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Section A: Modelling Methodology and Assumptions

Table A1 Modelled reactor characteristics used in the 1D reactor model !

Reactor diameter (dt) 2.26 m

Reactor length (Lt) 5 m

Particle diameter (dP) 1 mm

Sorbent to catalyst ratio 5/1 m3c,0/ M3cy
Catalyst particle density 1650 kg/m3
Sorbent particle density 1650 kg/m3

Max sorbent conversion (Xpax) 0.4 mol,co3/mol
Catalyst activity factor (n) 0.3 -

Void fraction () 0.4 -
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ASPEN Plus eSER reactor Modelling

The single eSER reactor is modelled assuming an input-output model that reproduces the time-
average yields of all the species; these are computed by integrating the temporal flow profiles,
predicted by the 1-D dynamic reactor model, of the species entering and exiting the reactor and
ratioing them to the time on stream and by calculating the global heat demand for the eSER process
(for the sorbent calcination and heating the reactor) by performing an enthalpy balance across the
reactor. Except for the CO,, the specific yield of each component per mole of feed is calculated by
integrating over time the outlet molar flow rate computed using the 1-D heterogenous model of
from the start of feeding (time = 0) to the breakthrough time (time = BTt), Equation A1.

BT,
f 'ngasioutdt

BT,

- gasin
Motal dt

0 (A1)

Integral yield of speciesi= i+COo,

The specific yield of CO, of the SER reactor (Equation A2) is calculated by the summation of the
integral of the CO, flow rate over the breakthrough time and the amount of CO, trapped in the
reactor as converted CaO assuming that the SER stage begins with fully regenerated sorbent.
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As presented in Figure A1, the solids (catalyst, fresh sorbent, and inerts) are modelled as virtual
flows with a mass flowrate calculated as the mass of the reactor stock divided by the breakthrough
time and a temperature assumed equal to the regeneration temperature. The virtual solid flows
are then cooled down to the average bed temperature at the breakthrough time, calculated as
shown in Equation A3, and then are mixed with a CO, stream that has a molar flow rate equivalent
to the value of converted CaO moles in the 1D reactor model. The mixture is sent to stoichiometric
reactor to ensure the carbonation reaction between the CO, and the sorbent. The heat of reaction
from the stoichiometric reactor and the heat removed from the solids and the separated CO,
stream are sent to the eSER yield reactor to close the enthalpy balance.
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Figure A1 ASPEN eSER reactor model

Table A2 shows an example of the errors generated in the material and the enthalpy balances. Regarding
the material flows, an error of 0.34% is calculated comparing the reformate stream in the Aspen model to
the outlet stream of the 1D reactor model. With except to the CO2, an error of 0.30% is calculated for all the
species. It is worth mentioning that even though the relative difference of the amount of uncaptured CO,
exiting the eSER reactor in the Aspen model reaches 5%, the absolute difference in terms of molar flow rate
of CO; is small compared to the total carbon fed to the plant making the effect on the overall performance

indicator negligible.

Table A2 Example of the calculated variations in the material and enthalpy flows comparing the
steady state ASPEN model and the 1D dynamic heterogeneous reactor model

Material Flows

1-D reactor model Aspen
Inlet Error
Outlet Outlet
CH, [kmol/h] 287.58 8.60 8.62 0.30%
C,Hs [kmol/h] 22.22 0 0 -
C3Hg [kmol/h] 3.18 0 0 -
H,0 [kmol/h] 1646.26 99791 1000.89 0.30%
H, [kmol/h] 0.00 1276.74 1280.54 0.30%
co [kmol/h] 0.00 22.24 22.30 0.30%
Co, [kmol/h] 7.60 15.98 16.93 5.94%
Total flows [kmol/h] 1966.84 2321.47 2329.28 0.34%
Overall Carbon Balance 1-D reactor model Aspen
Inlet gas flow rate [kmol C/h] 349.19 349.19
Outlet gas flow rate [kmol C/h] 46.81 47.85
CaCO; equivalent flow rate [kmol /h] 298.68 302.38
Reactor stock at breakthrough time [kmol C/h] 2.21 -
Carbon Balance [kmol C/h] 1.50 -1.04
Error 0.43% -0.30%
Enthalpy Flows
1-D reactor model Aspen Error

Inlet [MW] -106.81 -106.91 0.10%



Outlet [MW] -52.42 -52.57 0.29%




Economic Model:

0
The baseline equipment cost “» is calculated as presented in Equation A4. Where, A is the scale
parameter while k1, k2, and k3 are fitting parameters as reported in Table A3.

logy, [cg] =k, + kjlog,, A+ ks[log;, A]2 (Equation A4)

The bare module equipment cost Cpy is calculated using Equation A5. Where, Fgy is the bare
module factor that considers the equipment construction material and the direct and indirect
project costs as reported in Table A3.

_ 0
Cpu=Fpu ¢ (Equation A5)

The bare module equipment cost Cpy is further modified to take into account contingency and
contractor fee, which are assumed to be 18% of the bare module cost 2.

Table A3 Cost function parameters for calculating the CAPEX of the eSER plants 3

ftem Type paf:rzillster ky ke ks Fom Cl;;f(.ll
Air blower Centrifugal Fan Flowrate  3.539 -0.353 0448 2.7 397
Syngas/ CO, compressors  Centrifugal Compressor Fluid power 2.290 1360 -0.103 2.7 397
Water /CO, pumps Centrifugal Pump Shaft power 3.389 0.054 0.154 3.2 397
Electric driver Explosion Proof Drive Shaft power 2460 1419 -0.180 1.5 397
Heat exchangers Fixed tube Area 4831 -0.851 0.319 39 397
Steam generators Steam boiler Heatduty 6.962 -1480 0.316 5.8 397

Table A4 Scaling function parameters for calculating the CAPEX of the eSER plants *

Item Scale parameter Reference Reference Scaling Ref.
p size Cost exponent CEPCI
Sulfur guard bed Natural gas mass flow rate 17.7 kg/s 1.5 M€ 0.67 709

Pressure Swing Adsorber H; mass flow rate 5.6 k/s 22.7 M€ 0.67 576.5




Section B: Base case simulation results
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Figure B1 breakthrough curves of the SER step for the base case plant (Figure 3). Working
conditions: P=10 bar; S/C=4.8; T(eeq=550°C; Thed,initia=900°C. Left axis: solid lines: Reactor
outlet species mole fractions (dry basis), Green: H,, Red: CH,, Blue: CO,, and Black: CO.
Right axis: Dashed line: Reactor outlet gas stream temperature.



Table B1 Base case plant (Figure 3) streams properties

T P m n Molar composition [%]
# [°C] [bar] [kg/s] [kmol/h] | CH, C,H¢ CsHg H, CO CO, 0, N, H,0
1 25 10 1.60 3302 [89.0 7.0 1.0 0 0 2.0 0 1.0 0
2 15 1 3.26 651.8 0 0 0 0 0 0 0 0 100
3 30 10 4.98 994.5 0 0 0 0 0 0 0 0 100
4 365 10 1.60 3302 [ 89.0 7.0 1.0 0 0 2.0 0 1.0 0
5 182 10 8.24 1646.3 0 0 0 0 0 0 0 0 100
6 550 10 9.84 19765 | 147 1.1 0.1 0 0 0.4 0 0.1 84.0
7 831 10 6.14 23293 | 04 0 0 549 09 0.7 0 0.1 43.0
8 35 10 1.17 1337.8 | 0.6 0 0 959 16 1.2 0 02 0.5
9 107 30 0.65 11525 0 0 0 100 0 0 0 0 0
10 107 1 0.51 181.6 4.8 0 0 70.0 122 9.2 0 1.8 2.0
11 20 1 3.98 497.5 0 0 0 0 0 0 21.0 79.0 0
12 2003 1 4.49 604.9 0 0 0 0 0 79 2.0 653 248
13 104 1 4.49 604.9 0 0 0 0 0 79 20 653 248
14 900 1 3.69 302.3 0 0 0 0 0 100 0 0 0
15 38 110 3.69 302.3 0 0 0 0 0 100 0 0 0
16 124 2 1.55 310.0 0 0 0 0 0 0 0 0 100
17 182 10 1.20 240.0 0 0 0 0 0 0 0 0 100
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Figure B2 TQ diagrams for Base case plant (Figure 3)



Section C: Equivalent CO, emissions

Table C1 Equivalent CO, emissions (Ec;, q) considering 50 kgCO,/MWh electric consumed

eSER Plants Ref. Plants
. Vaccum . eSER-eSMR -

Base case High Pressure Regen. High S/C eSEWGS FTR FTR Plus

GWP20  GWP100  GWP20  GWP100 _ GWP20  GWP100  GWP20 _ GWP100  GWP20 _ GWP100 _ GWP20  GWP100 _ GWP20 _ GWP100
Including no CH4
leakage® Kgco2 eq/ K82 1.52 1.60 1.73 1.30 0.92 1.94 0.91

i 0,

Including 0.5% . kg 254 189 266 198 280 212 230 166 192 128 334 243 239 144
CH,4 leakage

Including 1.5%
CH, leakage™ kgeozea/kg2  4.60

* Electrolysis with 65% H; production efficiency have a Ecoj, eq Of 2.56 kgco2 eq/KgH2 considering the same Clgrid.
** Considering 82.5 rgc02 eq/Kgcn4 estimated over 20 years (GWP20) and 29.8 kgco2 eq/kgcu4 estimated over 100 years (GWP100) 5.

2.63 4.79 2.86 4.93 2.89 4.32 2.39 3.92 2.00 6.17 3.45 5.35 2.51

Section D: Sensitivity of LCOH to Selected Assumptions
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Figure D1 Effect of A) plant operation lifetime, B) Manpower per shift, and C) Plant capacity factor on the levelized cost of
hydrogen for the base case, high S/C, and eSER-eSMR-eSWEGS arrangement
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