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In the Supplementary Note 1, we provide the material and energy balance equations2

comprising the 1D adsorption column model. In the Supplementary Note 2, we provide3

the definitions of all non-dimensional variables and groups used in the adsorption column4

model. In the Supplementary Note 3, we provide the boundary conditions used to solve5

the adsorption column model which represent the 4-step pressure-vacuum swing adsorption6

cycle. In the Supplementary Note 4, we provide details of the calculations of all process7

key performance indicators. In the Supplementary Note 5, we provide the isotherm model8

and parametrisation for the description of CO2/N2 adsorption equilibrium on zeolite 13X9

adsorbent. In the Supplementary Note 6, we provide the simulation parameters for the10

adsorption process cycle. In the Supplementary Note 7, we provide the specification of the11

1,000 MW coal fired power plant and the supporting basis calculations. In the Supplementary12

Note 8, we provide the input parameters to the economic assessment. In the Supplementary13

Note 9, we provide full details of the process scale-up and economic assessment procedure. In14

the Supplementary Note 10, we provide the parametric bounds used for carrying out process15
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optimisation. In the Supplementary Note 11, we provide the process scale-up results for the16

two process designs proposed in the main text.17
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Supplementary Note 118

Material & energy balance equations19

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: ∂p̄
∂τ − p̄

T̄
∂T̄
∂τ = −T̄ ∂

∂Z

(
p̄v̄
T̄

)
− ψT̄

∑nc
i=1

∂xi
∂τ

Component material balance: ∂yi
∂τ + yi

p̄
∂p̄
∂τ − yi

T̄
∂T̄
∂τ = 1

Pe
T̄
p̄

∂
∂Z

(
p̄
T̄

∂yi
∂Z

)
− T̄

p̄
∂
∂Z

(
yip̄v̄
T̄

)
− T̄

p̄ψ
∂xi
∂τ

Solid-phase material balance: ∂xi
∂τ = αi(x

∗
i − xi)

Pressure drop: − ∂p̄
∂Z = 150

4r2p

(
1−ϵ
ϵ

)2
v0L
p0
µv̄

Column energy balance: ∂T̄
∂τ +Ω2

∂p̄
∂τ = Ω1

∂2T̄
∂Z2 − Ω2

∂
∂Z (p̄v̄) +

∑nc
i=1

[(
σi − Ω3T̄

) ∂xi
∂τ

]
− Ω4

(
T̄ − T̄w

)
Wall energy balance: ∂T̄w

∂τ = Π1
∂2T̄w
∂Z2 +Π2

(
T̄ − T̄w

)
−Π3

(
T̄w − T̄a

)
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Supplementary Note 220

Non-dimensionalisation and dimensionless groups21

The non-dimensional variables of the adsorption dynamics model are defined as:22

p̄ =
p

p0
, T̄ =

T

T0
, T̄w =

Tw
T0
, T̄a =

Ta
T0
, xi =

qi
qs,0

23

v̄ =
v

v0
, Z =

z

L
, τ = t

v0
L

24

p0 = pF, T0 = TF, v0 = vF, qs,0 = qsb,N2

Note that the pressure values used in the model are input as absolute pressures, unless25

indicated otherwise. The dimensionless groups of the adsorption dynamics model are defined26

as:27

ψ =
RT0ρbqs,0

p0ϵ
(1)

Pe =
v0L

DL

(2)

αi =
kiL

v0
(3)

Ω1 =

(
Kz

v0L

)
ρb (Cp,s + Cp,aqs,0

∑nc
i=1 xi)

(4)

Ω2 =

(
Cp,gp0
RT0

)
ρb
ϵ
(Cp,s + Cp,aqs,0

∑nc
i=1 xi)

(5)

Ω3 =
Cp,aqs,0

(Cp,s + Cp,aqs,0
∑nc

i=1 xi)
(6)
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Ω4 =

(
2hinL
rinv0

)
ρb (Cp,s + Cp,aqs,0

∑nc
i=1 xi)

(7)

σi =

[
qs,0
T0

(
−∆Ub,i +RT0T̄

)]
Cp,s + Cp,aqs,0

∑nc
i=1 xi

(8)

Π1 =
Kw

ρwCp,wv0L
(9)

Π2 =
2rinhin
r2out − r2in

· L

ρwcp,wv0
(10)

Π3 =
2routhout
r2out − r2in

· L

ρwcp,wv0
(11)
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Supplementary Note 328

We have modelled a typical four step pressure-vacuum swing adsorption (PVSA) cycle for29

post-combustion carbon capture. A schematic of the operation of the cycle can be seen in30

Figure S1. The cycle comprises of the following steps; (1) adsorption, (2) forward blowdown,31

(3) reverse evacuation and (4) feed pressurisation. During the adsorption step, a steady32

flow of feed gas is established over the bed with a velocity vF at a pressure pH. Throughout33

this step the bed preferentially adsorbs CO2 from the feed gas and expels an N2 rich light34

product from the product end. In the forward blowdown step, the feed end of the column is35

closed and the pressure is reduced from pH to an intermediate pressure, pI. During this step,36

an N2 rich raffinate is collected from the product end of the column. During the evacuation37

step, the product end is closed and the pressure of the column is reduced from pI to a low38

pressure, pL, by a vacuum pump at the feed end of the column. In this step, a high-purity39

CO2 product is collected from the feed end. Finally, during the feed pressurisation step, the40

pressure is raised from pL to pH by adding flue gas to the column from the feed end, with41

the product end closed. From this point the cycle repeats, carrying out the same sequence42

of steps until a cyclic steady state (CSS) is achieved.43

Adsorption step: boundary conditions44

During the adsorption step, both the feed end and product end are open. The velocity at45

the feed end is the feed velocity, vF:46

v̄|Z=0 = 1 (12)

The pressure at the product end is taken to be the high operating pressure, pH:47

p̄|Z=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.

Each component material balance is subject to the Danckwert’s conditions at the feed/product48

ends of the column. These conditions describe the onset and termination of mechanical dis-49

persion of the gas-phase upon entering/exiting the packed bed. The conditions are given50

as:51

∂yi
∂Z

∣∣∣∣
Z=0

= −v̄|Z=0Pe (yi,F − y|Z=0) (14)

∂yi
∂Z

∣∣∣∣
Z=1

= 0 (15)

Similarly, using the analogy between diffusive mass transfer and conductive heat transfer,52

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

∂T̄

∂Z

∣∣∣∣
Z=0

= −v̄|Z=0Peh
(
T̄F − T̄ |Z=0

)
(16)
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∂T̄

∂Z

∣∣∣∣
Z=1

= 0 (17)

The wall energy balance is subject to a boundary condition of tight thermal contact54

between the wall and the ambient surroundings:55

T̄w|Z=0 = T̄w|Z=1 = T̄a (18)

The conditions applied to the wall energy balance are the same in each step of the cycle.56

Forward blowdown step: boundary conditions57

During the forward blowdown step, the feed end is closed and the product end is open.58

Therefore at the feed end we specify:59

∂p̄

∂Z

∣∣∣∣
Z=0

= 0 (19)

∂yi
∂Z

∣∣∣∣
Z=0

= 0 (20)

∂T̄

∂Z

∣∣∣∣
Z=0

= 0 (21)

The conditions applied to the component mass balance and the gas-phase energy balance60

at the product end are:61

∂yi
∂Z

∣∣∣∣
Z=1

= 0 (22)

∂T̄

∂Z

∣∣∣∣
Z=1

= 0 (23)

The pressure profile at the product end during blowdown is specified as the following62
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exponentially decreasing function:63

p̄|Z=1 =
1

pH

(
pI + (pH − pI) exp

[
−λtL
v0

])
(24)

Reverse evacuation step: boundary conditions64

During the reverse evacuation step, the feed end is open and the product end is closed.65

Therefore, at the product end we specify:66

∂p̄

∂Z

∣∣∣∣
Z=1

= 0 (25)

∂yi
∂Z

∣∣∣∣
Z=1

= 0 (26)

∂T̄

∂Z

∣∣∣∣
Z=1

= 0 (27)

The conditions applied to the component mass balance and the gas-phase energy balance67

at the feed end are:68

∂yi
∂Z

∣∣∣∣
Z=0

= 0 (28)

∂T̄

∂Z

∣∣∣∣
Z=0

= 0 (29)

The pressure profile at the inlet of the column during blowdown is specified as the fol-69

lowing exponentially decreasing function:70

p̄|Z=0 =
1

pH

(
pL + (pI − pL) exp

[
−λtL
v0

])
(30)
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Feed pressurisation step: boundary conditions71

During the feed pressurisation step, the feed end is open and the product end is closed. Here,72

we apply the Danckwert’s conditions to the inlet/outlet of the column for the component73

mass balance and gas-phase energy balance as:74

∂yi
∂Z

∣∣∣∣
Z=0

= −v̄|Z=0Pe (yi,F − y|Z=0) (31)

∂yi
∂Z

∣∣∣∣
Z=1

= 0 (32)

∂T̄

∂Z

∣∣∣∣
Z=0

= −v̄|Z=0Peh
(
T̄F − T̄ |Z=0

)
(33)

∂T̄

∂Z

∣∣∣∣
Z=1

= 0 (34)

Since the product end is closed, the pressure at the product end is given by:75

∂p̄

∂Z

∣∣∣∣
Z=1

= 0 (35)

The pressure profile at the feed end during pressurisation is specified as the following76

exponentially increasing function:77

p̄|Z=0 =
1

pH

(
pH − (pH − pL) exp

[
−λtL
v0

])
(36)
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Supplementary Note 478

Process key performance indicators79

The purity and recovery of CO2 extracted from the flue gas are given by:80

PuCO2 (%) = 100×
nevac
CO2,out

nevac
CO2,out

+ nevac
N2,out

(37)

ReCO2 (%) = 100×
nevac
CO2,out

npres
CO2,in

+ nads
CO2,in

(38)

The productivity of the process is given by:81

Pr =
nevac
CO2,out

Vbed · tcycle
(39)

Where Vbed = πr2inL is the volume of the adsorption bed and tcycle =
∑

i ti is the total82

duration of the four-step cycle. The amounts of CO2/N2 input to and extracted from the83

column are calculated as:84

nevac
CO2,out

=

 N∑
j=1

qs,0xCO2,jρb
(
πr2in∆Z

)
+
p0
T0

yCO2,j p̄j
RT̄j

ϵ
(
πr2in∆Z

)
t=tbd

− (40)

 N∑
j=1

qs,0xCO2,jρb
(
πr2in∆Z

)
+
p0
T0

yCO2,j p̄j
RT̄j

ϵ
(
πr2in∆Z

)
t=tevac

nevac
N2,out

=

 N∑
j=1

qs,0xN2,jρb
(
πr2in∆Z

)
+
p0
T0

yN2,j p̄j
RT̄j

ϵ
(
πr2in∆Z

)
t=tbd

− (41)

 N∑
j=1

qs,0xN2,jρb
(
πr2in∆Z

)
+
p0
T0

yN2,j p̄j
RT̄j

ϵ
(
πr2in∆Z

)
t=tevac
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npres
CO2,in

=

 N∑
j=1

qs,0xCO2,jρb
(
πr2in∆Z

)
+
p0
T0

yCO2,j p̄j
RT̄j

ϵ
(
πr2in∆Z

)
t=tpres

− (42)

 N∑
j=1

qs,0xCO2,jρb
(
πr2in∆Z

)
+
p0
T0

yCO2,j p̄j
RT̄j

ϵ
(
πr2in∆Z

)
t=tevac

nads
CO2,in

=

 N∑
j=1

qs,0xCO2,jρb
(
πr2in∆Z

)
+
p0
T0

yCO2,j p̄j
RT̄j

ϵ
(
πr2in∆Z

)
t=tads

− (43)

 N∑
j=1

qs,0xCO2,jρb
(
πr2in∆Z

)
+
p0
T0

yCO2,j p̄j
RT̄j

ϵ
(
πr2in∆Z

)
t=tpres

+
p0v0
RT0

ϵπr2in

∫ tads

0

(
v̄p̄yCO2

T̄

) ∣∣∣∣
Z=1

dt

The total energy usage per tonne of CO2 captured is given by:85

ET =
Eads + Ebd + Eevac + Epres

mevac
CO2,out

(44)

Where mevac
CO2,out

= ωCO2n
evac
CO2,out

is the mass of CO2 extracted during the evacuation step.86

The energy usage by each cycle step is calculated as follows:87

Eads = ϵπr2in

(
γ

γ − 1

)
v0p0

∫ tads

0

(
v̄p̄

η

) ∣∣∣∣
Z=0

(p0p̄|Z=0

pF

)( γ−1
γ )

− 1

 dt (45)

Ebd =


Ebd = ϵπr2in

(
γ

γ−1

)
v0p0

∫ tbd
0

(
v̄p̄
η

) ∣∣∣∣
Z=1

[(
patm

p0p̄|Z=1

)( γ−1
γ ) − 1

]
dt, if p0p̄|Z=1 < patm

0, if p0p̄|Z=1 ≥ patm

(46)

Eevac = ϵπr2in

(
γ

γ − 1

)
v0p0

∫ tevac

0

(
v̄p̄

η

) ∣∣∣∣
Z=0

( patm
p0p̄|Z=0

)( γ−1
γ )

− 1

 dt (47)
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Epres =


ϵπr2in

(
γ

γ−1

)
v0p0

∫ tpres
0

(
v̄p̄
η

) ∣∣∣∣
Z=0

[(
p0p̄|Z=0

pF

)( γ−1
γ ) − 1

]
dt, if p0p̄|Z=0 > pF

0, if p0p̄|Z=0 ≤ pF

(48)

The adiabatic efficiency of vacuum pumps in the forward blowdown and reverse evacua-88

tion steps is given by the following semi-empirical function:189

η(p) = 0.8× 19.55p

1 + 19.55p
(49)

Where the pressure, p, is expressed in bar. There is a consensus in the available literature90

on this approach for the energy usage calculation of compressors and vacuum pumps.2–791
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Supplementary Note 592

Adsorption equilibrium93

To describe the multi-component adsorption of the CO2/N2 mixture on zeolite 13X adsor-94

bent, we have applied the extended dual-site Langmuir (DSL) isotherm model, for which the95

equilibrium amount adsorbed of a species, i, is given by:96

q∗i =
qb,ibici

1 +
∑nc

j=1 bjcj
+

qd,idici
1 +

∑nc
j=1 djcj

(50)

Where qb,i and qd,i are the saturation capacities of species i on site 1 and site 2 of the97

solid surface, respectively. The parameters bi and di are the adsorption equilibrium constants98

for each of the adsorption sites, which are expressed as a function of temperature using the99

van’t Hoff equation:100

bi = bi,0 exp
(−∆Ub,i

RT

)
(51)

di = di,0 exp
(−∆Ud,i

RT

)
(52)

Where ∆Ub,i and ∆Ud,i are the molar internal energy change upon adsorption for species101

i on site 1 and site 2, respectively. The molar concentration of species i in the gas phase is102

calculated using the ideal gas law:103

ci =
yip

RT
(53)
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Table S2: Parameters of the extended dual-site Langmuir isotherm for describing the multi-
component adsorption of CO2/N2 on zeolite 13X.2

Material Parameter CO2 N2

Zeolite 13X qb [mol/kg] 3.09 5.84
qd [mol/kg] 2.54 -
b0 [m3/mol] 8.65× 10−7 2.50× 10−6

d0 [m3/mol] 2.63× 10−8 -
∆Ub [J/mol] −36, 600 −15, 800
∆Ud [J/mol] −35, 700 -
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Supplementary Note 6104

Simulation parameters105

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, rin 0.145 [m]
Column outer radius, rout 0.162 [m]

Feed properties:
Feed pressure, pF 100, 000 [Pa]
Feed temperature, TF 298.15 [K]
Feed molar composition (CO2), y1,F 0.15 [-]

Physical properties:
Bed density, ρb 712 [kg/m3]
Bed voidage, ϵ 0.37 [-]
Particle voidage, ϵp 0.35 [-]
Particle radius, rp 0.001 [m]
Particle tortuosity, τp 3 [-]
Molecular diffusivity, Dm 1.5× 10−5 [m2/s]
Thermal conductivity of gas, Kz 0.09 [J/m/K/s]
Thermal conductivity of wall, Kw 16 [J/m/K/s]
Heat capacity of gas phase, Cp,g 30.7 [J/mol/K]
Heat capacity of adsorbed phase, Cp,a 30.7 [J/mol/K]
Heat capacity of adsorbent, Cp,s 1, 070 [J/kg/K]
Heat capacity of column wall, Cp,w 502 [J/kg/K]
Density of wall, ρw 7, 800 [kg/m3]
Dynamic viscosity of gas, µ 1.72× 10−5 [kg/m/s]
Overall inside heat transfer coefficient, hin 8.6 [J/m2/K/s]
Overall outside heat transfer coefficient, hout 2.5 [J/m2/K/s]
Ratio of ideal gas heat capacities, γ 1.4 [-]
Adiabatic efficiency, η η = η(p) [-]
Pressure profile time constant, λ 0.5 [/s]
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Table S4: Values of fixed operating conditions for process simulations.

Parameter Value Units

Adsorption step duration, tads 50 [s]
Blowdown step duration, tbd 100 [s]
Evacuation step duration, teval 100 [s]
Low pressure, pL 0.03 [bar]

17



Supplementary Note 7106

Power plant specification107

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.8

Parameter Value Units

Effluent composition: 15% CO2, 85% N2 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 capacity108

The largest coal fired plants in the world have capacities of 1000’s MW, while the smallest109

are 100’s MW. We therefore took a value of 1,000 MW as being representative of a typical110

power plant size.111

Thermal efficiency112

The thermal efficiency is the proportion of the thermal energy released by combustion of113

coal which is converted into useful electricity after considering all components in the system,114

such as the boiler, turbines, generator and transformers. The thermal efficiency can vary115

between 35% to 45% depending on how modern the fleet in a given country is. We therefore116

took a thermal efficiency of 40% as being representative of a typical power plant.117

18



Coal properties118

We used a value for the lower heating value of coal of 28,000 kJ/kgcoal and a carbon content119

of 70% on a mass basis8. Both values correspond to a dry ash free (DAF) basis.120

Calculation of CO2 emissions121

The thermal power required is calculated as follows:122

Pthermal =
Pelec

ηthermal

=
1000MW

0.4
= 2500MW = 2.5× 106kJ/s (54)

The required rate of coal supply is then calculated as:123

ṁcoal =
Pthermal

LHV
=

2.5× 106kJ/s

28000kJ/kgcoal
= 89.29kgcoal/s (55)

The molar flow of carbon in the flue gas is then given by:124

ṅc =
ṁcoalψc

ωc

=
89.29× 103 gcoal

s
× 0.7 gc

gcoal

12 gc
molc

= 5208molc/s (56)

Assuming complete combustion of the fuel and no side reactions, the molar flow of CO2125

in the flue gas is equal to the molar flow of C. Therefore, we estimate that the 1,000 MW126

power plant produces 5208 mol/s of CO2. This is equivalent to approximately 9 million127

tonnes of CO2 per year.128
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Supplementary Note 8129

Economic assessment parameters130

Table S6: Economic parameters used as inputs to the techno-economic analysis.9

Parameter Value Units

Discount rate, d 0.08 [-]
Economic lifetime, t 25 [yr]
Electricity unit cost, Celec 0.06 [$/kWh]
Adsorbent unit cost, Cads 1500 [$/tonne]
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Supplementary Note 9131

Process scale-up132

Because an adsorption column must cyclically alternate between adsorption and regeneration133

modes, multiple adsorption columns must operate in parallel to provide a unit which can134

continuously accept the flue gas feed. The minimum basic unit which facilitates continuous135

feed is called a “train” of adsorption columns. Further, because a very large volumetric flow136

rate of flue gas is produced by the power plant, a single train will not be able to accept137

a sufficient amount of feed. Therefore, many trains of columns are arranged in parallel to138

handle the total amount of flue gas. A schematic representation of this process scheme can139

be found in Fig. S2. To scale-up the adsorption process, we have followed the approach set140

out by Subraveti et al.9 The total number of columns which must be arranged in parallel to141

form a continuously operating train is given by:142

Ncol = ceiling

(
tcycle

tads + tpres

)
(57)

The minimum number of these trains which must be arranged in parallel to enable pro-143

cessing of the total volume of flue gas is given by:144

M = ceiling

(
ṅCO2,emitted

ṅads
CO2,in

)
(58)

Where M is the number of parallel trains, ṅCO2,emitted is the molar flow rate of CO2 in145

the flue gas and ṅads
CO2,in

is the molar flow rate of CO2 which is accepted by a single column146

during the adsorption step. Since Eq. 57 implies a column schedule for each train in which147

a single column is always accepting feed gas, the total molar flow of CO2 which is processed148

by a train is equal to the rate at which CO2 is fed to a single adsorption column.149

The scaled-up process also requires compressors and vacuum pumps to facilitate the150

pressure changes throughout the process cycle. Since each train continuously processes flue151

21



gas in one column at a time, the number of compressors required for the scaled-up process152

is equal to the number of parallel trains, M . The number of vacuum pumps per train for153

blowdown and evacuation of the adsorption columns during the regeneration steps is given154

by:155

Nv,bd = ceiling

(
tbd

tads + tpres

)
(59)

Nv,evac = ceiling

(
tevac

tads + tpres

)
(60)

Note that separate vacuum pumps must be used to depressurize the columns in the blow-156

down and evacuation steps, respectively, to prevent cross-contamination of the high purity157

CO2 product in the evacuation step with the low purity waste stream from the blowdown158

step.159

Figure S2: A schematic representation of the scaled-up adsorption process configuration.
Adapted from Subraveti et al.9

Capital costs160

The capital cost of the scaled-up process has been evaluated using a bottom-up approach, as161

described by Subraveti et al.9 Firstly, the total direct cost (TDC) is calculated by the sum162

of the cost of the required equipment. Several additional allowances are then made. A pro-163

cess contingency (15% of TDC) is added to account for potential underestimation of process164

equipment costs to give the total direct cost including process contingency (TDCPC). We165
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then include indirect costs (14% of TDCPC) and a project contingency (20% of TDCPC).166

Indirect costs account for factors such as engineering and consultancy fees. The project167

contingency is to allow for unforeseen costs and issues which may arise during the construc-168

tion of the project. This gives the total plant cost (TPC). Finally, an allowance is added169

for ownership costs (7% of TDCPC) to give the total capital required (TCR). Ownership170

costs include the costs of buying land, insurance, legal fees and currency exchanges, among171

several other expenses. The TCR represents the total amount of capital which needs to be172

raised to build out a project with a given TDC, given the required contingencies. Overall,173

the allowances made amount to increasing the TDC by approximately 62.15% to give the174

TCR. We have annualised the TCR using the equivalent annual cost (EAC) approach.6 The175

EAC is given by:176

EAC ($/yr) =
TCR · d

1− (1 + d)−t
(61)

Where d is the discount rate and t is the economic lifetime of the project. The most177

important contributions to the TDC of the scaled-up process are those of the adsorption178

columns, the compressors, the vacuum pumps and the initial adsorbent.10 Each of these179

equipment costs have been estimated from correlations available in the literature.11180

The base cost of an adsorption column is given by the following correlation:181

log10(CB,col) = 3.4974 + 0.4485 log10(V ) + 0.1074 (log10(V ))2 (62)

Where V = πr2inL is the volume of an adsorption column (m3). The actual column cost182

is then calculated as:183

Ccol ($) = (2.52 + 1.82FmFp)×
CEPCI2021
CEPCI2001

· CB,col (63)

Where CEPCIi is the chemical engineering plant cost index for year i and is used to184

adjust the base cost of the column for inflation. Fm and Fp are the material and pressure185
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factors. For an adsorption column, the material factor is Fm = 1. The pressure factor is186

given by:187

Fp = max

 (pH+1)2rin
2(850−1.5(pH+1))

+ 0.00315

0.0063
, 1.25

 (64)

Where pH is the adsorption pressure (barg) and rin is the column inner radius (m). The188

base cost of a vacuum pump is given by the following correlation:189

log10(CB,pump) = 3.3892 + 0.0536 log10(Ẇ ) + 0.1536
(
log10(Ẇ )

)2
(65)

Where Ẇ is the maximum shaft power of the vacuum pump (kW). The actual vacuum190

pump cost is then calculated as:191

Cpump ($) = 5× CEPCI2021
CEPCI2001

· CB,pump (66)

For the costing of compressors, the cost is broken down into the cost of the compressor192

itself and the cost of the drive. The base costs of these components are given by the following193

correlations:194

log10(CB,comp) = 2.2897 + 1.3604 log10(ηẆ )− 0.1027
(
log10(ηẆ )

)2
(67)

195

log10(CB,drive) = 1.956 + 1.7142 log10(Ẇ )− 0.2282
(
log10(Ẇ )

)2
(68)

The actual costs of the compressor and drive are then calculated as:196

Ccomp ($) = 2.7× CEPCI2021
CEPCI2001

· CB,comp (69)

Cdrive ($) = 1.5× CEPCI2021
CEPCI2001

· CB,drive (70)

We can then calculate the TDC by summing the contributions of the costs of the adsorp-197
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tion columns, vacuum pumps, compressors and the cost of the initial adsorbent:198

TDC ($) = NcolMCcol +Nv,bdMCbd
pump +Nv,evacMCevac

pump+ (71)

199

M(Ccomp + Cdrive) +NcolMV ρbCads

Operating costs200

For the purposes of assessing the relative techno-economic performance of processes utilizing201

different adsorbent materials, the two most important operating costs to account for are the202

cost of electricity used to drive the vacuum pumps and compressors, and the cost of regularly203

replenishing the adsorbent in the system.10 The cost of electricity is calculated as:204

OPEXelec($/yr) = ETReCO2ṁCO2,emittedCelec (72)

Where ET is the energy usage of the capture process (kWh/tonne), ṁCO2,emitted is the205

mass flow rate of CO2 in the flue gas (tonne/yr) and Celec is the unit cost of electricity206

($/kWh).207

To calculate the cost of replenishing the adsorbent material, it has been assumed that208

the adsorbent in the system needs to be replaced on an annual basis. This cost can then209

be taken as a regularly occurring operating expense that we account for once per year. The210

cost of replacing the adsorbent in the system is calculated as:211

OPEXads($/yr) = NcolMV ρbCads (73)

Where Cads is the unit cost of the adsorbent material. ZIF-36-FRL belongs to the metal212

organic framework (MOF) family of adsorbent materials. While there is significant interest in213

these materials in the academic literature for a variety of applications, most MOFs (including214

ZIF-36-FRL) are yet to be readily available at a commercial scale. Based on techno-economic215

evaluations reported in the literature it is estimated that, with economies of scale and mature216
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demand markets, the unit cost of MOFs could be on the order of tens of thousands of dollars217

per tonne.12 The unit cost also depends strongly on the metallic composition of each specifc218

MOF, which can vary significantly between materials. As a crude approximation, we have219

optimistically estimated for the purposes of this study that ZIF-36-FRL could cost 10,000220

$/tonne if deployed widely at commercial scale for post-combustion capture.221

The total operating cost is then calculated as the sum of the annual electricity and222

adsorbent replenishment costs:223

OPEX ($/yr) = ETReCO2ṁCO2,emittedCelec +NcolMV ρbCads (74)

Therefore, the total annual cost (TAC) of the capture process can be calculated as the224

sum of the equivalent annual cost of the capital expenditure with the annual operating cost:225

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

The total annual cost may be used in conjunction with the annual amount of CO2 cap-226

tured to calculate the cost per tonne of CO2 captured from the flue gas:227

Ccap
CO2

($/tonne) =
TAC ($/yr)

ReCO2ṁCO2,emitted(tonne/yr)
(76)
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Supplementary Note 10228

Optimisation bounds229

In Table S7, we provide the design decisions and parametric bounds for optimization of the230

process performance when using the NSGA-II algorithm. A linear inequality constraint is231

imposed on the optimization to ensure that the high pressure is always larger than the inter-232

mediate pressure, to ensure that only physical solution to the process model are obtained:233

pH ≥ pI + 1000Pa (77)

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

Parameter pH [bar] pI [bar] vF [m/s]

Lower bound 1 0.05 0.1
Upper bound 10 3 1
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Supplementary Note 11234

Scale-up of proposed designs235

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, pH [bar] 6.00 3.55
Intermediate pressure, pI [bar] 0.765 1.25
Feed velocity, vF [m/s] 0.794 1.40

Performance indicators
Purity, PuCO2 [%] 98.3 96.5
Recovery, ReCO2 [%] 93.8 90.4
Productivity, Pr [mol/m3/s] 2.03 1.99
Energy usage, ET [kWh/tonne] 624 515

Scale-up
Number of columns per train, Ncol [-] 6 6
Number of parallel trains, M [-] 5596 5364
Number of blowdown pumps per train, Nv,bd [-] 2 2
Number of evacuation pumps per train, Nv,evac [-] 2 2
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