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Forecast

= Attacked problem

- Increase of CO, emissions [1]
- emissions from transport sector and small other sources are about 50% of total emissions [1]
- capture of CO, from air with Direct Air Capture (DAC) technology

= |nsight found

- some KPIs of adsorption technology for CO, capture from air using different MOFs and amine
functionalized sorbents

- critical process parameters for energetic and economic analysis
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= Background
- CO, emissions
- DAC technology and companies

=  Approach
- Definition of amine functionalized sorbents, MOFs and adsorber geometry
- Adsorption isotherm models
- Model for adsorption and desorption cycle
- Model validation

= Results

=  Conclusions




B CO, emissions

= CO, emissions in the world [1]
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= International Agreements to keep the temperature increase below 2/1.5 °C above pre-industrial level by the end of
century [2]:

- COP21-Paris, 2015
- COP22-Marrakesh, 2016




Londan < e9¢ GHG removal (GGR) technologies

= GGR: crucial role to limit the increase of temperature [2]

- short term: supplier of climate-neutral CO, for synthesis processes (PtG, PtL, PtC)
- long term: negative emission technology with geological CO, storage
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= 470, 4798, 15402 MtCO,/y of DAC capacities are needed by 2030, 2040, 2050 respectively to meet COP21 [3]
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Direct Air Capture

= Direct Air Capture: technologies and companies [3]

Company
(Location)

Regeneration
temperature

[DAC cﬂmpanies]

\

HT aqueous LT solid sorbent LT solid sorbent
solution (TSA) (MSA)
Carbon Engineering Climeworks Gluha] Thermustat Antecy H}rdrucell Inﬁmtree Skytree !
(Canada) (Swﬂzerland} (USA) (N etherlands) (leand) (USA) [Netherlands}

| 900 °C I | 100°C I |35-95"C|

() electrostatic absorption and moisturising desorption

‘ 80-100 °C l | 70-80 °C \ [mnisturising] [

moisturising
at 80=90 °C




Sorbents and adsorber

=  Sorbents: _ _ SI-AEATPMS
] . ] ] Particle diameter 0.002m [4]
1) SI-AEATPMS ([N-(2-aminoethyl)-3-aminopropyl]trimethoxysilane pensity 1312kg/m3 [4]
(AEATPMS) grafted on silica gel) (Class 2) Bed porosity 0.6
: : : APDES-NFC-FD
2) APDES-NFC-ED (3-aminopropylmethyldiethoxysilane (APDES)  particie diameter 0.005m [5]
onto nanofibrillated cellulose (NFC)) (Class 2) Density 55.4kg/m3 [5]
3) MOFs: MIL-101, MOF-177, MOF-5 Bed porosity 0.5
MIL-101
e - : Particle diameter 0.0038m [6]
= Adsorber specifications (from Climeworks company) Density 620 kg/m? [7]
Bed porosity 0.44
: : MOF-177
Area footprint excl. options 20m? Particle diameter 0.0038m [6]
Height 3.2m : '
CO, flow rate, inlet 180kg/day Degsﬂy _ 430kg/m?[8]
Y o, inlet 0.0004 Bed porosity 0.4419]
Air flow rate, inlet 246820 m3/day _ MOF-5
Particle diameter 0.0038m [6]
Density 621kg/m3[9]

Bed porosity 0.44




Isotherm model

=  Sorbent: SI-AEATPMS

: . Wlss mol
- Adsorption: Freundlich model (T=298 K) [5] q = 1.001 - Pcoy (E)
- Desorption: Langmuir model (T=383 K) [5] g = 0.295-16.1 - Pcoy mol
(1+16.2- Pco,) kg
= Sorbent: APDES-NFC-FD
- Adsorption/Desorption: Toth model [5]
AHcp2,0 TO
—b -e RTo (7D

b(T) - P.,, mol b(T) = b, - e RTo 7T

q=ns(T) - 1 o (1L

(1+ (B(T) - Peg2) M) J ns(T) = ns, - 7770

_ To
t(T) —t0+a-(1—T)
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Isotherm model

= Sorbent: MOF-177, MOF-5, MIL-101
= Adsorption/Desorption: Langmuir model

MOF-177
Oat 10.258 mol/kg [10]
b, 2.51-10121/Pa  [10]
_ Gsat* b - Pco, mol AHqn, -14000J/mol  [9]
1= @+b-Pcoy) ‘kg MOF-5
Oat 48 mol/kg [6]
b, 8.06:1091/Pa  [6]
AN AHen, -34000J/mol  [6]
cOo2
b=b, e RT MIL-101
Ot (298 K) 33.22mol/kg [11]
b (298 K) 0.031/bar [11]
Oy (373 K) 0.00003mol/kg [11]
b (373 K) 731.791/bar [11]
AHqn, -16300J/mol [12]




Adsorption and desorption model

Model equations for adsorption and desorption stages

dCcoZ dCcoZ dzccoz 1-¢ dq :
— — __coc — Gas-phase material balance
dt Voas g, T2 Tgz T T Prygg ¥
dq :
o = ki(q" —q)  Adsorbed-phase material balance
— _pTo P04+ ¢ Mass transfer rate

k, — 3kqC, * 15¢,D,C, = 15D,

Adsorption stage Desorption stage
Initial conditions Boundary conditions Initial conditions Boundary conditions
CCOZ == 0 t = 0 CCOZ = CCOZ,iTllet Z = 0' t > O CCOZ - Ccoz,inlet t = O CCOZ - 0 Z = 0, t > 0
gq=0 t=0 de q=q(inlet) t=0 dCcoz B
c02=0 z=1L1t>0 17 =0 z=Lt>0

dz
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Model validation

= |aboratory data using SI-AEATPMS sorbent [5]

Adsorption flow rate ANI/min
Adsorption temperature 298K
Adsorber diameter 40mm
Adsorber height 40mm
Adsorption time for complete breakthrough 24h

= Simulation results: complete breakthrough in about 24 h
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= S|I-AEATPMS sorbent

Adsorption

1-
0.84

CO, concentration (mol/m3)

ED 0.6+

=

g C/Co

S

= 0.4+

' 0.1
024
100000 T e
200000 T 100000 200000 2 Length (m) o : . J . .
300000 2 o 100000 200000 300000 400000
Time (s) 40000 Time (s)

Time (s)



P s Results
= S|I-AEATPMS sorbent

Desorption (TSA)
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= APDES-NFC-FD sorbent

Adsorption
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= APDES-NFC-FD sorbent

Desorption (TSA)
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Results

MIL-101 sorbent

Adsorption

CO, concentration (mol/m3 )
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Imperial College Results
= MIL-101 sorbent

Desorption (TSA)
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= MOF-177 sorbent

Adsorption
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= MOF-177 sorbent

Desorption (TSA)
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CO, concentration (mol/m3 )

Results
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Imperial College Results
= MOF-5 sorbent

Desorption (TSA)
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= General results

Sorbent SI-AEATPMS APDES-NFC-FD MIL-101  MOF-177 MOF-5
Pressure drop (Pa) 734 636 1940 1940 1940
Average single pass recovery 0.86 0.89 0.52 0.59 0.53
CO, captured (ton/h) 0.0064 0.0067 0.0039 0.0045 0.004
Mass sorbent (kg) 33600 1770 22200 15400 22300
Saturation time (s) 305500 32560 320 214 748
Fan power (kWh,,/tonCO,) 322 270 1388 1281 1373
Regeneration temperature (K) 383 373 373 373 373
Desorption time (S) 16650 1845 99 160 315
Working capacity (mol/kg) 0.367 0.7714 0.00035 0.00039 0.00084
Regeneration energy (kWh.,./tonCO.) 1884 1427 1068100 1296600 493870
2 2
or = icps(Tde _T)+4H, [13] AP _ 150w A-e  75Pe(18) [15] Fanpower = 2.72-1075QAP [14]
qw L d; &3 d, 3

- The equilibrium loading is a critical parameter affecting the regeneration energy and then operative costs
- Greater values of energy consumption for MOFs
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= Economic analysis and comparison with Climeworks company

Sorbent MIL-101 MOF-177 MOF-5 SI-AEATPMS APDES-NFC-FD Climeworks (APDES-NFC-FD)
Footprint (m2) 20 20 20 20 20 20

Length (m) 3.2 3.2 3.2 3.2 3.2 3.2

Full cycle (hr) 0.01 0.09 0.29 89.4 9.5 4-6 (*)
Cycle/day 207 271 81 0.27 2.5 6-4

CO, captured (kg/day) 73 72 68 147 151 135

Average single pass recovery 0.52 0.59 0.53 0.86 0.89 0.9
Regeneration mode TSA TSA TSA TSA TSA TSVA
Regeneration temperature (K) 373 373 373 383 373 373

Electric consumption (kWh,,/tonCO,) 1388 (fan) 1218 (fan) 1373 (fan) 322 (fan) 270 (fan) 200-450 (fan+control)
Regeneration energy (kWh, /tonCO,) 1068100 1296600 493900 1884 1427 1500-2000
CAPEX ($/tonCO,) 825 827 885 408 395 600 [16]
OPEX ($/tonCO.,) 39000 5910 3320 752 542

(*) After 5 h adsorption time, the CO, uptake curves are still considerably increasing, while the corresponding H,O curves have reached a constant plateau for
all RH values [17]

- Good agreement between APDES-NFC-FD sorbent and Climeworks company
- Different costs due to different economy of scale

23



Conclusions

= An adsorption/desorption model for amine functionalized sorbents and MOFs is provided to
capture CO, from air

= APDES-NFC-FD sorbent has lower energy requirements in terms of fan power and
regeneration energy and a good agreement with Climeworks company

= MOFs have a greater value for energy regeneration due to a lower value of equilibrium
loading, that is a critical parameter for adsorption

= MOFs have an electricity consumption comparable to that reported in the literature and
higher than that of amine functionalized sorbents [3]

= OPEX and CAPEX are greater than that of Climeworks due to the different economy of
scale

24
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