxygen exchange in the metal oxide satisfies the plant’s H2 production capacity (10
MTPD); additionally, the amount of support was calculated to be 30% of the total mass
(Fe304+YSZ). The total mass of solid in the reactor was calculated to be 861.52 kg. FesOs - Fe
was chosen as the oxygen carrier and catalyst for the looping model as we observed from our
experimental looping tests and XRD phase analysis (Figures 4g and 4h) that FeOy is reduced to

Fe by NHz and re-oxidized to Fe3O4 by H>O. Accordingly, the plant’s total H> production rate per

. . mmoly
mass of active metal, Fe, is 0.1326 2/gFe- s-

16



Volume of solid in the reactor is calculated as below:

m [kg]

Vim = p kg/m3]

Eq. S5

In this equation the density of each material (p) is calculated based on the general method for

theoretical composite density:

1 _ Wt%re,o0, N wt%ysz Eq. S6
PFe;0,/vSZ PFe;0, Pysz

In this equation pg,,o, = 5170 and pys; = 6050 kg/m>.

Table S8: Energy analysis results for the CLAOD-WS plant.

Parameter Value Description
Agx1 41.9 [m?] Area of HX1
Agxa 32.5 [m?] Area of HX2
Agwe 46.6 [m?] Area of HWG
04 2.965 [MW] Heat transfer in NH; step (endothermic)
0, -0.884 [MW] Heat transfer in steam step (exothermic)
my, 1 0.058 [ka/s] Mass flow rate of H, product in NH; step
my, » 0.058 [ka/s] Mass flow rate of H, product in steam step
m, 0.729 [ka/s] Mass flow rate of inlet NH3
g 1.302 [kg/s] Mass flow rate of inlet H,O
m, 1.706 [kg/s] | Mass flow rate of produced H.O (90°C and 101,325 Pa) in HX2

17



My 3.341 [kg/s] | Mass flow rate of produced H>O (90°C and 101,325 Pa) in HWG

Mgolid 861.52 [kg] Mass of Fes04/YSZ in reactor
Psotia | 5400 [kg/m3] Density of Fes04/YSZ
Vsolid 0.1594 [m?] Volume of FesO4/YSZ in reactor

After the thermodynamic analysis, cost analysis was conducted. The proposed plant has four

types of cost, including equipment (installation, operation, and maintenance), material (NHs,

H20, Fe304/YSZ), labor, and energy (thermal energy in NHs step). Table S9 shows the cost

functions of equipment used to calculate annual costs.

Table S9: Cost functions of equipment for the CLAOD-WS plant’14,

Component Cost equations
A 071 cEPCI CRF
HX1
HX1 Cyx1 = FOByx rer <A > 1000 [0.2006exp(0.002567T3)|F; yx1finx1Fmne(1+ Fo) F
HXref u
0.71
Apxs CEPCI CRF
HX2 CHXZ = FOBHX,Tef AHX . 1000 [0 2006exp(0 002567T4)]Fi,HX2fi,HX2ant(1 + FO) F
,re u
Veouia\" 22 CEPCI CRF
Reactor CR = FOBR,Tef v 1000 [0 756lexp(0 0006982T3)]Fi,Rfi,Rant(1 + FO) F
ref u
0.71
Cywe = FOB _Anwe )" CEPCI [0.2006exp(0.002567T1)1F; ywef i nweFmnt(1
Hot Water HWG HWG,ref AHWG ref 1000 . . 11 i, HWGJ i HWG* mnt
Generator CRF
+F,) F
u

Table S10 shows the input parameters for the CLAOD-WS plant cost analysis.

Table S10: Input parameters for the CLAOD-WS plant cost analysis’ .

18




Parameter Value Description
CEPCI 725 [-] Chemical Engineering Plant Cost Index for the year 2030
FOByx ey | 70,000 [$] Free on Board - the cost of HX at the shipping point
Afxref 100 [m?] Area of the reference HX
Finx1 3.5[-] HX1 installation factor
finx1 0.7 [] HX1 material factor
Finx2 35[] HX2 installation factor
finxz 1.6 [-] HX2 material factor
350,000
FOBgef Free on Board - the cost of reactor at the shipping point
[$]
Vier 3 [m] Volume of solid in a reference reactor setup
Fir 4[] Reactor installation factor
fir 0.85[-] Reactor material factor
Free on Board - the cost of hot water generator (HWG) at the shipping
FOBywerer | 70,000 [$] _
point
AHWG ref 100 [m?] Area of the reference HWG
Finwe 3.5[] HWG installation factor
finwe 1.7[-] HWG material factor
Fonne 1.04 [-] Maintenance factor
F, 04[] Offsite capital cost factor
F, 0.95[-] Continuous operation factor
i 10 [%] Interest rate
n 20 [yr] Number of operation years

19




Capital recovery factor:

CRF 0.1175 [-] i1+ 0n
CRF = —F1+1——
a+dmr-1

The next step in techno-economic analysis is to evaluate the cost of inlet materials in the plant.
Our proposed CLAOD-WS plant requires NHz (inlet of NHs step), H20 (hot water generation in
HX2 and HWG), and FeOx/YY SZ which cost $0.3, $0.000893, and $6.723/kg, respectively®®1°. The
solid material is assumed to be replaced 4 times per year!!. Additionally, the effect of oxygen
carrier/catalyst replacement frequency was investigated. If this frequency was increased from once
per year to once per two weeks (26 times per year), there would be minor increase in annual gas

and materials cost (2.1% increase) and LCOH (1.7% increase).
The cost of labor is the salary paid to one operator over the year at the rate of $38.5/hr.

Lastly, the cost of energy consumption was analyzed under the scenario in which the thermal
energy is converted from utility scale renewable grids. As the current analysis focuses on the
chemical system comparison between CLAOD-WS and direct NH3 decomposition, we do not
include the electricity generation equipment in our system but we consider the costs of electricity
from utility scale renewable grid, including utility-scale PV-plus-battery, land-based wind, and
concentration solar power!®-1°, Then we can obtain thermal energy cost by dividing electricity price
by neth = 90%, and we get a range of $0.017 to 0.090/kWh!62°, For this study, the cost of
$0.059/kWh!” was considered according to utility-scale PV-plus-battery. This technology
includes the cost of energy supply plus storage (PV plus battery, class 5, moderate case, market,

PTC+ITC, 2030)".
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Electricity-driven thermochemical reactors are gaining attention in industrial chemical plants, as
they are able to provide high temperatures (up to and above 1000°C)?°; such a reactor is used for

the chemical looping system in this analysis.

According to the cost analysis, the total cost of a CLAOD-WS plant is $8.64M/yr. Considering
this plant’s Hz production capacity of 10 MTPD (metric tons per day), the levelized cost of Hz is

evaluated to be $2.5/kg-Hz (Eq. S7).

Ctot

LCOH = 2~ Eq. S7

My, tot.

The investment cost of this plant based on its different components is shown in Table S11. In this
table, the investment costs of different components in the chemical looping plant are shown. It
needs to be clarified that these investment costs include the installation factor (Fi), which is

commonly used to estimate the cost of items in addition to the cost of equipment, such as:
e Equipment foundation and minor structural work,
e Piping, insulation, and painting,
e Instruments and automatic process control (APC) systems,
e Process building and structures,
e Utilities and site preparation.

Using installation factors have been developed and explained in books by Sinnott?!, Towler and

Sinnott?2, and Turton®.

Table S11: Investment cost of the CLAOD-WS plant and its components.

Component Investment cost [$]
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HX1 177,070

HX2 124,781
Reactor 228,351

Hot Water Generator 125,337
Total 658,539

As an instance for equipment cost calculations, for the reactor, a Hz production rate of 10 MTPD
was assumed for each plant (CLAOD-WS and NH3s decomposition). Based on a 90% conversion
of NHs to Hy, and the relationship provided in Table S6, the required mass of solid material (Msolid)
in the reactor was calculated. Using a density of 5400 kg/m?® for the FesO4/YSZ (30wt%), the
corresponding solid volume (Vsolig) Was estimated. Furthermore, a cost function for the reactor in
Table S9 was employed, based on the guidelines from Rules of Thumb in Engineering Practice by

Donald R. Woods'#, to provide an estimation of the reactor's investment and operating costs.

7. Method for Energy and Techno-economic Analyses: Catalytic NHs Decomposition

For the second scenario in Figure 6b, NHs is preheated in HX1 and HX2 before entering the
decomposition reactor where Hz and N2 are produced and mixed with unreacted NHs. Fe/YSZ is
used as the catalyst in the reactor. Since in the looping scenario, half of the produced H is at high
purity and can be used in more sensitive applications such as fuel cells, half of the stream leaving
the decomposition reactor will be directed to a H> separation unit to purify Ho. Additionally, the
other half of the product stream passes through HX2 to preheat the inlet NH3, and the N2 and NH3

separated from H> also preheat the inlet NH3z in HX1.
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For the separation unit, two cases were studied: 1) Electrochemical membrane (Pd-Ag/ceramic

support)® 224 and 2) Pressure Swing Absorption (PSA)'* 24,

In this section, the governing equations for the energy and economic analyses of the catalytic NH3

decomposition systems are presented and solved using Python programming.

Table S12 shows the components and their governing thermodynamic and sizing equations in the
NHzs decomposition plant equipped with a separation unit. For the reactor, the sizing was based on
the mass of the solid which was calculated in a way that the molar amount of Fe was the same as
the molar amount of Fe in the looping reactor; additionally, the amount of support was calculated
to be 30% of the total mass. For the membrane, a reference area of 1.62 m? was considered as the
baseline with a Hz flux of 1.8x10* kg/(m?.s) °, and based on the ratio of the required H, production
capacity to the reference capacity (25 kg/day), our membrane total area was scaled linearly

according to Eq. S8.

Ty = A _ .mHz’M Eq. S8
AM,ref mHZ,M,ref
Table S12: Catalytic NHs decomposition plant components and their equations’ 8 11,
Component Thermodynamic equations Sizing equations
Qux1 = 3HX1QHX1,max
Qux1max = MiN(R1Cy 12, 7€, 79)(T7 — T1) Qux1

HX1 Ay = —CHEL
U.LMTD
(T; —Ty) —(Tg—T,) Hx1

Ln (H)

LMTDHX]. =
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Qux2 = €nx2QHx2max

QHx2max = MIN(M€p23,M4Cpag) (T4 —T2)

Qux2

HX2 A =77
HX2 ™y LMTD yx,
(T4 —T3) — (Tg —T3)
LMTDHXZ = T4_ — T3
In(77——=>
(re=r)
_ nFeMFe
mcatalyst - 1— Wt%YS_Z
Reactor Q1 = (2R4¢,4 — 13¢5 3)T3 M: molar mass [kg/mol]

n: molar amount

H, separation
membrane

(case 1)

Was

_ nsRT yg (szLn(yHZ) + yN2+NH3Ln(yN2+NH3))

Nus

Ay = 648 m?

H, separation
PSA

(case 2)

k-1
. R R
msmT["p —1]

W, =
¢ Nc

PSA sizing is based on the
power consumption of its

compressor®,

It is noted that two arrangements of heat exchangers (HX1 followed by HX2 or vice versa) were

analyzed and negligible impact on the energy consumption and LCOH was observed; thus, only

one arrangement (Figure 6b) was discussed.

Table S13 shows the input parameters for the NH3z decomposition plant.

Table S13: Input parameters for the catalytic NHs decomposition plant.

Parameter Value Description

T, 30 [°C] Temperature at stream 1
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T, 378.5[°C] Temperature at stream 2
T; 513.9[°C] Temperature at stream 3
T, 600 [°C] Temperature at stream 4
Ts 600 [°C] Temperature at stream 5
Te 600 [°C] Temperature at stream 6
T, 600 [°C] Temperature at stream 7
Tg 389.5 [°C] Temperature at stream 8
Tq 58.5[°C] Temperature at stream 9
X 90 [%] NH; conversion
Eux1 95 [%] HX1 effectiveness
Eux2 95 [%] HX2 effectiveness
NHs 20 — 100 [%] H. separation membrane efficiency
Nc 80 [%] PSA compressor efficiency
U 300 [W/m2.K] Overall heat transfer coefficient (gas-gas/steam)
Tp 71-] Pressure ratio in PSA compressor (from 100 to 700 kPa)

Table S14 shows the results of energy analysis on the NH3z decomposition plant. Accordingly, the

plant’s Ho production rate per mass of active metal, Fe, is identical to that of the looping plant and

equal to 0.1326 mmole/gFe. s

Volume of solid in the reactor is calculated using Eq. S5. In this equation the density of each

material (p) is calculated based on the general method for theoretical composite density:
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1 wt% wt%
= ey Eq. S9
Pre/ysz Pre Pysz

In this equation pg, = 7870 and pysz; = 6050 kg/m?3.

Table S14: Energy analysis results for the catalytic NHs decomposition plant.

Parameter Value Description

Apx1 23.7 [m?] Area of HX1

Agxs 23.7 [m?] Area of HX2
04 2.207 [MW] Heat transfer in NH; decomposition

Power consumption in H» separation membrane

Wys | 0.237—0.047 [MW]
(Mus = 20 - 100%)

W, 2.190 [MW] PSA compressor power consumption
my, 1 0.058 [kg/s] Mass flow rate of H, product in step 1
my, » 0.058 [ka/s] Mass flow rate of H» product in step 2

1y 0.729 [kg/s] Mass flow rate of inlet NH;

Mgialyst 623.39 [kog] Mass of Fe/YSZ in reactor
Pcatalyst 7220 [kg/m?®] Density of Fe/YSZ
Vcatatyst 0.0863 [m?] Volume of Fe/YSZ in reactor

Similar to the proposed CLAOD-WS plant, a cost analysis is conducted on the decomposition

plant. Table S15 shows the cost functions of equipment used to calculate annual costs.

Table S15: Cost functions of equipment for the catalytic NHs decomposition plant’14,
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Component

Cost equations

Auxs \*7 CEPCI
[0 2006exp(0 002 567T4)]Fi,HX1fi,HX1ant(1

Chx1 = FOByyx ref (

AHX,ref 1000
HX1
L F )CRF
o Fu
Auxz \*7 CEPCI
Chx2 = FOByyx ref Arres 1000 [0.2006exp(0.002567T)]F; yx2fi nx2Fmne(1
re
HX2
L F )CRF
o Fu
0.68
%4 CEPCI CRF
Reactor | Cp = FOBRref< “‘“””‘) [0.7561exp(0.0006982T3)|F; ofi rFmnt(1 + Fo) ——
: Vie 1000 kT F,,
H>
separation B ( Ay >0.93 CEPCIF o E E 4F )CRF
membrane M Mref AM,ref 1000 mM* iMJ iM* mnt" RCM o Fu
(case 1)
Ha my,s \ CEPCI
] CPSA = FOBPSA,Tef m 1000 [0756lexp(0 0006982T5)]Fi,PSAfi,PSA
separation Nyref
PSA + FoE < W )0'9 cEpCt )F (145 CRF
Cref \ 5; m,cricClicC mnt o
(case 2) Werer) 1000 F,

Table S16 shows the input parameters for the decomposition plant cost analysis.

Table S16: Input parameters for the catalytic NHs decomposition plant cost analysis’3,

Parameter Value Description
FOB pref 76,000 [$] Free on Board - the cost of membrane at the shipping point
Apref 1.62 [m?] Reference surface area of membrane
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My, Mref 25 [kg/day] Reference H2 separation using membrane®
Fiy 3.0[] Membrane installation factor
fim 0.52 [-] Membrane material factor
Frem 1.2[] Membrane replacement factor (every 5 years)
FOBpsyrer | 260,000 [$] Free on Board - the cost of PSA at the shipping point
my, rer | 21.2 [MTPD] Reference N2 mass flow rate in PSA
Fipsa 3.0[-] PSA installation factor
fipsa 0.85 [-] PSA material factor
FOBcrer | 1,350,000 [$] | Free on Board - the cost of PSA compressor at the shipping point
Wc_ref 1 [MW] Reference compressor power
Fic 2.5[] Compressor installation factor
fic 0.8 [-] Compressor material factor
FOBgef 350,000 [$] Free on Board - the cost of reactor at the shipping point
Vies 3 [m7 VVolume of solid in a reference reactor setup
Fir 41-] Reactor installation factor
fir 0.85[-] Reactor material factor

The next step in techno-economic analysis is to evaluate the cost of materials feedstock. The
decomposition plant requires NH3z and Fe/YSZ which cost $0.3 and 6.765/kg, respectively. The
catalyst is assumed to be replaced by a new batch 4 times per year!. Additionally, the effect of
catalyst replacement frequency was investigated. If this frequency was increased from once per

year to once per two weeks (26 times per year), there would be minor increase in annual gas and

materials cost (0.6% for membrane, 1.1% for PSA) and LCOH (1.6% for both cases).
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The cost of labor is the same as the CLAOD-WS plant.

Lastly, the cost of energy consumption was analyzed under the scenario in which the thermal
energy is converted from utility scale renewable grids. As the current analysis focuses on the
chemical system comparison between CLAOD-WS and direct NHz decomposition, we do not
include the electricity generation equipment in our system but we consider the costs of electricity
from utility scale renewable grid, including utility-scale PV-plus-battery, land-based wind, and
concentration solar power!®-1°, Then we can obtain thermal energy cost by dividing electricity price
by neth = 90%, and we get a range of $0.017 to 0.090/kWh!®2°, For this study, the cost of
$0.059/kWh!" was considered according to utility-scale PV-plus-battery. This technology
includes the cost of energy supply plus storage (PV plus battery, class 5, moderate case, market,

PTC+ITC, 2030)’.

According to the cost analysis, assuming a 20% Second Law efficiency for H> separation
membrane unit, the total cost of the decomposition plant is $17.91 M/yr. Considering this plant’s

H> production capacity of 10 MTPD, the LCOH is evaluated to be $5.1/kg-Ho.

In the catalytic decomposition plant, thermal energy is required for the decomposition reactor via

electrical heating, and electrical energy is required for the separation units (membrane or PSA).

Electricity-driven thermochemical reactors are gaining attention in industrial chemical plants, as
they are able to provide high temperatures (up to and above 1000°C)?°; such a reactor is used for

the catalytic NHs decomposition system in this analysis.

It is worth noting that the change in separation membrane efficiency will directly influence the
energy consumption of this unit and its effect on installation and maintenance was beyond the

scope of this study.
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Under the second case in which the Ha separation unit is PSA, the total cost of the plant is $10.14

M/yr and the LCOH is $2.9/kg-Ha.

The investment cost of these plants based on their different components is shown in Table S17. In
this table, the investment costs of different components in the catalytic NHz decomposition plants
are shown. It needs to be clarified that these investment costs include the installation factor (Fi),
which is commonly used to estimate the cost of items in addition to the cost of equipment, such

as:

e Equipment foundation and minor structural work,

e Piping, insulation, and painting,

e Instruments and automatic process control (APC) systems,

e Process building and structures,

Utilities and site preparation.

Using installation factors have been developed and explained in books by Sinnott?!, Towler and

Sinnott?2, and Turton®.

Table S17: Investment cost of the catalytic NHs decomposition plants and their components.

Investment cost [$]
Component
Equipped with Pd-Ag/ceramic membrane | Equipped with PSA
HX1 118,049 118,049
HX2 118,049 118,049
Reactor 141,673 141,673
Membrane 62,961,150 -
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PSA - 8,335,673

Total 63,338,921 8,713,443

As an instance for equipment cost calculations, for the reactor, a H> production rate of 10 MTPD

was assumed. Based on a 90% conversion of NHs to Hz, and the relationship provided in Table

S12, the required mass of solid material (Mcatalyst) in the reactor was calculated. Using a density of

7220 kg/m® for the Fe/YSZ (30wt%), the corresponding solid volume (Vcatlyst) Was estimated.

Furthermore, a cost function for the reactor in Table S15 was employed, based on the guidelines

from Rules of Thumb in Engineering Practice by Donald R. Woods!#, to provide an estimation of

the reactor's investment and operating costs.
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