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ABSTRACT

Direct air capture is gaining significant interest due to its potential to achieve carbon-negative
emissions. With the aim to reduce the energy consumption and in line with the electrification of
chemical processes, the absorption direct air capture system is integrated into a bipolar membrane
electrodialysis cell stack for solvent regeneration and carbon dioxide release. The scheme solution
is characterized by carbon dioxide bubbles inside the cell reducing efficiency so that other regen-
eration schemes have been proposed in the literature. A direct comparison of those is missing in
the existing state of the art: the present work wants to fill this gap. In addition to the above pro-
cess, the reaction of the rich solution with a weak organic acid and the use of both nanofiltration
and reverse osmosis membranes are considered in other process schemes. The three case studies
are modelled in Aspen Plus software with the aim to compare the energy consumption and total
cost while the environmental impact is evaluated with the life cycle assessment methodology.
Results show that the best capture process from economic and environmental point of views is
that using only a bipolar membrane electrodialysis for solvent regeneration and carbon dioxide
release despite a higher energy consumption for the cell stack. Here total capture cost and envi-
ronmental impact are respectively 480 $/tonCO: and -0.9593 kgC0O.eq/kgCO2 while the energy
requirement in the BPMED stack is 408 kJ/molICOs:.

Keywords: Carbon Dioxide Capture, Modelling and Simulations, Life Cycle Analysis, Technoeconomic Analysis,

Aspen Plus, OpenLCA

INTRODUCTION

Climate phenomena have caused profound social,
economic and environmental damage, highlighting the
urgency for systemic solutions. There is a strong scien-
tific consensus that anthropogenic greenhouse gas
emissions, particularly carbon dioxide (C0O2), are the pri-
mary drivers of climate change. Hene, CO2 needs to be
actively removed from the environment using carbon di-
oxide removal technologies (CDR). In this context, direct
air capture (DAC) is a crucial and emerging carbon diox-
ide removal (CDR) technology for achieving net-zero
emissions by balancing atmospheric CO2 release with re-
moval. Different DAC technologies have been developed
in the current state-of-the art such as absorption,
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adsorption, ion exchange resin, mineral carbonation,
membrane, cryogenic separation [1]. These are mainly
based on the use of thermal energy for regeneration of
the capture agent [1, 2]. Recently, significant attention of
the research community has been focused on electro-
chemical methods for regeneration: electrodialysis, elec-
trolysis, proton coupled electron transfer, electro swing
adsorption have been investigated [3, 4]. In the electro-
dialysis based process an absorption-based direct air
capture column is connected to an electrodialysis stack
for the release of CO2 and regeneration of the alkaline
solvent recycled back to the absorption column [5]. Sev-
eral research have been presented in the literature for
this process scheme in order to evaluate the cost and the
energy consumption as those reported by Sabatino et al.

943


https://doi.org/10.69997/sct.164149

Y L Purge
\ ‘
_ Purge
I
Solvent
BPMED
stack
Air co2 .
’T tlab Unit Opgration
=3P
B)
H< g,:‘ ’_T
- B L
Purge
Solvent
BPMED

stack

r
b Unit Opgration

M |l

— P
Weak acid
— >
Cco2

Reactor

Purge

o) ]

/ Purge »
P — Bl e
_ F Reverse osmosis
Solvent membrane

BPMED
stack

Air C 02_‘:>

— $ Nanofiltration
membr. ai,—>[>¢ @_%
Puige ~ ;Dﬂ ohzsoed Purge

Figure 1: Process flowsheet of the investigated process: a) conventional; b) based on reaction between
bicarbonates/carbonates and weak acid; c¢) based on BPMED with nanofiltration and reverse osmosis membrane

[6, 7], Young et al. [8], Leonzio and Shah [4], Leonzio et increase local resistance, exacerbate mass-transport
al. [9]. However, this process scheme can suffer from limitations, current crowding and local heating [10]. To
CO2 bubble formation inside the cell causing an increase overcome this problem, in a previous work we proposed
of electrical energy demand. CO2 bubbles can, in fact, a system where carbonates and bicarbonates from the
obstruct flow channels, block active membrane area, absorption column react with an organic weak acid to
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release CO», producing its acid salt that is sent to the
electrodialysis stack for both acid and alkaline solvent re-
generation [11]. However, many other different alterna-
tives have been proposed by Kemp et al. [12] to regener-
ate the capture solution and these are all based on the
electrification of the process (direct and indirect proto-
nation, nanofiltration and direct protonation, nanofiltra-
tion and indirect protonation, regeneration with CO2
electroreduction for product generation, CO2 electrore-
duction for product generation only, chiller crystallisation
and direct protonation, nanofiltration and reverse osmo-
sis, system with filtration unit and pH adjustment of elec-
trodialysis feed stream, system with filtration unit and
electrodialysis, schematic of electrodialysis unit with gas
diffusion electrode). For the best our knowledge, a direct
comparison of these solutions is not present in the liter-
ature yet. Therefore, the present research wants to over-
come this gap. In particular, in this research, we aim to
compare the following direct air capture technologies
based on the use of an absorption column but with the
regeneration of the rich solution by using a bipolar mem-
brane electrodialysis stack, reacting carbonates and bi-
carbonates with a weak organic acid (formic acid or a
mixture between formic and acetic acid) and by using
nanofiltration and reverse osmosis technology. The pro-
posed process schemes are simulated in detail and the
material and energy balances are used to conduct an
economic and environmental analysis finding the total
capture cost and environmental burden.

MODELLING
Description of the capture plant

Three different process schemes are compared in
this work: “conventional” scenario with the DAC absorp-
tion column connected to the BPMED stack, “reaction be-
tween bicarbonates/carbonates and weak acid” scenario
where the BPMED stack is used for the regeneration of
the acid salt obtained with the reaction between bicar-
bonates/carbonates and formic and/or acetic acid, “nan-
ofiltration and reverse osmosis” scenario where these
membranes are used to concentrate bicarbonates/car-
bonates sent to the BPMED connected to the DAC ab-
sorption column. These schemes are shown respectively
in Figure 1a, 1b, 1c. In all process schemes, six absorption
columns, in a cross-flow configuration, are considered
according to the Carbon Engineering plant [6, 7]. An am-
bient air flow rate of 150 ton/h and a liquid flow rate ac-
cording to a liquid to gas ratio equal to 0.6 are considered
in the feed [6]. The liquid flow rate is based on a mixture
of an aqueous solution of potassium hydroxide (KOH) (1
M) and potassium carbonate (K2COs) (0.01 M), the latter
added with the aim to reduce toxicity and corrosivity [13,
14]. From the absorption columns, the rich solution with
carbonates and bicarbonates is sent to the BPMED stack
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for solvent regeneration and CO: release in the “conven-
tional” scenario. In the “reaction between bicar-
bonates/carbonates and weak acid” scenario, the rich
solution from the absorption column is sent to a reactor
for the reaction with formic acid, in one case, and for-
mic/acetic acid mixture, in the other case. Here, CO2 is
released while the acid salt is sent to the BPMED stack
for the regeneration of both acid and absorption solvent.
In the “nanofiltration and reverse osmosis” scenario, the
rich solution from the absorption column, is sent to the
nanofiltration unit to concentrate carbonates sent to the
BPMED stack, while the permeate solution rich in hydrox-
ide ions is recycled back to the absorption column. In the
same scheme, the brine stream from the BPMED is sent
to the reverse osmosis unit to concentrate bicarbonates
recycled back to the BPMED while the permeate rich in
hydroxide ions is sent to the absorption column. All pro-
cesses are modelled in Aspen Plus software by using
RadFrac packed absorption columns, stoichiometric re-
actor and Matlab Cape Unit operation for the BPMED
stack, nanofiltration and reverse osmosis membranes.
For the BPMED cell stack, material balance equations,
equilibrium equations and electroneutrality equations are
used to solve the system and find the product stream
composition. The following parameters are defined:
membrane area equal to 1.785 m2 and current density
equal to 800 A/cm2 [6], number of cells of 105. For mem-
branes, by fixing the rejection factor for each compound
and using material balances allow to find the product
stream composition and needed membrane area. For the
nanofiltration unit water permeability and transmem-
brane pressure are fixed to 9+10" m/(Pas) and 5.4.10°
Pa [15, 16]. For the reverse osmosis unit water permea-
bility and transmembrane pressure are fixed to 1.10°
m/(Pas) and 1.1.10 Pa [15, 16]. The electrolyte Non-Ran-
dom Two-Liquid (e-NRTL) thermodynamic model is used
for the simulation in Aspen Plus of the overall capture
plant [6, 7].

Energetic and economic analysis

Regarding the energetic analysis, the needed electric
power for the BPMED is evaluated with the following cor-
relations (See Eq. 1-4) [6, 71:

Egen = i * Reey + Epp (1)
Reenn = Rpase + Reem + Racia + Rap 2
)

Ryaselacia = ——— 3
O base/acid

Peoyp =i®A e Ny » Ecey (4)

with Eceir the voltage drop across the BPMED cell, Egp
the water-splitting potential of the BPM (equal to 0.829 V
for ApH of 14 [6]) (V), Rcen the electrical resistance of a
unit area of a single cell (Qm?), i the current density
(A/m?), Rbase, Racia, Rcemand Rep respectively the resistance
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of basic and acid solution and cation and bipolar mem-
brane (these two last are respectively equal to 1.5e10
Om? and 5.2e10% Qm?2 [6]) (QmM?), ovasesacia the electrical
conductivity of acid and base solutions, d the distance
between the BPM and cation membrane (1.5 mm [6]) (m),
A the membrane area (m?), Ncei the number of cells, Pce
the power of the BPMED unit (W). In the economic analy-
sis the CO: capture cost is evaluated from the sum of
capital (CAPEX) and operating (OPEX) costs. The CAPEX
in the form of total overnight capital (TOC) ($) is evalu-
ated on the basis of the bare erected cost (BEC), as the
sum of the purchase cost of all plant components, taken
from the literature and from Aspen Plus Economic Ana-
lyzer (APEA): absorption columns from Sabatino et al. [6,
7], reactor and pump from APEA, BPMED stack from Vir-
ruso et al. [17]. For the total cost of membranes in the
stack, an ion exchange membrane cost and bipolar mem-
brane cost respectively are assumed at 145 $/m? and
1300 $/m2 [18]. For nanofiltration and reverse osmosis, a
value of 134 $/m2 and 170 $/m2 is respectively assumed
[19, 20]. In particular, the total overnight capital (TOC) is
evaluated in accordance with NETL guidelines [21]. The
OPEX is evaluated as the sum of fixed and variable oper-
ating and maintenance cost (O&M) ($/year). In the varia-
ble O&M cost, the cost of raw materials and utilities is
taken into account assuming a price for aqueous hydrox-
ide solvent of 580 $/ton [22], potassium carbonate of
600 $/ton, sustainable formic acid from CO. of 1738
$/ton [23], sustainable acetic acid from CO of 1170 $/ton
[24] and renewable electricity from wind onshore in the
UK of 0.05 $/kWh [25]. The specific CO, capture cost is
the sum TOC and OPEC divided the amount of captured
COa.

Environmental analysis

The LCA is conducted with OpenLCA software (ver-
sion 1.11) and Ecoinvent database 3.9 accordingly with
ISO 14040-14044 [26, 27]. This methodology includes
four phases (goal and scope definition, life cycle inven-
tory, life cycle impact assessment (LCIA) and life cycle
interpretation). The goal of the study is the comparison
of the three investigated processes from an environmen-
tal point of view with the scope to understand which of
them is the most favorable. To this aim the functional unit
is 1tonCO2 that is captured with cradle-to-gate system
boundary (the end use of captured CO: is not considered
in the analysis). In the inventory phase, inventory data
(e.g. material and energy balances) for the processes are
defined as taken from the simulation in Aspen Plus. For
formic acid and acetic acid, a sustainable production pro-
cess from CO: is considered as that reported in Cuevas-
Castillo et al. [23] and Regis et al. [24]. After these
stages, the LCl results are organized into the usual LCA
impact categories and then into the impact indicators at
the midpoint level. The life cycle impact assessment is
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performed with the ReCiPe Midpoint (H) 2016 to obtain a
general overview of the impact of the studied process on
the climate change impact category [28]. In the interpre-
tation phase, a comparison of the obtained results is car-
ried out.

RESULTS AND DISCUSSION

Results of process modelling

In all simulations, the kinetic model of the absorption
column is validated with the experimental data of Keith et
al. [13] while the BPMED is validated with Sabatino et al.
[6, 7] data.

From the developed simulations, the energy con-
sumption (especially that in the BPMED stack) and the
material balances are obtained and compared in each in-
vestigated process scheme.

For the same amount of air and solvent flow rate fed
into the process, the energy consumption in the BPMED
and the amount of captured CO2 are respectively of 2314
kWh/tonCO2 and 1142 tonCO2/year for the conventional
process, 1907 kWh/tonCO2 and 959 tonCO2/year for the
process using formic acid reacting with the rich solution,
1943 kWh/tonCO2 and 949 tonCO2/year for the process
using the mixture formic/acetic acid reacting with the rich
solution, 2468 kWh/tonCO2 and 1253 tonCO2/year for
the process using a nanofiltration with reverse osmosis
membrane.

The higher efficiency of the system regenerating
CO2 from the electrodialysis of carbonates and bicar-
bonates is due the fact that in this system the total dis-
solved organic carbon is conserved while in the acid re-
action-based process CO2 is produced not after a redis-
tribution of carbonates because it is a chemical transfor-
mation.

Moreover, it is clear that the process with the high-
est electricity consumption in the BPMED stack is that us-
ing membranes due to the higher concentrate rich solu-
tion from which a higher amount of CO2 is captured com-
pared to other case studies. Considering the energy con-
sumption of pumps in both membranes, the overall en-
ergy needs is higher and with a value of 3752
kWh/tonCO2. Then, despite the higher amount of CO2
that is captured, the process based on the use of mem-
branes has a higher energy requirement.

Itis interesting to see that both processes based on
CO2 recovery from rich solution through the BPMED
stack are characterized by a greater value of energy con-
sumption in the cell stack due to the CO2 bubble for-
mation. A higher value is for the process with membranes
due to a higher concentrate solution (435 kJ/molCO2 vs
408 kJ/molCO: for the process using only the electrolytic
stack).

The process with the lowest energy consumption is
that based on the reaction between formic acid and
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bicarbonates/carbonates: the BPMED stack requires 336
kJ/molCO2. The lower energy consumption for the sys-
tem using formic acid is due to a very low specific energy
required to regenerate this acid from its salt: the range is
between 0.3 and 0.8 kWh/kg of formic acid [29]. On the
other hand, the energy consumption for recovery of ace-
tic acid from its salt can be up to 15.7 kWh/kg of acetic
acid [30]. Then the presence of acetic acid in the mixture
increases the energy demand for CO2 capture.

Overall, for the process based on the regeneration
of CO2 via BPMED, values of these electrical consump-
tions are in agreement with that reported in the literature
by Sabatino et al. [6, 7] and Eisaman et al. [30] where
energy consumption up to 3789 kWh/tonCO2 are re-
ported when varying current density and composition of
the rich solution. Similar values are reported by Vallejo
Castano et al. [32], Shu et al. [33] analyzing the same
process under different sensitivity analyses. For the
other two processes, a direct comparison with the litera-
ture cannot be conducted because a similar process has
not been considered for CO2 capture from the air yet.

Results of economic analysis

Results of the economic analysis show that the pro-
cess based on only BPMED stack costs 480 $/tonCO2,
that based on membranes costs 1179 $/tonCO2 while the
others based on formic acid reaction and formic/acetic
acid reaction cost respectively 510 $/tonCO2 and 519
$/tonCO2. It is clear that the process using membranes
is the most expensive (59% more than that based on the
regeneration using only BPMED that is the cheapest one),
despite the highest amount of captured CO2 (1253
tonCO2/year). This is due to the highest impact of nano-
filtration cost on total capital cost (due to a higher treated
flow rate, 292 modules with 37 m2 of area are needed for
the specific separation while 4 modules of reverse osmo-
sis membrane with an area of 40 m2 are required).

A deeper analysis shows that the system using
membranes has the highest values of TOC, total fixed
and variable O&M respectively of 0.55 M$/year (437
$/tonC0O2), 0.65 M$/year (520 $/tonCO2) and 0.28
M$/year (222 $/tonCO2). For the process scheme using
a BPMED stack for the regeneration TOC, total fixed and
variable O&M costs are 0.19 M$/year (165 $/tonC0O2),
0.18 M$/year (161 $/tonC0O2) and 0.17 M$/year (153
$/tonC0O2). TOC, total fixed and variable O&M costs are
respectively 0.22 M$/year (229 $/tonC02), 0.1 M$/year
(111 $/tonC0O2) and 0.16 M$/year (170 $/tonCO2) for the
process using formic acid reacting with the rich solution.
On the other hand, TOC, total fixed and variable O&M
costs for the process using a mixture acid solution are
respectively 0.22 M$/year (231 $/tonC02), 0.1 M$/year
(112 $/tonC0O2) and 0.17 M$/year (176 $/tonC0O2).

It is evident that despite a higher operating costs
(due to the higher energy consumption) compared to the
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process based on acid reaction, the process with the use
of only BPEM stack for CO2 regeneration has the lowest
capital cost due to the lower amount of used equipment.
On the other hand, the process with nanofiltration and re-
verse osmosis has the highest values of capital and op-
erating costs compared to all solutions.

The cost for the process based on only BPMED is in
line (e.g. the same order of magnitude) with studies re-
ported in the literature from Sabatino et al. [6, 7], lizuka
et al. [34]. For the other processes a comparison with the
literature can not be done as similar works have not been
considered.

Results of environmental analysis

Itis possible to see that values of climate change for
the process with the use of only BPMED, using formic
acid and formic/acetic acid reaction and based on mem-
branes are respectively  equal to -0.9593
kgCO2eq/kgCO2, -0.9378 kgCO2eq/kgCO2 and -0.9238
kgC02eq/kgC0O2, -0.9327 kgCO2eq/kgCO2. Then, re-
covering CO2 from carbonates via BPMED ensures the
lowest environmental burden in terms of climate change,
followed by the process whit a reaction between bicar-
bonates/carbonates and formic acid, by the system using
membranes and then followed by the process with a re-
action between bicarbonates/carbonates with the ace-
tic/formic acid mixture.

A breakdown of results shows that the most signifi-
cant input on total climate change is the electricity con-
sumption for the conventional and membrane based pro-
cesses (28.53 kgCO2eq/tonCO2 and 46.25
kgCO2eq/tonCo2 respectively), while for the other pro-
cesses based on chemical reaction to release CO2, the
potassium carbonate production has the highest impact
(35.14 kgCO2eq/tonCO2 for the process using only for-
mic acid and 35.52 kgC0O2eq/tonCO2 for the process us-
ing the mixture acetic/formic acid).

Results for the system based on electrodialysis of
carbonates are in agreement with the literature [4]. For
the other systems, a direct comparison with the state-of-
the-art is not possible.

CONCLUSIONS

With the aim of electrifying chemical processes for
CO2 capture from the air, different schemes are pro-
posed and investigated in this work. The DAC absorption
column is related to a BPMED stack in one case, to a
BPMED stack and nanofiltration and reverse osmosis
membranes in another case study and to a reactor for the
reaction between the rich solution and formic acid and
formic/acetic acid mixture in the other two case studies.

All processes are simulated in Aspen Plus to have
material and energy balances required to conduct an
economic and environmental analysis, finding the total
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capture cost and the climate change impact.

A similar comparison analysis has not been consid-
ered in literature yet, underlining the novelty of the pro-
cess.

Results show that the best process for the regener-
ation of solvent and release of CO2 is that based on the
use of BPMED stack characterized by 480 $/tonC0O2 and
-0.9593 kgC02eq/kgCO2. On the other hand, due to the
higher impact of membrane cost, the process with the
nanofiltration and reverse osmosis has the highest costs
(1179 $/tonC0O2) and relatively higher environmental bur-
den (-0.9327 kgC0O2eq/kgCO2).
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