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1. Details of the Investigated Adsorption Cycles

The following describes the Temperature Vacuum Swing Adsorption cycle (TVSA) and the
Steam-assisted Temperature Vacuum Swing Adsorption cycle (S-TVSA) in detail. Fig 1 shows
the five phases and process design variables of both cycles.

Adsorption phase (ads): During the adsorption phase with phase duration 7,45, @ fan
blows an airflow m,4s through the adsorption column. The airflow has ambient condi-
tions (i.e., temperature T, Pressure pamp, and relative humidity ¢@,,)- The fan over-
comes the pressure drop of the adsorption column and requires the mechanical work
Wean. The selected adsorbent, amine-functionalised cellulose (APDES-NFC), adsorbs CO»
and H,0 from the airflow at a total pressure near ambient pressure. The heat of adsorp-
tion is released to the ambient as the heat flow rate Q45 at ambient temperature via the
heating and cooling jacket. Thus, an airflow with less CO; and H,0 leaves the adsorption
column.

Blowdown phase (blow): The blowdown phase has the phase duration 7,4, and starts
with closing the inlet of the adsorption column. Then, a vacuum pump decreases the col-
umn pressure to the desorption pressure pqes, thereby extracting most of the air from the
adsorption column. The vacuum pump needs the mechanical work anc’blow. The ex-
tracted air is released into the environment.

Heating phase (heat): During the heating phase with phase duration 7y,.,t, the adsorption
column is heated by the heat flow rate Qheat provided via the heating and cooling jacket.
The heat flow rate is mainly used for sensible heating. Due to limited heat transport, the
adsorbent slowly heats to the desorption temperature T4os. Thereby, mainly H,O is de-
sorbed due to faster kinetics and beneficial equilibrium loading compared to CO,. The col-
umn pressure is kept constant at the desorption pressure pges Via @ vacuum pump. The
vacuum pump needs the mechanical work anc_heat. The phase duration can vary, and for
the TVSA there are no restrictions on the minimum duration of the phase.. However, for
the S-TVSA, the phase duration must be long enough to heat the adsorbent above the
boiling point temperature of water at desorption pressure to prevent condensation on
the adsorbent.

Desorption phase (des), variant 1, TVSA cycle: During the desorption phase with phase
duration T4es, the adsorption column is further heated and maintained constant at the
desorption temperature Tye. The required heat flow rate Q4. is mainly used to provide
the heat of adsorption. In this phase, mainly CO; is desorbed since most H,O was already
desorbed during the heating phase. The mass flow rate mges leaves the adsorption col-
umn. The remaining water is condensed from the mass flow rate mg,¢ by cooling it to the
ambient temperature T,p,p,. Thereby, the heat flow rate Q opq is released to the ambient.
Thus, a CO;-rich product stream leaves the column.

Desorption phase (des), variant 2, S-TVSA cycle: During the desorption phase with phase
duration t4es, Water is heated, evaporated, and superheated by a heat flow rate Qevp to
the desorption temperature T40s. The steam mass flow rate mg enters the adsorption
column and has two main effects: i) The adsorbent is heated almost instantaneously due
to excellent heat transfer, and ii) desorbed CO; is directly displaced by H,O, which lowers
the partial pressure of the CO; and thus enhances desorption. The steam is condensed by
cooling the mass flow rate 1y to the ambient temperature T,,;,- Thereby, the heat flow



rate Qconq is released to the ambient, and a COx-rich product flow leaves the adsorption
column at ambient temperature T, and pressure pamp-
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Figl The five phases of a Temperature Vacuum Swing Adsorption cycle (TVSA) and a Steam-as-
sisted Temperature Vacuum Swing Adsorption cycle (S-TVSA) for DAC were adapted from Young et
al... 1) Adsorption: A fan blows ambient air through the adsorption column; CO, and H,0 are ad-
sorbed. Il) Blowdown: A vacuum pump decreases the column pressure to desorption pressure as
the column inlet is closed. lll) Heating: A jacket heats the column to the desorption temperature.
IV) Desorption via the TVSA cycle: Extraction of CO, with closed column inlet; or desorption via the
S-TVSA cycle: Extraction of CO; by injecting superheated steam. V) Cooling: Cooling of the adsorp-
tion column before the next adsorption phase to avoid sorbent degradation.

IV. Cooling phase (cool):



From a process point of view, there is no need for a cooling phase as the incoming airflow
rapidly cools the adsorption column to ambient temperature. However, amine-function-
alised materials tend to degrade at high temperatures and high oxygen concentrations
oxidatively.>3 Thus, Young et al. proposed extending the four-phase TVSA cycle by a fifth
phase, the cooling phase, to extend the lifetime of the adsorbent.! Here, the heat flow
rate Qo1 COOIs the adsorption column with its inlet and outlet valves closed. Once the
average adsorbent temperature Ty, is below 90 °C, the cooling phase ends.

Overall, the ambient conditions (i.e., temperature T,,1,, Pressure pamp, and relative humidity
®amb) defined the investigated case study and were fixed. The process control (i.e., mass flow
M,qs; Phase times T,4s, Thlows Theat, aNd Tges; and desorption conditions pyes, Taes, Mste)
were degrees of freedom of the process design.

2. Details of the Dynamic Model

Fig. 2 shows a scheme of an adsorption column (top) and the corresponding structure of our
dynamic model (bottom). The adsorption column was filled with a porous adsorbent, with the
void filled by a gas phase. The model's adsorbent and gas volumes were represented in the
same spatial cell. The two volumes (i.e., gas volume and adsorbent cell) interacted via mass
and heat transfers.
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Fig. 2 Scheme of the adsorption column and its dynamic model. The gas volume is shaded blue,
and the adsorbent cell is shaded orange. The 1D staggered grid upwind type finite volume discreti-
sation is illustrated by three cells.

Fig. 2 also provides insights into the spatial discretisation of the model. The adsorption column
was 1D discretised in the flow direction. We used an upwind type finite volume method com-
bined with a staggered grid approach* as the discretisation method to keep the model numer-
ically efficient and robust. In a standard upwind type finite volume approach, the grid defines
a finite volume, and all quantities are calculated as average values in this volume (e.g., tem-
perature T or mass fraction w;). These average values are passed to the next cell in the flow
direction. In contrast, the staggered grid approach places a second grid over the same space,
allowing to split some calculations: The momentum balance is calculated on the additional
grid. Thus, the convective mass transport represents a separate spatial cell going from the
center of the it" spatial cell to the center of the i" + 1 cell. Shifting the momentum balance
to the staggered grid reduces the index of the Differential-Algebraic system of Equations (DAE)

and, thus, the DAE is solved more efficiently and robustly by the solver.®

The dynamic adsorption column model was based on the following main assumptions:

e Radial temperature and concentration gradients are negligible, allowing for a 1D dis-
cretisation in the flow direction.
e Axial dispersion due to concentration gradients is negligible.
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e Axial thermal conductivity is negligible.

e All heat transfer coefficients are constant.

e The gas phase is an ideal gas/mixture.

e The mass transport between the gas phase and the adsorbent depends neither on the
temperature, the gas mixture, nor the loading, and a first-order linear driving force
approach is sufficient for the CO; and H,0 adsorption kinetics.

In order to provide more insight into the dynamic adsorption column model, Tab. 1 summa-
rises all equations of the differential-algebraic system of equations. The notation
Zyi—1, My =0
Lz <o
According to the upwind discretisation scheme, a mass flow rate entering the cell i coming
from the cell i — 1 (my = 0) holds the state quantities of the previous cell Z, ;_; while a mass
flow leaving the cell i in the direction of cell i — 1 (m, < 0) has the state quantities Z ; of the
current cell i.

in the balance equations refers to the used upwind discretisation scheme.

Tab. 1 Full set of the differential-algebraic system of equations used for the dynamic adsorption
column model. The variable naming and indices are based on Fig. 2.

Model for the mass transfer

From gas volume i
to adsorbent cell i mLDF,iJ' = msor,ikLDF,,-J- [Xi,]'(p' T, Yi ) - Xsor,i,j] (Sl)
(LDF approach)

From gas volume i

togasvolumei+ 1 Meony; = f(Pi+1 —piD) (S2)
(convective flow)

Model for the heat transfer

From gas volume i

to adsorbent cell i ans—sor,i = (aA)gas—sor,i[Tgas,i - Tsor,i] (53)
From adsorbent .

cell i to wall cell i Qsor—wall,i = (aA)sor—wall,i[Tsor,i - Twall,i] (54)
From wall cell i to

heating and cooling  Quan-nci = (@A) wan-nci[Twani — Theil (S5)

jacket i

Model of the gas volume (gas)

Nadsorbate
Overall mass bal- dpgas,i 1 . . .
ance dr = 4 ] mconv,i—l + mconv,i + mLDF,i,j (56)
gas,i =




dw]',i _ 1 . Wji—1, Mcony,i-1 =0
- conv,i—1 .

dz Vgas,i pgas,i W]',i! Meony,i-1 <0
Wj, Mcony,i =0

Balance of compo- s 4 (57)
nentj convt W]',i+1; mconv,i <0 LDEJ
w. iV dpgas,i
ji¥gasi 4.
dhgs: 1 0
- gas—sor,i
dr Vgas,i pgas,i
+m hgas,i—1' mconv,i—l =0
conv,i—1 :
hgas,i' mconv,i—l <0
+ 10 hgas,i' Meopy,i =0
conv,i :
hgas,i+1'mconv,i <0
Energy balance Nadsorbate . (58)
N " hsorij, Myppij =0
LDF,i j s
= 7 (hgasiy  Mpri; < 0
—h v ] dpgas,i v ) dpgas,i
gasiV gasi 4o gasi — g
Model of the adsorbent (sor):
Balance of compo-  dXsor,ij 1
. = Mypg,;j (S9)
nentj dz Mgor,i
dT g, 1 1
dr  mg,,; Nadsorbat
sori | Csor + Zjilsor ae Cadsorbate,i,jxsor,i,j
Nadsorbate .
_ Z i hsorij, Myppij =0 +0
Energy balance - LDFL] | Rgasis  Tppp,j < 0 = v8as7sort (S10)
]:
+ Qsor—wall,i
Nadsorbate
dXsor,i,j
+ (hsor,i,j - Ahads,j) dr
j=1
Model of the wall (wall)
dTyan, :
Energy balance MyaliCwall g = @sor-walli + Qwall-hc; (511)




Model of the gas volume (gas): Main equations of the gas volume model were three transient
balance equations: i) Overall mass balance (eqn S6), ii) mass balance of component j (eqn S7),
and iii) energy balance (eqn S8). Thus, the selected differential states of the it*cell were the
gas density p;, the mass fractions w; ; for each component j of the gas phase, and the temper-
ature Tgus ;-

Model of the adsorbent (sor): The adsorbent cell was based on the adsorbent cell developed
by Bau et al.® but was adapted for more than one adsorbate in this work. The adsorbent cell
had transient component/mass (eqn S9) and energy balances (eqn S10) as the main equa-
tions. Selected differential states were the adsorbent temperature T,.; and the loading of
each component X ; ;.

Model of the wall (wall): The wall cell was modelled by a transient energy balance (eqn S11)
with the temperature Ty, ; as the differential state.

Heat and mass transport: Heat flow rates between the gas volume and the adsorbent cell;
the adsorbent cell and the wall cell; and the wall cell and the environment were modelled by
a temperature difference between the components and the corresponding product of heat
transfer coefficients and areas (@A) ;. The convective mass transport from gas volume i to i +
1 was calculated by the total pressure gradient and the mass transfer coefficient 5. The mass
transport from the gas volume to the adsorbent cell was calculated by the linear driving force
approach 7 with the mass transfer coefficient k; pg ; for each component j.

2.1 Details of the Dynamic DAC Column Model

Adsorption equilibrium models

Characterisation of the adsorption equilibrium is the core of the dynamic DAC column model.
We examined amine-functionalised cellulose called APDES-NFC? as the adsorbent. To model
the adsorption equilibrium, we used the heuristic model proposed by Stampi-Bombelli et al.?,
where the CO; adsorption is modelled by a modified Toth isotherm and the water adsorption
by the Guggenheim—Anderson de Boer isotherm (GAB). In particular, the modified Toth iso-
therm was extended by interaction parameters. These interaction parameters enhance CO;
adsorption if water is co-adsorbed. Note that it is crucial to represent the co-adsorption suffi-
ciently for the accuracy of the process model.! For the adsorbent Lewatits® VP OC 1065, two
models were presented by Young et al.:! A mechanistic and a weighted-average dual-site Toth
model. Both models outperformed the heuristic model from Stampi-Bombelli et al.! However,
for the adsorbent APDES-NFC studied in this paper, the co-adsorption between CO; and water
is well described by the heuristic model (Fig. 3), which is why we applied it. Tab. 2 shows all
equations applied to characterise the co-adsorption of CO; and H,0 on APDES-NFC, and pa-
rameters for the equations eqn S12-S17 are summarised in Tab. 3.

Tab.2 Modified Toth equation (eqn $12) to describe CO, adsorption on amine-functionalised cel-
lulose (APDES-NFC) under dry and humid conditions, and the Guggenheim—Anderson de Boer



equation to describe H,O adsorption. Eqn S13 to S15 indicate temperature dependencies of the pa-
rameters used in the Toth equation. The heuristic co-adsorption model is based on Stampi-Bom-
belli et al..®

Co-adsorption equilibrium model for CO;

Xsor,COZ (T' pCOZ' Xsor,HZO)

Modified Toth _ X;";';f‘c"(‘,’z (T, Xsor,HZO) bmed (T’ XsorH,0 ) Pco, (512)
equation® - o %
[1 + (med (T' Xsor,HZO )pcoz) ]
oomod (T X )
sor CO, sor,H,0
=Xx20  ex (1
with: sor,0z XP (X (513)
T 1
— —) l—l for y>0
TO 1- stor,HZO
med (T' Xsor,HZO )
AH® (T,
= b° (— -1 ) 1+ kX
forxe>0
T
t(MH=t"+a (1 - 7") (515)
Adsorption equilibrium model for H,O
Xsor1,0(T, Pu,0)
Guggenheim— ccKags g‘;‘zo
Anderson de —c HZO(T) (S16)
Boer® B m( PH,0 >< PH,0 )
1-Kgs——aio— |1+ (cg — DK, gs —t5—
ads pf—laztO(T) ( G ) ads pf—laztO(T)
With:19 Pty () (517)
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Tab. 3 Parameters of the co-adsorption model used to describe the adsorption of CO, and H,O on
the adsorbent APDES-NFC adapted from literature.®

Parameters of the modified Toth isotherm

00,0
Xsor,COZ X T, Y bol AH® K t0 a
n Dol in— inK in — inY  in—  in— in—  in—
kg Pa mol
2.38 0 296  0.0061 0.07074 -57047 28.907 0.4148 -1.606

Parameters of the Guggenhein—Anderson de Boer isotherm

. C& .CG Kads
N ke N — n —
36.48 0.1489 0.5751

Fig. 3 shows the comparison of the co-adsorption model with literature data for CO; adsorp-
tion and H;0 adsorption.

® Datayry|343 K=—— Tothqy|343 K
Datagry[323 K Tothgry[323 K —— GAB ® 343K
B Datagry[296 K =—— Tothgr|296 K ® 283K ® 353K
Datapym|323 K Tothpym|323 K ® 296K X Co-Ads.|296 K
¥  Datanym|296 K=== Tothnym|296 K ® 303K X Co-Ads/303 K
2.5 1 144 b)
12 1
2.0 1
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Fig. 3  Fitted equilibrium adsorption model for a) CO, (eqn S11, Toth isotherm) and b) H,O
(eqn S15, GAB isotherm) on amine-functionalised cellulose (APDES-NFC) based on Stampi-Bombelli
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et al.’. Solid lines mark pure adsorption (dry) and dashed lines co-adsorption (humid conditions
(hum) with py,o = 2.55 kPa). Symbols are experimental data from Gebald et al.®

DAC adsorption column model parameterisation

We parameterised the DAC adsorption column model based on data from Stampi-Bombelli et

al.? All relevant model parameters are listed in Tab. 4.

Tab.4 Parameters of the DAC adsorption column model according to Stampi-Bombelli et al.®

Column geometries

Column length: Lol 0.01 m
Inner column diameter: Di, 0.08 m
Outer column diameter: Dout 0.082 m
Void fraction (1 — —22) ; e 09652 -
Pmaterial
Specific heat capacity of the wall: Cwall 4e6  J/K/m3
Kinetic parameters
Heat transfer coefficient, gas to adsorbent: (@A) gas—sor, led W/K
Heat transfer coefficient, adsorbent to wall: (@A) sor-wan, 3 W/m¥K
Hea.t transfer coefficient, wall to heating/cool- (@A) wan-hc,i 26 W/mYK
ing jacket:
CO; mass transfer coefficient (LDF): kipr.co, 2e-4 1/s
H,O mass transfer coefficient (LDF): kLo 0 2e-3 1/s
Adsorbent
Specific heat capacity of the adsorbent: Csor 2.07e3  J/K/kg
Heat of adsorption of CO;: Ahags,co, -57e3  J/mol
Heat of adsorption of H;0: Ahags 1,0 -49e3 J/mol
Particle diameter dpar 7.5e-3 m

Pressure drop correlations

A typical pressure drop equation for packed beds is the Ergun equation. The Ergun equation
assumes a parallel circuit of flow channels can represent the flow through a packed bed.!* A
particular form of the Ergun equation is the Kozeny—Carman equation. In the Kozeny—Carman
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equation, a term of the pressure loss coefficient is neglected. The neglected term is mainly
responsible for the turbulent region of the flow. Therefore, the Kozeny—Carman equation is
more suitable for low flow velocities.!! As the DAE solver used (CVoder) solves the Kozeny—
Carman equation much more efficiently than the Ergun equation and only low flow velocities
were investigated, we used the Kozeny—Carman equation for all pressure loss calculations.
However, to get even closer to the Ergun equation's pressure loss results, we added the pa-
rameter {;,q4 ke to the Kozeny—Carman equation and fitted this parameter to match pressure
loss calculated by the Ergun equation in the reference case (Fig. 4).

Both the Ergun equation and the Kozeny—Carman equation are directly dependent on the fluid
properties in the respective gas cell (via density pg,s; and dynamic viscosity 7)g,s;): The pres-
sure drop influences the fluid properties (fluid properties: f(p,T)) and vice versa. Thus, the
DAE solver cannot unambiguously resolve this relationship, meaning the solution must be de-
termined iteratively. An iterative solving of the equation system always increases computa-
tional effort. To further reduce computational effort, pressure drops were always calculated
with the fluid properties at the adsorption column inlet. Since the inlet fluid properties do not
depend on the pressure drop, it is possible to avoid iteration when solving the equation sys-
tem. This assumption is reasonable as the fluid properties change only slightly over the ad-
sorption column length. Thus, the effect of the assumption on the pressure drop is minimal.

Tab. 5 includes the Ergun equation, the Kozeny—Carman equation, and their auxiliary equa-
tions.

Tab. 5 Equations for the pressure drop models Ergun and Kozeny—Carman.

Pressure drop models

Ergun equation”1 Apisiv1 = Cergunli pg;S‘ii (@ )2 (S18)
with: dy = == dpar (519)
Veonv = T (520)
Corgun = o2 +2.3 (521)

Pgas,iVconv,idH
Re = =823t -convii 7

Ngas,i€ (522)
Kozeny—Carman . Pgasi 1 (Vconv,i 2
equation 11 Api—>i+1 - {mod,kc Li 2 E( P ) (523)
144
with: (modke = 1'552R_e (S24)
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Fig. 4 shows the Kozeny—Carman equation to approximate the Ergun equation well. The equa-
tions particularly agree well at lower mass flow rates and, thus, lower flow velocities. The ver-
tical line shows the reference mass flow rate: Ergun equation and Kozeny-Carman equation
result in the same pressure drop at this mass flow rate.

4.0 13
Ergun equation
3.5 —-— Kozeny—Carman equation
304 e e Reference mass flow
8
8 2.5
o
o
'E 20 7 -
8 — "
7 1.5 —
§ . . — -—
W L
1.0 A )
0.5 1 ==
0.0 ' : ; . : :
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Column mass flow in kg/s le—4
Fig.4 Pressure drop over the adsorption column parameterised as specified in Tab. 4. The pres-

sure drop is calculated at 20 °C and absolute pressure of 1 bar for dry air over the mass flow rate.
The figure shows the pressure drop calculated with i) the Ergun equation (solid black line) and ii)
the Kozeny—Carman equation (dashed-dotted line).

Literature base case

We used literature data of an identically parameterised model to validate our model. Tab. 6
gives the process design used for comparing the two models.

Tab. 6 Process design and ambient based on the base case of Stampi-Bombelli et al.®

Ambient conditions

Dry air composition yn,; Xo,; Xco, 0.790133; 0.20946; 407e-6 mol/mol
Ambient temperature Typ 20 °C
Ambient pressure pamp 1 bar
Relative humidity @ amp 49.166 %

1) Adsorption phase

Mass flow rate 11,45 5.8935e-5 kg/s

13



Phase duration 7445 13772 s

Il) Blowdown phase

Blowdown pressure pges 0.05 bar

Phase duration Tyow 30 s

Ill) Heating phase

Heating temperature Tges 95 °C

Phase duration Tpeat 704 s

IV) Desorption phase

Steam mass flow rate g, 7.35673e-7 kg/s

Phase duration Tges 30000 s

Fig. 5 shows the time courses of CO; loading (a), H20 loading (b), and different temperatures
(c) for both our model (lines) and the literature model (marker). It becomes evident that all
time courses conform with the literature model.

14
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Fig. 5 Time courses of selected differential states of the last adsorption column cell at a cyclic

steady-state condition for a base case of a S-TVSA cycle (Tab. 6). The vertical dashed lines mark the
beginning and end of the four phases of the cycle. Phase Il) (Blowdown) is so short that it is not vis-

ible in the plot.
2.2 Details of the Dynamic DAC Plant Model

Table 7 shows i) the exergetic efficiency of the High Temperature Heat Pump (HTHP), ii) the
efficiency of the fan, and iii) the efficiency of the vacuum pump depending on the pressure.

Table 7: Efficiencies for the high-temperature heat pump (hthp), the fan (fan), and the vac-

uum pump (vac).

Symbol Efficiency Reference

Mex,hthp 60 % 12

Nfan 50 % °
30% (Pges < 0.01 bar)

Nvac 30-70% (pges = 0.01 — 0.1 bar) 9

70 % (Pges = 0.1 bar)

2.3 Details of the Key Performance Indicators
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For calculating the Key Performance Indicators (KPIs), we used the following definitions for
the total mechanical and thermal energy of the DACCS system. As the DAC plant had the only
heat requirement of the DACCS system, the total thermal energy requirement Qo5 Was the
same as for the DAC plant Qpac totals

Qtotal = QDAC,total. (S24)
The total thermal energy for the DAC plant,
T3 Ty
QDAC,total = Oheat t + f Qqes dt, (S25)
T2 73

was defined as the sum of the integrated heat flow rates of the heating phase Qp,eat and of the
desorption phase Q4es. Integral limits were 7, = T,a4s + Thiows T3 = Tads T Tblow T Theats
and T4 = Tags + Thlow T Theat*Tdes-

As only the DAC plant needed to be cooled, the total dissipated heat was equal to the dissipated
heat of the DAC plant:

Qrecool = QDAC,recool- (S26)

The dissipated heat of the DAC plant Qpac recool,

T4

Ts
QDAC,recool = Qcona t + j- Qcool L, (527)
Ty

73

composed of the integrated heat flow rate for cooling and condensing the water in the product
stream Q.onq and the integrated heat flow rate during the cooling phase Q.0 With integral
limit Ts = Tads + Tolow + Theat*Tdes T Tcool-

In contrast to thermal energy, other components of the DACCS system also demanded mechan-
ical energy in addition to the DAC plant. The total mechanical energy W5 was calculated as
the sum of the mechanical demands of all subsystems:

Wiotat = Wpac + VVcomp + Weee + I/Vinj- (S28)
The mechanical energy demand for the DAC plant Wpac,
Tl . T2 . T3 . T4 .
WDAC = Wfan dt + anc,blow dt + anc,heat dt + J anc,des dt
0 T1 Ty T3 (Szg)

+ Wrecool + WHTHP:

was calculated as the sum of the integrated powers of the fan W, the vacuum pumps W,,.,
and the energy demand for the recooling Wy ecoo1, With integral limit 7, = 7,45. The vacuum
pump was active in three phases: Blowdown (blow), heating (heat), and desorption (des). The
mechanical energies for the four system components i) compressor Womp, ii) transportation
Wrec, i) injection Wiy, and iv) recooling Wieco01 Were calculated with eqn 12 and eqn 11 (main
text), respectively.

Besides the total mechanical and thermal energy, the mass of the product m..q is a crucial met-
ric for evaluating the DACCS system. The product mproq,
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T4
Mprod = f (Mges — Mcond) dt, (S30)

3

is the integrated difference between the desorbed mass flow rate my.s and the condensed
water mass flow rate 1¢q,q4. The total mass of captured CO2 M, cap,

Ty
Mco,,cap = f Mges Weo, dt, (S31)
73

was defined as the integrated mass flow rate during the desorption phase mg4.s multiplied by
the mass fraction of CO; (W, ). The stored mass of CO2 (M, st0) is defined as the mass of
captured CO, minus potential leakages during transport and storrage CCjq,x as:

Mco,,sto = Mceoy,cap — CCieak (S32)

However, as we assume for the entire paper that there are no leakages, no distinction be-
tween Mg, sto aNd Mo, cap IS Made in the main text. Besides the mass of stored CO,, GHG
emissions are needed during the removal process to calculate the Carbon Removal Efficiency
(CRE) (egn 4 (main text)). The GHG emissions can be further divided into emissions due to the
energy supply (CCepe), the construction and end-of-life of the DACCS system (CC.qys) and the
adsorbent consumption (CCg,,). The emissions due to the energy supply are defined by the total
energy demand W;,ta1 and the electricity’s GHG emissions (cfe ) as:
CCene = ¢fe1 Wiotal- (s33)

The emissions for construction and end-of-life of the DACCS system (CC.,ps) adds up the emis-
sions from the construction and end of life of the DAC plant (cC¢onspac) and all other compo-
nents such as pipelines, etc cCqopg cs-as:

CCcons = CCcons,DAC mcoz,cap + CCcons,CS mcoz,cap- (534)

However all other emissions except those from the construction and end of life of the DAC plant
are neglected in this paper. Finally, the emissions due to adsorbent consumption are calculated
as follows:

CCsor = CCsorMco, cap: (S35)

2.4 Details of the case study and optimisation framework

The degrees of freedom of the process design optimisation were the following: Mass flow rate
m,qs Of air during the adsorption phase; phase times T,4s, Thiows Theat, aNd Tges; and desorption
conditions Pges, Tdes, anNd Mgie. The upper and lower bounds of the process design variables are
presented in Tab. 8.

Tab. 8 Process design variables with lower and upper bounds used for process optimisa-
tion.

Process design Lower Upper
variable bound bound
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Mygs le-5 2e-4 .
Tads 3000 40000 S
Tplow 30 30 S
Theat 50 2000 S
Tdes 5000 40000 S
Pdes 0.01 0.3 bar
T4es 80 s100 °C
k
Tste le-9 le-7 ?g

The ambient conditions, such as temperature and relative humidity, have a crucial influence
on the performance of DACCS systems.' However, a variation of the ambient conditions was
beyond the scope of this work. Therefore, we exemplarily used the annual average values for
the city of Aachen in Germany for all calculations. The yearly average values from the years
1991-2021 are summarised in Tab. 9.

Tab. 9 Ambient conditions used for all simulations.

Ambient conditions Source
Ambient temperature T, 10.133 °C 14
Relative humidity @1, 77 % 14
Ambient pressure Pamp 1.01325 bar -
Mole fraction of CO; in dry air xco, 407 ppm -
3. Results

3.1 Details of the Plant Productivity and Reference Cases

Tab. 10. Summarises the process design variables for the reference cases of a TVSA and a S-
TVSA-

Tab. 10 List of the process design variables for the reference case of the TVSA and the S-

TVSA cycle.
Process design variables Reference case: S-TVSA
k
Tads 9.30274027e-05 it
S
Tads 1.03463744e+04 S
Tplow 30 S
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Theat 6.45587617e+01

Tdes 1.30435829e+04

Pdes 1.00000e-02

T4es 99.303946
Mte (for S-TVSA) 7.35673e-8

bar
°C

kg

S

In addition to the specific energy demands for the reference case of the TVSA cycle in the main
text, Fig. 6 shows the specific energy demands for the reference case of the S-TVSA for a DAC
plant and a DACCS system. In contrast to the TVSA, the S-TVSA required slightly more energy
per mass of captured CO,. However, as the steam purge accelerates the desorption, the ref-
erence case of the S-TVSA achieved a Plant Productivity (PP) of 4.12 ktco, yr' instead of

4 k'[co2 yr‘1.
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Fan /77 Heating HEl Compression
EEE Vacuum pump Steam generation Injection
BN Recooling

a b
(a) 6.04 % ®) Y/ 5.88 %
7.62 % 7.42 %
-~ _—61% - —594%
S ———y 0.33 %
2.31%

DAC plant: 4.83 kWhkgcd, cap DACCS system: 4.961 kWh kgcd, rem

Fig. 6 Specific energy demands of (a) a DAC plant based on a S-TVSA cycle and (b) a
DACCS system based on a S-TVSA cycle for the reference process design. The plant produc-
tivity is 4.12 ktco, yr. The specific energy demand is divided into the demands heat (red),

power for the fan (yellow), power for the vacuum pump (blue), and power for recooling

(green). For the DACCS system, the power demands for compression and injection into the
storage site are added in grey and black, respectively.

Fig. 7 shows the GHG emissions for the reference process design of the S-TVSA cycle. The spe-
cific emissions are shown for the Waste Heat (WH) case and the High-Temperature Heat Pump
(HTHP) case.

Fig. 7 GHG emissions during the removal process for a DACCS system based on a S-TVSA
cycle. Specific emissions are given for the reference process design with plant productivity

of 4.12 ktco, yr'': (a) WH case and (b) HTHP case. The carbon footprint of electricity is

0.166 kgcoz-eq, kWh-l.
3.2 Details of the impact of the KPI used for the optimisation

For Pareto frontiers of the CRE-optimal process designs of the TVSA cycle, the process
design variables (Ta4s, Theat) Tdes, Mads, I des, Pdes) are shown in Fig. 8 for the WH case

Fan Compression Sorbent production
B Vacuum pump EEl [njection 7/7: HTHP
I Recooling Plant construction

(a) (b)
26.34 % 21.08% 10.01%

. / 12.5 %
9.91 %
.
19.83 %

\\\\\\\\‘

20.87 % 3.89 % /
J \2.51 % (ffngo//
8.19 % 1.18 % 9:41 0
WH: HTHP:
0.23 kgCOZeq, emi kgEcl)z, rem 0.49 kgCOZeq, emi kgEéz, rem
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and in Fig. 9 for the HTHP case. Fig. 10 shows the process design variables for the S-TVSA
cycle for the WH case and Fig 11 for the HTHP case.

40000 - 2000 - -
h.‘.&
[ ]
30000 A 1500 A ¥
pe E 4
£ 20000 . § 10001 o
~ \ = o
10000 1 \‘“‘ 500 s
T T T T 0 L T T Ih T
40000 - 0.00020 -
35000
30000 . 0.00015 7
2 25000 =
g "2 0.00010
= 20000 3
&
15000
‘M 0.00005
10000
5000
100 { —————— 30000 -
25000 -
95 -
o _, 20000 -
1) (=B
E 0o =
g g 15000 1
~ Q
10000 - e
85 -
5000 -
80 1 T T T T 0 L T T T T
2 3 4 5 2 3 4 5
Plant Prod. in kt/yr Plant Prod. in kt/yr

Fig. 8 Process design variables (7T,4s, Theatr Tdesr Madss I des» Pdes) Of the CRE-optimal Pa-
reto frontier plotted against plant productivity for the TVSA cycle and the WH case.
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Fig. 9 Process design variables (T,4s, Theatr Tdesr Madss I des» Pdes) Of the CRE-optimal Pa-
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reto frontier plotted against plant productivity for the TVSA cycle and the HTHP case.
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Fig. 10 Process design variables (T,4s, Theatr Tdess Mladss I desr Pdes» Mste) Of the CRE-

optimal Pareto frontier plotted against plant productivity for the S-TVSA cycle and the
WH case.
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Fig 11 Process design variables (7,45, Theatr Tdessy Madss I dess Pdes Mste) Of the CRE-

optimal Pareto frontier plotted against plant productivity for the S-TVSA cycle and the
HTHP case.

24



References

1

B W

9
10

11
12
13
14

J. Young, E. Garcia-Diez, S. Garcia and M. van der Spek, Energy Environ. Sci., 2021, 14,
5377-5394.

M. Jahandar Lashaki, S. Khiavi and A. Sayari, Chemical Society reviews, 2019, 48, 3320
3405.

Y. Fan and X. Jia, Energy Fuels, 2022, 36, 1252—-1270.

F. H. Harlow and J. E. Welch, Phys. Fluids, 1965, 8, 2182.

Modelica.UsersGuide, available at: https://doc.modelica.org/Modelica%204.0.0/Re-
sources/helpDymola/Modelica_UsersGuide.html, accessed 18 February 2022.

U. Bau, F. Lanzerath, M. Graber, S. Graf, H. Schreiber, N. Thielen and A. Bardow, in Pro-
ceedings of the 10th International Modelica Conference, March 10-12, 2014, Lund, Sweden,
Linkdping University Electronic Press, 2014, pp. 875—-883.

D. Bathen and M. Breitbach, Adsorptionstechnik, Springer Berlin Heidelberg, Berlin, Hei-
delberg, s.I., 2001.

C. Gebald, J. A. Wurzbacher, A. Borgschulte, T. Zimmermann and A. Steinfeld, Environ. Sci.
Technol., 2014, 48, 2497-2504.

V. Stampi-Bombelli, M. van der Spek and M. Mazzotti, Adsorption, 2020, 1183-1197.

W. Wagner and A. Prul}, Journal of Physical and Chemical Reference Data, 2002, 31, 387—-
535.

VDI Heat Atlas, Springer Berlin Heidelberg, Berlin, Heidelberg, 2010.

S. Deutz and A. Bardow, Nat Energy, 2021, 6, 203—-213.

J. F. Wiegner, A. Grimm, L. Weimann and M. Gazzani, Ind. Eng. Chem. Res., 2022, 176, 93.
Klima Aachen: Wetter, Klimatabelle & Klimadiagramm fiir Aachen, available at:
https://de.climate-data.org/europa/deutschland/nordrhein-westfalen/aachen-2115/#cli-
mate-table, accessed 14 September 2022.

25



