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In the Supplementary Note 1, we provide the material and energy balance equations
comprising the 1D adsorption column model. In the Supplementary Note 2, we provide
the definitions of all non-dimensional variables and groups used in the adsorption column
model. In the Supplementary Note 3, we provide the boundary conditions used to solve
the adsorption column model which represent the 4-step pressure-vacuum swing adsorption
cycle. In the Supplementary Note 4, we provide details of the calculations of all process
key performance indicators. In the Supplementary Note 5, we provide the isotherm model
and parametrisation for the description of COy/Ny adsorption equilibrium on zeolite 13X
adsorbent. In the Supplementary Note 6, we provide the simulation parameters for the
adsorption process cycle. In the Supplementary Note 7, we provide the specification of the
1,000 MW coal fired power plant and the supporting basis calculations. In the Supplementary
Note 8, we provide the input parameters to the economic assessment. In the Supplementary
Note 9, we provide full details of the process scale-up and economic assessment procedure. In

the Supplementary Note 10, we provide the parametric bounds used for carrying out process



16 optimisation. In the Supplementary Note 11, we provide the process scale-up results for the

17 two process designs proposed in the main text.



» Supplementary Note 1

1w Material & energy balance equations

Table S1: The system of non-dimensional partial differential equations representing the
material and energy balances of the 1D adsorption dynamics model.

Overall material balance: % — %if = —Taaz (%?) — YT 30, %‘”T"
: . Oy yiOp v, 0T _ 1T & (p Oy T 0 (ypv T,,0z;

Component material balance: 3% + o~ Tor —Pepoz (7 BZ) - 507 ( i ) — Ewa—ﬁ
Solid-phase material balance: %ﬁi = oz} — ;)
P drop: _9p _ 150 (1=¢\? wl , -

ressure drop: 9z = 12 | < v
Column energy balance: g—f + Qg% = Ql% - (223% (po) + >y {(ai —Q37) %] - (T - Ty)
Wall energy balance: %L;W =11 %2ZT§V + 1y (T — Tyy) — U3 (T — To)




Supplementary Note 2

N
=]

» Non-dimensionalisation and dimensionless groups

2 The non-dimensional variables of the adsorption dynamics model are defined as:

ﬁ:£7T:7Tw277Ta:
23

24

Po = pr, Lo = Tr,v0 = U, s 0 = GsbN,
2 Note that the pressure values used in the model are input as absolute pressures, unless
» indicated otherwise. The dimensionless groups of the adsorption dynamics model are defined
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Supplementary Note 3

We have modelled a typical four step pressure-vacuum swing adsorption (PVSA) cycle for
post-combustion carbon capture. A schematic of the operation of the cycle can be seen in
Figure S1. The cycle comprises of the following steps; (1) adsorption, (2) forward blowdown,
(3) reverse evacuation and (4) feed pressurisation. During the adsorption step, a steady
flow of feed gas is established over the bed with a velocity vg at a pressure py. Throughout
this step the bed preferentially adsorbs CO, from the feed gas and expels an Ny rich light
product from the product end. In the forward blowdown step, the feed end of the column is
closed and the pressure is reduced from py to an intermediate pressure, p;. During this step,
an Ny rich raffinate is collected from the product end of the column. During the evacuation
step, the product end is closed and the pressure of the column is reduced from p; to a low
pressure, pr,, by a vacuum pump at the feed end of the column. In this step, a high-purity
COg product is collected from the feed end. Finally, during the feed pressurisation step, the
pressure is raised from pr, to py by adding flue gas to the column from the feed end, with
the product end closed. From this point the cycle repeats, carrying out the same sequence

of steps until a cyclic steady state (CSS) is achieved.

Adsorption step: boundary conditions

During the adsorption step, both the feed end and product end are open. The velocity at

the feed end is the feed velocity, vg:

B0 = 1 (12)

The pressure at the product end is taken to be the high operating pressure, py:

Plz=1 =1 (13)
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Figure S1: A schematic representation of the four-step PVSA cycle. The steps are (1)
adsorption, (2) forward blowdown, (3) reverse evacuation and (4) feed pressurisation.

48 Each component material balance is subject to the Danckwert’s conditions at the feed /product
s ends of the column. These conditions describe the onset and termination of mechanical dis-

so persion of the gas-phase upon entering/exiting the packed bed. The conditions are given

51 aS:
dyi _
= —0|z=0Pe (yir — y|z= 14
57|, = ~lz=oPe (vir = ylz=0) (14)
Dy
=0 15
AP (15)
52 Similarly, using the analogy between diffusive mass transfer and conductive heat transfer,

53 we write the conditions for the energy balance at the feed /product ends as:

oT

8_Z o = —@|Z:0Peh (TF — T’Z:0> (16)



oT
il — 1
0Z | 71 0 (17)

The wall energy balance is subject to a boundary condition of tight thermal contact

ss between the wall and the ambient surroundings:

TW|Z:0 - Tw‘Z:l — Ta

(18)

The conditions applied to the wall energy balance are the same in each step of the cycle.

Forward blowdown step: boundary conditions

During the forward blowdown step, the feed end is closed and the product end is open.
Therefore at the feed end we specify:

op
270, =0 (19)
Dy .
570, =0 (20)
oT
AP

(21)

The conditions applied to the component mass balance and the gas-phase energy balance
61 at the product end are:

y;
0z

Z=1

(22)
or
07z

=0

Z=1

(23)

The pressure profile at the product end during blowdown is specified as the following



&3 exponentially decreasing function:

1

i —\tL
Plze1 = — (pl + (pu — pr) exp l D
bu

- (24

« Reverse evacuation step: boundary conditions

ss During the reverse evacuation step, the feed end is open and the product end is closed.
s Therefore, at the product end we specify:

op
ol _ 25
271, =0 (25)

(26)

67

(27)

The conditions applied to the component mass balance and the gas-phase energy balance
s at the feed end are:

0y;
— 2
A 0 (28)
or
il - 2
A 0 (29)
69

The pressure profile at the inlet of the column during blowdown is specified as the fol-
70

lowing exponentially decreasing function:

1

_ —\tL
Plz—o = — (pL + (p1 — pL) exp [ D
bu

Vo

(30)
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Feed pressurisation step: boundary conditions

During the feed pressurisation step, the feed end is open and the product end is closed. Here,
we apply the Danckwert’s conditions to the inlet/outlet of the column for the component

mass balance and gas-phase energy balance as:

gz; g —0[z=0Pe (yir — y|z=0) (31)
7 o (32)
gg o —0|z—0Pen (Tp — T|Z:0> (33)
gg . (34)

Since the product end is closed, the pressure at the product end is given by:

b

oy =0 (35)

Z=1

The pressure profile at the feed end during pressurisation is specified as the following

exponentially increasing function:

Plz=o = le (pH — (pu — pr) exp l_AtLD (36)

Vo

10



» Supplementary Note 4

» Process key performance indicators

so  The purity and recovery of CO, extracted from the flue gas are given by:

evac

Puco, (%) = 100 x ——COz.0ut (37)

evac evac

COgz,out + N, out

evac

n
Reco, (%) =100 X — 22200 (38)

NCO,.in COs,in

81 The productivity of the process is given by:

n(évgc out
Pr=—"2"7— 39
Vbed ' tcycle ( )
82 Where Vieq = 7T7“12nL is the volume of the adsorption bed and t.yqe = >-;¢; is the total
g3 duration of the four-step cycle. The amounts of CO5/Ny input to and extracted from the

s« column are calculated as:

N _
evac Poy 3D
Ncoy,out = [Z 75,0 CO2,5Pb (WT?HAZ) T ?0 C](;QT? : € (WT?HAZ) a <40)
j=1 0 J t=tpa
al Do YCO,,iP;
. 2 0 2,J°7 2
; 4s,0TCO4,jPb (M’inAZ> + T, RI, € (m"inAZ) y
al Do YN,,jD;j
o = |2 o, on (THAZ) + 2 T e (1 AZ)| - (41)
=t 0 / t=tpq

al Do YN,,;Pj
LZ:; 0s,0TNy,iPb (WT?HAZ) + Tofgi’%jje (m’?nAZ)

t=tevac

11



N —
res Po Yco,,5P;
n%OQ,in = Z 45,0TCO2,5Pb (W?nAZ) + fR#HE (WT?nAZ> - (42)
j:1 0 j t:tpres
al Po Yco,,;Pj
2 2,3 2
> Gs0Tco,ip (TR AZ) + =2 e (nr) AZ
= 2,] ( ) TO RT] ( ) it
al Po Yc0,,iP;
n?%z,in = D ¢s02c0,,jPp (’/T’l”iQHAZ) + ?R#”e (WT?HAZ) - (43)
j:1 0 j t=tads
N ey tads (DD
' 2 A7) o D0 Ycos Py N PoYo o / < py_<302> gt
|:J2:; 4s,0LC03,5Pb (ﬂ-rln ) + TU RT} € <7rrln ) . + RT(] €TTin 0 T 71
8 The total energy usage per tonne of CO, captured is given by:
Ea S E Eevac E res
By = Dad + bde-vl;c + Ly (44)
MCO,,0ut
86 Where mg@; ou = Wco,NEh, out 15 the mass of CO; extracted during the evacuation step.

sz 'The energy usage by each cycle step is calculated as follows:

tate [ 5D 5\ (5
Egs = enrl, <7> vopo/ ’ (vp) [(pop\z_()) T 1] dt (45)
y—1 0 n ) lz=o PF

Epgq = e7rri2n (ﬁ) VoPo fgbd (%)

[(Pmtm>(”) — 11 dt, if  pop|z=1 < Patm
Z=1

PoP|z=1

Ebd =
Oa if p0p|Z:1 Z Patm
(46)

e [(p(ﬁt;())(ul) - 1] di (47)

tevac Eﬁ
Eevac - €7TT12n <7> UOPO/ ()
v—1 0 7

12



-1
2 v tpres (0P Pop|z=0 (AYT) . -
emriy (257 ) vopo Jo© (F l B — 1| dt, if pop|lz=o > pr
Epres _ (’Y 1) ( n ) Z=0 ( PF ) <48)
0, if  poplz=o < pr
88 The adiabatic efficiency of vacuum pumps in the forward blowdown and reverse evacua-
s tion steps is given by the following semi-empirical function:!
19.55p
=08X ——— 49
() 1+ 19.55p (49)
% Where the pressure, p, is expressed in bar. There is a consensus in the available literature

o on this approach for the energy usage calculation of compressors and vacuum pumps.?™”
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Supplementary Note 5

Adsorption equilibrium

To describe the multi-component adsorption of the CO2/Ny mixture on zeolite 13X adsor-
bent, we have applied the extended dual-site Langmuir (DSL) isotherm model, for which the

equilibrium amount adsorbed of a species, i, is given by:

* Qb,ibici Qd,idici
q’L = Nec Nc
T+ 0jc; 1+ 3057 djc

(50)

Where ¢,; and gq,; are the saturation capacities of species ¢ on site 1 and site 2 of the
solid surface, respectively. The parameters b; and d; are the adsorption equilibrium constants
for each of the adsorption sites, which are expressed as a function of temperature using the

van’t Hoff equation:

—AUy,;

’OeXp( RT ) (51)
—AUy;

’OeXp( RT ) (52)

Where AU, ; and AUy ,; are the molar internal energy change upon adsorption for species
1 on site 1 and site 2, respectively. The molar concentration of species ¢ in the gas phase is

calculated using the ideal gas law:

¢ = JiP (53)

14



Table S2: Parameters of the extended dual-site Langmuir isotherm for describing the multi-
component adsorption of CO, /Ny on zeolite 13X.2

Material Parameter CO, N,
Zeolite 13X ¢, [mol/kg]  3.09 5.84
¢a [mol/kg]  2.54 -
bo [m?/mol]  8.65 x 1077 2.50 x 10~°

dp [m3/mol]  2.63 x 1078 -
AU, [J/mol]  —36,600 —15,800
AUy [J/mol] —35,700 -

15



Supplementary Note 6

ws Simulation parameters

Table S3: Parameters used to simulate the PVSA process for post-combustion carbon capture
using the high fidelity mathematical process model. Simulation parameters are obtained from
Haghpanah et al. (2013).2

Parameter Value Units

Column dimensions:

Column length, L 1 [m]
Column inner radius, 7, 0.145 [m)]
Column outer radius, 7oy 0.162 [m]

Feed properties:

Feed pressure, pp 100, 000 [Pa]

Feed temperature, Tf 298.15 K]

Feed molar composition (CO3), 1 F 0.15 ]
Physical properties:

Bed density, py, 712 [kg/m?]
Bed voidage, € 0.37 -]

Particle voidage, €, 0.35 -]

Particle radius, r,, 0.001 [m)]
Particle tortuosity, 7, 3 ]
Molecular diffusivity, Dy, 1.5x 107°  [m?/s]
Thermal conductivity of gas, K, 0.09 [J/m/K/s]
Thermal conductivity of wall, K 16 [J/m/K/s]
Heat capacity of gas phase, C, , 30.7 [J/mol/K]
Heat capacity of adsorbed phase, Cj, , 30.7 [J/mol /K]
Heat capacity of adsorbent, Cj, 1,070 [J/kg/K]
Heat capacity of column wall, C,,,, 502 [J/kg/K]
Density of wall, py 7,800 [kg/m?]
Dynamic viscosity of gas, 1.72 x 107 [kg/m/s]
Overall inside heat transfer coefficient, hj, 8.6 [J/m?/K/s]
Overall outside heat transfer coefficient, hyyy 2.5 [J/m?/K/s]
Ratio of ideal gas heat capacities, 14 ]
Adiabatic efficiency, n n =n(p) ]
Pressure profile time constant, A 0.5 [/s]

16



Table S4: Values of fixed operating conditions for process simulations.

Parameter

Value Units

Adsorption step duration, t.qs
Blowdown step duration, tpq
Evacuation step duration, teya
Low pressure, pr,

50 [s]
100 5]
100 s
0.03  [bar]

17
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Supplementary Note 7

Power plant specification

Table S5: Specifications of the typical 1,000 MW coal-fired power plant considered in this
study for the techno-economic analysis of the PVSA process.®

Parameter Value Units
Effluent composition: 15% CO,, 85% Ny mol. %
Generation capacity: 1,000 MW
Thermal efficiency: 0.4 -

LHV of coal: 28,000 kJ/kg
Carbon content of coal: 70 % (DAF)
Thermal power: 2,500 MW
Rate of coal consumption: 89.3 kg/s
Molar flow of carbon in flue gas: 5,208 mol /s

Generation capacity

The largest coal fired plants in the world have capacities of 1000’s MW, while the smallest
are 100’'s MW. We therefore took a value of 1,000 MW as being representative of a typical

power plant size.

Thermal efficiency

The thermal efficiency is the proportion of the thermal energy released by combustion of
coal which is converted into useful electricity after considering all components in the system,
such as the boiler, turbines, generator and transformers. The thermal efficiency can vary
between 35% to 45% depending on how modern the fleet in a given country is. We therefore

took a thermal efficiency of 40% as being representative of a typical power plant.

18



s Coal properties

1

[

1o We used a value for the lower heating value of coal of 28,000 kJ/kg... and a carbon content

10 of 70% on a mass basis®. Both values correspond to a dry ash free (DAF) basis.

2 Calculation of CO, emissions

122 The thermal power required is calculated as follows:

Pice  1000MW

Pihermal = = 2500MW = 2.5 x 10°kJ /s (54)
Tlthermal 0.4
123 The required rate of coal supply is then calculated as:
. Pthermal 2.5 X 106kJ/S
coal = = = 89.29kg 0 55
Meoal = TV~ 28000k /kgeon Beoal/$ (55)
124 The molar flow of carbon in the flue gas is then given by:

| tieouthe | 89:29 X 103Eesl 5 0.7 Ee

. _ gcoa —
Ne = o EE L = 5208mol./s (56)
125 Assuming complete combustion of the fuel and no side reactions, the molar flow of CO4

126 in the flue gas is equal to the molar flow of C. Therefore, we estimate that the 1,000 MW
127 power plant produces 5208 mol/s of COy. This is equivalent to approximately 9 million

s tonnes of CO, per year.

19



» Supplementary Note 8

1 Economic assessment parameters

Table S6: Economic parameters used as inputs to the techno-economic analysis.

Parameter Value Units
Discount rate, d 0.08 ]
Economic lifetime, ¢ 25 [yr]
Electricity unit cost, Ceee  0.06 [$/kWh)]
Adsorbent unit cost, Chqs 1500 [$/tonne]

20
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Supplementary Note 9

Process scale-up

Because an adsorption column must cyclically alternate between adsorption and regeneration
modes, multiple adsorption columns must operate in parallel to provide a unit which can
continuously accept the flue gas feed. The minimum basic unit which facilitates continuous
feed is called a “train” of adsorption columns. Further, because a very large volumetric flow
rate of flue gas is produced by the power plant, a single train will not be able to accept
a sufficient amount of feed. Therefore, many trains of columns are arranged in parallel to
handle the total amount of flue gas. A schematic representation of this process scheme can
be found in Fig. S2. To scale-up the adsorption process, we have followed the approach set
out by Subraveti et al.? The total number of columns which must be arranged in parallel to

form a continuously operating train is given by:

e Leycle
N = ceiling | —2=— o7
l & ( ads 1 tprcs) ( )

The minimum number of these trains which must be arranged in parallel to enable pro-

cessing of the total volume of flue gas is given by:

M = ceiling (ncf)jcgmmed> (58)

"COs,in
Where M is the number of parallel trains, 7co, emittea 15 the molar flow rate of CO; in
the flue gas and n&g, ;, is the molar flow rate of CO, which is accepted by a single column
during the adsorption step. Since Eq. 57 implies a column schedule for each train in which
a single column is always accepting feed gas, the total molar flow of CO5 which is processed
by a train is equal to the rate at which COs is fed to a single adsorption column.

The scaled-up process also requires compressors and vacuum pumps to facilitate the

pressure changes throughout the process cycle. Since each train continuously processes flue
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gas in one column at a time, the number of compressors required for the scaled-up process
is equal to the number of parallel trains, M. The number of vacuum pumps per train for
blowdown and evacuation of the adsorption columns during the regeneration steps is given

by:

. tha
Ny pq = ceiling | —— 59
bd & (tads + tpres) ( )

t
Nv . — .1. evac 60
,evac ceulimng (tads + tpres) ( )

Note that separate vacuum pumps must be used to depressurize the columns in the blow-
down and evacuation steps, respectively, to prevent cross-contamination of the high purity

COy product in the evacuation step with the low purity waste stream from the blowdown

step.
» N, (vent)
E ................ R RRRLLLLLLIEE i .. N2 (vent)
M parallel
trains
Nco] Ncol U
CO,+N, 1 NN N S fee CO, (extrach)

(feed)

Figure S2: A schematic representation of the scaled-up adsorption process configuration.
Adapted from Subraveti et al.?

Capital costs

The capital cost of the scaled-up process has been evaluated using a bottom-up approach, as
described by Subraveti et al.? Firstly, the total direct cost (TDC) is calculated by the sum
of the cost of the required equipment. Several additional allowances are then made. A pro-
cess contingency (15% of TDC) is added to account for potential underestimation of process

equipment costs to give the total direct cost including process contingency (TDCPC). We
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then include indirect costs (14% of TDCPC) and a project contingency (20% of TDCPC).
Indirect costs account for factors such as engineering and consultancy fees. The project
contingency is to allow for unforeseen costs and issues which may arise during the construc-
tion of the project. This gives the total plant cost (TPC). Finally, an allowance is added
for ownership costs (7% of TDCPC) to give the total capital required (TCR). Ownership
costs include the costs of buying land, insurance, legal fees and currency exchanges, among
several other expenses. The TCR represents the total amount of capital which needs to be
raised to build out a project with a given TDC, given the required contingencies. Overall,
the allowances made amount to increasing the TDC by approximately 62.15% to give the
TCR. We have annualised the TCR using the equivalent annual cost (EAC) approach.® The
EAC is given by:

TCR-d

EAC (§/yr) = T—0rd

(61)

Where d is the discount rate and t is the economic lifetime of the project. The most
important contributions to the TDC of the scaled-up process are those of the adsorption
columns, the compressors, the vacuum pumps and the initial adsorbent.!® Each of these
equipment costs have been estimated from correlations available in the literature. !

The base cost of an adsorption column is given by the following correlation:

10210(Chcol) = 3.4974 + 0.4485 log, (V) + 0.1074 (log,o(V))? (62)

Where V = 7r2 L is the volume of an adsorption column (m?). The actual column cost

is then calculated as:

CEP 012021

Coot (8) = (252 + 1L82F F) x =202
1(8) = (2524 ?) X CEPClgg,

: CB,COI (63)

Where CEPCI; is the chemical engineering plant cost index for year ¢ and is used to

adjust the base cost of the column for inflation. F}, and F}, are the material and pressure
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196

factors. For an adsorption column, the material factor is £, = 1. The pressure factor is

given by:

(64)

(pr+1)27in + 0.00315
5)
0.0063 7

I — max (2<850—1.5(pH+1)>
L=

Where py is the adsorption pressure (barg) and 7y, is the column inner radius (m). The

base cost of a vacuum pump is given by the following correlation:

108,0(Ch.pump) = 3.3892 + 0.0536 log, o (W) + 0.1536 (1ogw(W))2 (65)

Where W is the maximum shaft power of the vacuum pump (kW). The actual vacuum

pump cost is then calculated as:

CEPCIQ()Ql

Cpump ($) = 5 X 7CEP012001 . OB,purnp

(66)

For the costing of compressors, the cost is broken down into the cost of the compressor
itself and the cost of the drive. The base costs of these components are given by the following

correlations:
10810(CB.comp) = 2.2897 + 1.3604 log,,(n'/') — 0.1027 (loglo(nW)>2 (67)

108,10(Ch.drive) = 1.956 4 1.71421log,, (W) — 0.2282 (loglo(W)>2 (68)

The actual costs of the compressor and drive are then calculated as:

. CEPC12021
ooy (8) = 27 ot - Cicomy (69)
CEPCIgogl
. — 1. o el :
CVdrlve ($) o X CEPCIQOOl CYB,drlve (70)

We can then calculate the TDC by summing the contributions of the costs of the adsorp-
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tion columns, vacuum pumps, compressors and the cost of the initial adsorbent:

TDC ($) = NeatM Ceor + Ny pa M Gy, + N evac M Cprie + (71)

pump pump

M(Ccomp + Cdrive) + Ncoleprads

Operating costs

For the purposes of assessing the relative techno-economic performance of processes utilizing
different adsorbent materials, the two most important operating costs to account for are the
cost of electricity used to drive the vacuum pumps and compressors, and the cost of regularly

replenishing the adsorbent in the system.!® The cost of electricity is calculated as:

OPEXelec($/yr) = ETReCOQmCOQ7emittedCelec (72)

Where Er is the energy usage of the capture process (kWh/tonne), mco, emitted 1S the
mass flow rate of CO, in the flue gas (tonne/yr) and Cepe is the unit cost of electricity
($/kWh).

To calculate the cost of replenishing the adsorbent material, it has been assumed that
the adsorbent in the system needs to be replaced on an annual basis. This cost can then
be taken as a regularly occurring operating expense that we account for once per year. The

cost of replacing the adsorbent in the system is calculated as:

OPEXadS($/yr) = NcolMVprads (73)

Where (4 is the unit cost of the adsorbent material. ZIF-36-FRL belongs to the metal
organic framework (MOF) family of adsorbent materials. While there is significant interest in
these materials in the academic literature for a variety of applications, most MOF's (including
ZIF-36-FRL) are yet to be readily available at a commercial scale. Based on techno-economic

evaluations reported in the literature it is estimated that, with economies of scale and mature
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demand markets, the unit cost of MOF's could be on the order of tens of thousands of dollars
per tonne.? The unit cost also depends strongly on the metallic composition of each specifc
MOF, which can vary significantly between materials. As a crude approximation, we have
optimistically estimated for the purposes of this study that ZIF-36-FRL could cost 10,000
$/tonne if deployed widely at commercial scale for post-combustion capture.

The total operating cost is then calculated as the sum of the annual electricity and

adsorbent replenishment costs:
OPEX ($/yr) = ETReCOg mCOg,emittedCelec + NcolMVpbOads (74)
Therefore, the total annual cost (TAC) of the capture process can be calculated as the
sum of the equivalent annual cost of the capital expenditure with the annual operating cost:

TAC ($/yr) = EAC + OPEX (75)

The total annual cost may be used in conjunction with the annual amount of CO, cap-

tured to calculate the cost per tonne of COy captured from the flue gas:

TAC ($/yr)

C&P ($/tonne) = .
co, (8/ ) Reco,Mc0, emitted (tonne /yr)
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Supplementary Note 10

Optimisation bounds

In Table S7, we provide the design decisions and parametric bounds for optimization of the
process performance when using the NSGA-II algorithm. A linear inequality constraint is
imposed on the optimization to ensure that the high pressure is always larger than the inter-

mediate pressure, to ensure that only physical solution to the process model are obtained:

pu > pr + 1000 Pa (77)

Table S7: Design decisions and parametric bounds when optimizing process performance
using the NSGA-IT algorithm.

Parameter pu [bar] pr [bar] ovp [m/s]
Lower bound 1 0.05 0.1
Upper bound 10 3 1
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= Supplementary Note 11

»s Scale-up of proposed designs

Table S8: Summary of process scale-up for the maximum flexibility design and the relaxed
cost optimal design at the respective nominal operating points.

Maximum flexibility Cost optimal

Operating conditions

High pressure, py [bar] 6.00 3.55
Intermediate pressure, py [bar] 0.765 1.25
Feed velocity, vg [m/s] 0.794 1.40
Performance indicators

Purity, Puco, [%] 98.3 96.5
Recovery, Reco, [%] 93.8 90.4
Productivity, Pr [mol/m?/s] 2.03 1.99
Energy usage, Er [kWh/tonne] 624 515
Scale-up

Number of columns per train, Neo [-] 6 6
Number of parallel trains, M -] 5596 5364
Number of blowdown pumps per train, Ny pq [-] 2 2
Number of evacuation pumps per train, Ny evac [-] 2 2
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