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Post-combustion CO, Capture

ABSTRACT: This work provides an integrated techno-economic
and energy assessment of vacuum pressure swing adsorption Light component
(VPSA) for postcombustion CO, capture, bridging laboratory-scale ~

validation with industrial-scale design. The shaped MOF MIL- TEA
160(Al) was evaluated through 19 dynamic PSA experiments, ;1?1‘::;3(:: Cost
which clarified the distinct roles of purge and rinse steps in i.\r 1%‘&:;2!—

determining the separation efficiency. The validated process model 1 jirﬁii{ Profit

reliably captured cyclic steady-state dynamics and was extended to {4 A (.J
simulate 31 industrial VPSA configurations. The results demon-
strated that as purge flow increased from 500 to 7.5 X 10° L/min,
CO, purity reduced from 91% to 82%, but CO, recovery increased
from 65% to 96%, which corresponds to an enhancement in energy
consumption from 1589.2 to 1655 kWh. On the other hand, when
rinse flow enhanced from 30 X 10° to 39 X 10°> L/min, CO, purity increased from 82% to 89%, while CO, recovery reduced from
90% to 86% and energy consumption increased from 1573.5 to 1657.9 kWh. Techno-economic analysis estimated a total capital
investment of $18.89 M and an annualized capital expenditure (CapEx) of $1.82 M-yr™!, with operating costs dominated by
electricity consumption and, to a lesser extent, labor cost. Overall, the findings prove that industrially viable deployment of MIL-
160(Al)-based VPSA requires a combined focus on plant equipment lifetime and process-level energy optimization, thereby
providing a clear roadmap for translating experimental performance into large-scale CO, capture.

1. INTRODUCTION midcentury.” Moreover, achieving long-term climate stabiliza-
tion will likely necessitate a transition toward near-zero
emissions or even net-negative emissions by the latter part of
the 21st century. However, among the key strategies under
development, carbon capture and sequestration (CCS) has
emerged as a critical solution for curbing CO, emissions
associated with fossil-fuel-based energy systems. Nonetheless,
the implementation of CCS faces substantial challenges, with
CO, capture remaining one of the most pressing issues in the
21st century.*”'" Notably, the capture stage is estimated to
represent nearly two-thirds of the total cost of a full CCS system,
thereby posing a major barrier to its large-scale deployment.®
According to recent analyses,'' the energy demand for

The escalating global concern over climate change is
predominantly driven by the sharp rise in atmospheric CO,
concentrations, with global emissions having increased
markedly over recent decades."”” This upward trend is primarily
attributed to the sustained and widespread combustion of fossil
fuels—namely, coal, petroleum, and natural gas—which
collectively account for approximately 86% of anthropogenic
greenhouse gas emissions.” The remainder stems from land use
changes, particularly deforestation, and industrial chemical
processes.5 In response to the growing environmental threats
posed by elevated greenhouse gas levels, various national and
international entities have implemented comprehensive miti-
gation frameworks.” Hence, projections of future greenhouse
gas emissions are frequently framed within scenario analyses Received: November 28, 2025
developed by authoritative bodies such as the International Revised:  February 9, 2026
Energy Agency (IEA) and IPCC.”>” These models consistently Accepted:  February 11, 2026
indicate that to limit global warming to no more than 2 °C above Published: February 19, 2026
preindustrial levels, it is imperative to reduce global anthro-

pogenic CO, emissions to below 20 GtCO, annually by
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regeneration and the capital investment in capture-specific
equipment are two principal cost drivers in postcombustion
CO, capture technologies.

Despite the development of various CO, capture technologies
for postcombustion applications,'”"” lately, metal—organic
frameworks (MOFs) have attracted growing attention for
postcombustion CO, capture due to their tunable porosity,
surface chemistry, and adsorption selectivity.“’15 Nevertheless,
their industrial deployment faces significant challenges,
particularly due to their limited hydrothermal stability and
reduced CO, uptake in humid environments.'® Since water
vapor is a major component of flue gas, the integration of
moisture-sensitive MOFs into real-world systems remains
problematic. However, in this way, plentiful MOFs have been
introduced for CO, capture,'”"® but only a limited number have
undergone evaluation under realistic process conditions."*"**°
A primary constraint is the difficulty in synthesizing MOFs at
scales sufficient for process-level testing, often limited to gram-
scale quantities, and the synthesis cost is another main challenge
of MOFs materials. On the other hand, the performance of cyclic
adsorption systems for CO, capture is closely governed by both
the properties of the adsorbent and the design of the operational
cycle (e.g., PSA, VPSA, TSA).”>*" Nevertheless, due to the
intricate interactions among multiple process variables,
identifying the optimal operating conditions to achieve targeted
separation performance continues to pose a significant
challenge.””** This complexity is especially pronounced when
using MOF sorbents, as their behavior under dynamic, multistep
cycling is not yet fully understood.

On these grounds, several MOFs have been studied for the
capture of CO, from flue gas through cyclic adsorption
processes. For instance, Nikolaidis et al.** employed a two-
stage P/VSA configuration incorporating M§-MOF-74 and 13X,
achieving CO, purities up to 95%. Ye et al.”* reported enhanced
CO,/N, selectivity for HKUST-1 over MIL-101(Cr) under
TSA conditions. Ben-Mansour et al.*” highlighted the suitability
of Mg-MOF-74 in heat-integrated PSA cycles, and CALF-20 was
shown to achieve 95% CO, purity and 90% recovery under light-
product pressurization.”® It is worth noting that recently, MOF
MIL-120(Al) has also been introduced as an appealing
candidate for CO, capture from flue gas.27 This adsorbent
exhibited high CO, uptake (1.9 mmol g " at 0.1 bar, 298 K) with
a logical isosteric heat of adsorption (—44 kJ mol™') and a
rational synthesized cost which is interestingly water stable.”>*”
However, to our knowledge, the separation performance of
MIL-120 through the cyclic adsorption processes (PSA, VPSA,
TSA etc.) has not been reported yet.

Among the numerous efforts, which have explored water-
stable MOFs using high-valence metal cations (e.g, Zr, Ti, Al,
Fe, Cr),”" recently the Albased dicarboxylate MOF MIL-
160(Al) has been introduced, which constructed from
bioderived 2,5-FDCA (furan-2,5-dicarboxylic acid), exhibits
exceptional hydrophilicity and stability, making it suitable for
diverse sorption applications.">* MIL-160(Al) features micro-
porous channels (5—6 A) formed by AlO,(OH), octahedra
linked via 2,5-FDCA ligands, structurally analogous to CAU-
10(Al).* Its scalable, green synthesis under ambient conditions
achieves high space-time yields (>160 kg-day'-m™3).*" Also, it
has already demonstrated a rational synthesize cost for industrial
application,”” and a better performance for CO, capture from
flue gas than benchmark adsorbents, for instance zeolite 13X.*
Furthermore, shaping into mechanically robust granules
(crushing strength ~10 N) via wet granulation with S wt %
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silica binder retains near-identical sorption performance to the
powder form.”® Accordingly, in this study, the shaped form
MOF MIL-160(Al) has been studied for CO,/N, separation
from the lab-scale to the industrial scale concerning the
postcombustion application.

1.1. Techno-Economic Assessment (TEA)

The fundamental objective of any chemical process is to ensure
economic profitability; hence, a comprehensive understanding
of process economics is indispensable in the process design and
evaluation. Within this framework, process economics fulfills
three principal roles: (i) enabling the comparison of alternative
design strategies, (ii) guiding process optimization, and (iii)
determining overall project profitability.”*

A detailed cost assessment is particularly critical when
evaluating different carbon mitigation pathways as it provides
a quantitative basis for selecting the most financially viable
option. Process variables, such as operating conditions and
material selection, can exert a substantial influence on both
flowsheet configuration and project economics, underscoring
the need for rigorous optimization to maximize efficiency and
minimize costs.”> Moreover, economic feasibility must be
verified at successive design stages to ensure that the project
remains both technically and financially sustainable.*®*”

In this regard, TEA provides a robust framework for
quantitatively assessing the financial performance of adsorp-
tion-based systems. In the present study, the final annualized
cost (FAC) is determined by integrating both capital
expenditures (CapEx) and operating expenditures (OpEx).”*

1.2. Research Objectives

In pursuit of CCS solutions, this study presents a comprehensive
assessment of CO,/N, separation using (vacuum) pressure
swing adsorption ((V)PSA) for postcombustion applications,
spanning lab-scale experiments to industrial-scale implementa-
tion. Initially, two dynamic breakthrough experiments were
conducted and simulated to validate the accuracy of the
developed model. Subsequently, to evaluate the interaction
effects of purge and rinse flow rates, key operating variables
governing separation performance, and to determine their
optimal values, 19 lab-scale PSA experiments were performed
using shaped MIL-160(Al) adsorbent. The experimental results
were further supported by process simulations, highlighting
conditions that maximized the performance.

In the next phase, an industrial-scale VPSA process was
designed for the capture of CO, from flue gas. Employing a
similar methodology, 31 distinct VPSA configurations were
analyzed, with key performance indicators (KPIs) including
CO, purity, recovery rate, productivity, and energy consump-
tion—quantified for both lab- and industrial-scale systems. This
systematic investigation revealed how variations in rinse and
purge flow rates impact process efficiency at scale.

A detailed techno-economic assessment (TEA) was con-
ducted to evaluate the economic feasibility of deploying MIL-
160(Al)-based VPSA technology for industrial CO, capture.
The analysis incorporated capital (CapEx) and operational
(OpEx) expenditures, covering equipment sizing, energy
requirements, and auxiliary infrastructure. Production costs
were rigorously calculated under specified operating conditions,
and sensitivity analyses identified critical factors (e.g., electricity
price and plant lifetime) affecting cost-effectiveness. These
findings provide critical insights into the scalability and long-
term viability of VPSA for carbon capture.

https://doi.org/10.1021/acs.iecr.5c04931
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2. MATERIALS AND METHODS

2.1. Materials and Instrumentation

In this study, the MOF MIL-160(Al), processed into shaped granules,
was selected for CO,/N, separation under postcombustion conditions.
Detailed protocols for its synthesis, shaping procedure, and
physicochemical characterization are available in.*” Textural character-
ization of the shaped samples was performed by N, adsorption at 77 K
(Figure S1, Supporting Information), and the Brunauer—Emmett—
Teller (BET) specific surface area was determined accordingly (Table
1). These measurements were conducted at the University of Malaga

Table 1. Characteristics of the Studied Adsorbent (Al-Based
MOF MIL-160) Accompanied with the Specifications of the
Fixed-Bed Adsorption Set-Up in the Lab-Scale'’

parameter numerical values

adsorbent properties’

1.35 X 1073 (m)
1.07 (g/em®)

particle radius
bulk density at 0.0037 MPa

median pore diameter (volume) at 7.7 MPa and 0.1 0.162 (um)
3
cm’/g
median pore diameter (area) at 119.8 MPa and 9.7 0.0104 (um)
m*/g
average pore diameter (4 V/A) 0.0454 (um)

apparent (skeletal) density at 206.5 MPa

total intrusion volume

1.40 (g/em®)
0.22 (cm’/g)
19.45 (m?/g)
0.336 (cm®/g)
the specifications of the fixed-bed adsorption setup

total pore area

micropore volume

bed length 6.8 (cm)
bed diameter 2.1 (em)
bulk bed density 0.463 (g/cm®)
mass of sample 109 (g)

intraparticle porosity

interparticle or bed porosity

0.31 (m3 void/rn3 bead)
048 (m* y14/m” peg)

(Spain) using a Micromeritics ASAP 2020 instrument (v4.02). In
addition, mercury intrusion porosimetry was carried out with a
Micromeritics AutoPore IV 9500 over a pressure range of 0.20—61,000
psia to determine the total intrusion volume, pore area, pore diameter,
density, and porosity (Table 1). However, gases utilized for the
experiments, including carbon dioxide (99.99%), nitrogen (99.95%),
and high-purity helium (99.999%), were sourced from Air Liquide.

A series of dynamic breakthrough and cyclic adsorption tests were
carried out using a custom-designed dual-column fixed-bed apparatus.
A simple scheme of the experimental setup to accomplish breakthrough
and PSA experiments is depicted in Appendix A (Supporting
Information). For this investigation, a single column was employed
to replicate counter-current adsorption dynamics while minimizing
system complexity. Precise control of inlet gas flow rates was achieved
using mass flow controllers, and outlet flow rates were monitored with a
mass flow meter; both devices were calibrated and supplied by Alicat
Scientific. Real-time gas composition at the outlet was tracked using an

in-line infrared analyzer to assess the separation performance.
Temperature changes within the adsorption bed were recorded using
a centrally located thermocouple. System pressure was regulated via a
backpressure controller (Bronkhorst). A comprehensive summary of
the experimental setup and operational parameters is presented in
Table 1, with further technical details reported in'®

2.2. Experimental Procedures

This investigation employed a consistent fixed-bed adsorption system
for both dynamic breakthrough experiments and pressure swing
adsorption (PSA) cycles. Fresh MIL-160(Al) samples were activated
via helium purge (327.5 N mL/min) during a controlled thermal ramp
(1 K/min) to 423 K, followed by an isothermal hold for 12 h to ensure
complete removal of adsorbed moisture and residual volatiles. Initial
breakthrough tests were performed under precisely controlled
conditions (see Supporting Information, Appendix A) to quantify
adsorption kinetics and validate subsequent modeling approaches.
Building on these results, we implemented a five-stage PSA cycle
operating at 318 K and 4.6 bar, consisting of: (1) counter-current
nitrogen pressurization, (2) feedstock introduction, (3) CO, rinse for
purity enhancement, (4) controlled depressurization to ambient
pressure, and (S) counter-current nitrogen purge for adsorbent
regeneration. It should be noted that the cyclic adsorption experiments
were conducted using a feed gas containing 50% CO, and long step
times. This experimental configuration was intentionally used to enable
unequivocal identification of breakthrough behavior and provide
reliable data for dynamic model validation. The use of relatively high
CO, concentration, long step times, and pure component gases during
the steps ensures a clear and well-controlled analysis of the dynamic
separation behavior, which is essential for a rigorous validation of the
developed model. It is worth noting that during the regeneration steps
(blowdown and purge), the pressure is reduced to atmospheric
pressure. However, due to constraints associated with the existing
experimental setup, operation under vacuum conditions is not feasible.
However, the objective of this experimental and simulation analysis was
not to reach an optimal performance of PSA process, but only to
demonstrate the validation of the dynamic simulation model.
Nevertheless, the industrial PSA process was designed and evaluated
based on a more representative flue-gas composition of 15% CO, and
85% N,. Complete experimental parameters for all PSA trials are
documented in Table 2. In addition, a simple schematic diagram of the
designed (V)PSA cycle (Figure SS) and a detailed description of the
(V)PSA system, with a clear indication of the valves open and closed in
each step of the cycle accompanied by the direction of the flow rate
(Figure S6) are illustrated in Appendix A.

3. THEORY AND METHODS
3.1. Mathematical Model

A precise and predictive model is essential for simulating and
optimizing PSA systems, particularly one that can accurately represent
the adsorption equilibrium and transport behavior. In this work, the
extended Langmuir isotherm was selected due to its demonstrated
capability in accounting for surface heterogeneity and capturing
competitive multicomponent adsorption phenomena.>® The parame-
ters and calibration methods ag)plied are detailed in the Supporting
Information (Appendix E).**~*

Table 2. Specifications of the Defined Pressure Swing Adsorption Process for Separating CO,/N, at the Lab-Scale Set-Up

PSA steps PSA variables
the studied compositions flow rate(mL/min) step time (s) temperature (K) pressure (bar)
CO,% N,%

pressurization - 100 800 65 318 1-4.6
feed S0 S50 600 350 318 4.6

rinse 100 0 100—400 160 318 4.6
blowdown - - - 240 4.6—1.0
purge - 100 0-250 240 1.0

https://doi.org/10.1021/acs.iecr.5c04931
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Table 3. Characteristics and Specifications of the Designed VPSA Process for CO2/N2 Separation in the Industrial Scale

the bed-specifications of industrial PSA process

parameter numerical values
bed volume 12.37 (m3)
bed diameter 1.5 (m)
bed height 7.0 (m)
bed area 1.77 (m2)
bed porosity 0.487 (-)
particle radius 1.35 X 1073 (m)
bulk bed density 463 (kg'm—3)
PSA steps PSA variables
the studied compositions flow rate(L/min) step time (s) temperature (K) pressure (bar)
CO2% N2%
pressurization - 100 35 x 10° 150 318 0.2—4.5
feed 15 85 10 x 10* 320 318 4.5
rinse 100” 0 30 x 1039 x 10° 280 318 4.5
blowdown - - 0 80 4.5-0.2
purge - 100 0.5 X 10%7.5 X 10® 250 1002

“The Pressurization and Purge compositions were according to the Feed out composition, the Rinse composition was according to the blowdown
and purge out composition. So, it is not a fixed number, nor 100% of N,.

To describe the transient behavior of the PSA column, a
nonisothermal dynamic model was developed based on conservation
principles for mass, energy, and momentum. Several simplifying
assumptions were introduced to facilitate numerical computation
without compromising essential physics: (i) ideal gas behavior is
assumed for the gas phase, (ii) mass transfer is modeled using a lumped
resistance approach, (iii) heat transfer occurs adiabatically, neglecting
conduction within the solid phase, (iv) pressure drop is calculated via
the Ergun equation, and (v) axial dispersion is incorporated using the
Langer formulation.”>*' A comprehensive description of the model
equations and relevant assumptions is provided in the Supporting
Information. Also, the characteristics and specifications of the designed
VPSA process for CO,/N, separation on the industrial scale are
reported in Table 3.

The PSA simulations were conducted under experimentally relevant
boundary conditions, as outlined in Table S3 (Supporting Informa-
tion). Four major performance metrics—purity, recovery, productivity,
and energy consumption—were used to evaluate the system, following
the definitions in eqs 1—S5. These indicators offer a quantitative basis for
comparing different operating scenarios.”!

2/' ( At] FNz'outdt)

N,purity(%) = n n X 100
2/‘ ( -/OJFNz’outdt + /O/Fcozyoutdt) (1)
t t
Z' ( 'F ,ouf dt)_z ( F ,indt)
N,rec(%) = ! fo Mot - £ /0 e X 100
j
21(/0 FNZ,indt) (2)
t,
"F dt
CO, purity(%) = Z, Uy Feoyoutt) x 100
ZP ty t t
Zm ( /(; FCH4loutdt + [) FCOzyoutdt)
(©)
t, t
2 ("B oudt) =2, ([ Feo, indt)
CO,rec(%) = /0 Omont /0 O X 100

Z, ( fotl Fcoz,mdt)
4)

Productivity(molkg ~'h ")
t ¢
_ Z] ( A ,FCOZ,outdt)_Zk ( A kFCOZ,indt)

mass of dry adsorbent X ¢

©)

ycle
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Here, lis the Feed, counter-current Pressurization, j is the Feed, Rinse, k
is the Pur%e, countercurrent Pressurization, and m is the Blowdown and
Purge.zo’2 Energy consumption for each configuration was computed
using eq 6, which considers parameters such as molar flow rates,
thermodynamic properties of the gas, pressure differentials, and the
efficiencies of vacuum pump (7 = 60%) and compressor and (17 =

80%)."
=1/
Y Py 1
=11k
(6)

Here, 1 is the molar flow rate, R, is the ideal gas constant, T, the gas
temperature, 7 is the pump or compressor efficiency, y is the specific

1
Energy consumption = fﬁRng

heat ratio of the gas <}/ = %P), as well P; and Py indicate the lower and
vV

higher pressures, respectively.”"*> However, more details regarding the
considered parameters to estimate the energy consumption through
compression and vacuum are discussed in Table S1 (Appendix A). It is
worth noting that the numerical integration of the system equations was
performed in the gPROMS environment using a second-order
orthogonal collocation scheme, with 28 finite elements applied for
spatial discretization to ensure computational accuracy and con-
vergence.

Finally, to manage the competing performance criteria of the process,
a discrete-data-driven optimization framework was implemented,
targeting simultaneous enhancement of the CO, purity, recovery, and
energy demand. Prior to optimization, all target variables were
normalized to eliminate scale bias and ensure proportional influence.
A weighted summation model was then formulated to consolidate these
metrics into a unified performance indicator, effectively converting the
multiobjective scenario into a single-objective optimization task. The
weighting factors were defined according to process-specific goals,
enabling flexible prioritization. By systematically scanning the discrete
solution space, the algorithm identified configurations that provided an
optimal compromise among the three objectives. This approach proved
to be particularly effective for resolving trade-offs in complex adsorption
systems, where improving one metric often adversely affects the others.
It is noteworthy that because purge/rinse directly control regeneration
and internal reflux, excessively high values increase recycled gas
volumes and vacuum/compression duty, whereas insufficient values
reduce working capacity and productivity. Optimizing these steps
therefore supports lower long-term OpEx by reducing specific energy
while maintaining target separation performance.

https://doi.org/10.1021/acs.iecr.5c04931
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3.2. Techno-Economic Assessment (TEA)

In this work, CapEx estimation begins with determining the free-on-
board (FOB) costs of equipment based on design specifications and
evaluations performed using the ASPEN Economic Analyzer. All major
process equipment is considered, and the collective FOB cost
constitutes the basis for further calculations. To account for freight
costs, 10% is added to the total FOB, resulting in the delivered
purchased cost (DPC).*® Table S1 (Supporting Information)
summarizes the FOB and DPC values for the principal equipment.
To update the DPC to current-year values, the Chemical Engineering
Plant Cost Index (CEPCI) factors are applied using the following
relation, in which CEPCI, and CEPCI, represent the CEPCI factor in
years 1 and 2, respectively. Also, CapEx, is the capital cost in year 1 and
CapEx, indicates the capital cost in year 2.

CEPCL;
CEPCI,  CapEx,

CapEx;

(7)

From eq 7 and CEPCI,; and CEPCI, are equal to 797.9 and 800.2,
respectively; the updated DPC resulted in $2199.50 thousand in 2024.

From the total DPC, direct and indirect costs, as well as interest
during construction, are calculated using standard multipliers, as
presented in Table 4.

Table 4. Estimated Direct and Indirect Costs in the
Developed Topology in 2024

activities multiplier cost ($)
direct cost calculation
delivered purchased cost (DPC) - 22 % 10°
installation 0.43 DPC” 9.45 x 10°
piping 0.66 DPC 1.45 X 10°
instrumentation & control 0.4 DPC 8.79 X 10°
insulation 0.03 DPC 6.6 x 10*
electrical systems 0.1 DPC 22 % 10°
buildings 0.47 DPC 1.03 x 10°
yard improvement 0.2 DPC 4.4 % 10°
utilities 0.5 DPC 1.09 x 10°
off-site 0.2 DPC 44 % 10°
landIndirect cost calculation 0.08 DPC 1.75 x 10°
indirect cost calculation
design & engineering 0.25 DC? 224 % 10°
construction 0.35DC 3.13 x 10°
contractor’s fee 0.08 DC 7.16 x 10°
contingency 0.40 DC 3.58 x 10°
start-up 0.03 DC 2.69 X 10°

“DPC: Delivered purchased cost. “DC: Direct Cost.

The interest during construction is determined using eq 8, applying a
standard annual interest rate of 5%.* This results in an estimated
interest cost of $222,149.70.

Interest = Intesrestrate X 2.02 X DPC

(8)

Based on the aggregated data, the total CapEx is calculated as $18.89
X 10°. The annualized capital cost is then computed using eq 9

i+ )"
(1+5)" -1 ©)

Here, n denotes the plant lifetime and j represents the interest rate.
However, due to the process simplicity, we can consider 30 years as the
plant lifetime,** but the plant lifetime and the interest rate are
considered 15 years and 5%, respectively,* which leads to an
annualized CapEx of $ 1,819.99 thousand.

In the next step, OpEx is estimated, which includes both variable
operating costs (VOC) and fixed operating costs (FOC). VOC
encompasses the cost of continuously consumed utilities such as

electricity ($0.12/kWh) and adsorbents ($55/kg), the latter of which

AnnualizedCost = Cap Ex X
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requires replacement every 1.5 years due to degradation during pressure
swing adsorption cycles.***

On the other hand, FOC comprises labor, maintenance, taxes and
insurance, overheads, and working capital. Labor costs are calculated
based on an hourly rate of $34.50 per operator. A detailed breakdown of
the VOC and FOC components is provided in Table S. Also, the

Table S. Detailed Description of Key Calculated Fixed and
Variable Operating Costs

parameter multiplier cost (k$/y)
variable operating electricity - related to
cost (VOC) conditions
total adsorbent - 242
cost
fixed operating cost labor - 554
(FOC)
maintenance 0.07 DPC 151
taxes & 0.03 DC 75
insurance
overhead 0.017 DC 38
financial 0.09 * 1/12 variable related to
working operating cost VvOC
capital

detailed specifications of employed assumptions and considered
constants in calculating OpEx are reported in Table 6. Finally, the

Table 6. Detailed Specifications of Employed Assumptions
and Considered Constants in Calculating OpEx

parameter quantity
electricity price in Portugal at 2024 0.12 $/kWh
labor 34.5 $/personh®
number of operators 2 people*®
working shift 4%
annual working days 335
MOF unit price 35 $/kg™
MOF replacement period 1Sy
bed porosity 0.487
bed bulk density 463 kg/m?

Final Annualized Cost (FAC) is derived from the sum of annualized
CapEx and OpEx, thereby offering a comprehensive financial outlook
for the proposed CO, capture process.

4. RESULTS AND DISCUSSION
4.1. Lab Scale Adsorption Experiments

Breakthrough and cyclic PSA experiments were conducted to
probe the separation performance of shaped MIL-160(Al) for
CO,/N, mixtures under flue-gas conditions (See Appendix A).
Also, the column and adsorbent characteristics are summarized
in Table 1. The accomplished breakthrough experiments and
sample characteristics ensured reproducibility across the 24 lab-
scale PSA experiment runs (all accomplished PSA experiments
accompanied by all details and specifications are illustrated in
Appendixes C&D), while the intrinsic selectivity of MIL-
160(Al) toward CO, provided the basis for efficient
separation.b

4.1.1. Single-Variable Effects. The influence of purge and
rinse on separation is illustrated in Figure 1. As shown in Figure
la, increasing the purge flow rate from 2S5 to 250 mL/min
consistently decreased CO, purity from 91% to 49%. In fact, a
higher purge flow primarily enhances the desorption of the
strongly adsorbed CO,, while potentially entraining weakly

https://doi.org/10.1021/acs.iecr.5c04931
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Figure 1. Impact of different purge flow rate (rinse flow rate: 300 mL/min) in the lab-scale on (a) the purity of CO, and (b) the energy consumption,
as well as the impact of different rinse flow rates (at purge flow rate: 75 mL/min) in the lab-scale on (c) the purity of CO, and (d) the energy

consumption (for steady state cycle: No:7).

adsorbed N, into the CO, product stream, thereby diluting its
purity. On the other hand, as can be observed in Figure 1b, atlow
purge flow rates, energy demand rises steeply because the pump
must overcome significant resistance to achieve regeneration. As
time is increased, regeneration becomes more effective, and the
energy per unit of CO, captured stabilizes, leading to a plateau.
Beyond this point, additional purge does not significantly
increase the desorbed volume or improve regeneration
efficiency, so energy consumption flattens. This behavior reflects
the diminishing returns of vacuum work once the adsorbent
approaches full regeneration. The plateau thus defines a practical
upper limit for purge, where further intensification provides no
energetic advantage.

In contrast, rinse flow rate had the opposite effect: purity
improved significantly with increasing rinse flow rate from 100
to 400 mL/min (Figure 1c). The rinse stream displaced N, from
the outlet voids and sharpened the adsorption front, reducing
nitrogen slip into the CO,-rich product. However, energy
consumption (Figure 1d) rose sharply at higher rinse flows
because of the additional compression duty required. Thus,
while the rinse is favorable for product quality, its optimization
must consider energy trade-offs. These findings establish a
fundamental mechanistic contrast: purge penalizes CO, purity
but restores capacity, whereas rinse enhances CO, purity but
raises energy demand.

4.1.2. Two-Variable Interactions. The coupled effects of
purge and rinse are depicted in Figure 2, which presents contour
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maps of purity, recovery, productivity, and energy consumption.
The purity map (Figure 2a) shows that increasing the level of
rinse at moderate purge yields the highest CO, purity. However,
recovery trends (Figure 2b) confirm that higher purge flows
cause substantial recovery penalties, while a higher rinse slightly
offsets losses by limiting N, contamination but cannot
compensate for the inherent CO, displacement during
regeneration. Also, productivity (Figure 2c), as one could
expect, represents a strong dependency on purge flow, while it is
almost constant at different rinse flow rates. Energy
consumption (Figure 2d) rose steeply at high rinse (compres-
sor-intensive) and at high purge (vacuum-intensive), reinforcing
that both extremes are economically unfavorable.

4.1.3. Model Validation at CSS. Simulated and exper-
imental cyclic steady-state (CSS) profiles are compared in
Figure 3. The model successfully captured pressure swings,
adsorption- and desorption-induced temperature excursions,
and outlet flow variations. The correct representation of
adsorption heats in the thermal profiles and accurate depiction
of flow dynamics demonstrate the reliability of the model to
predict real system performance. This validation is essential, as it
underpins the credibility of scale-up to industrial conditions and
the subsequent techno-economic analysis.

4.2. Industrial VPSA for CO,/N, Separation
The transition from laboratory PSA cycles to an industrial VPSA

unit requires careful adaptation of the operating conditions and

https://doi.org/10.1021/acs.iecr.5c04931
Ind. Eng. Chem. Res. 2026, 65, 4633—4647


https://pubs.acs.org/doi/10.1021/acs.iecr.5c04931?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c04931?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c04931?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c04931?fig=fig1&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.5c04931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

400

(a) Purity of CO2%

40.00

45.00
50.00
55.00
60.00
65.00
70.00
75.00
80.00
85.00
90.00

g w
2 S

Rinse flow (ml/min)
[
S

50 100 150

Purge flow (ml/min)

200 250

400

(c) Productivity
- (mol/h/kgadso)
1.450
3.338
5.225
7.113
9.000
10.89
12.78
14.66
16.55

~ w
n >
= =

Rinse flow (ml/min)
[ d
=

150

100
50 100 150

Purge flow (ml/min)

200 250

Rinse flow (ml/min)

Rinse flow (ml/min)

(b) Recovery of CO,

7.000
12.00
17.00
22.00
27.00
32.00
37.00
42.00
47.00
52.00

1 1 1
100 150 200

Purge flow (ml/min)

50 250

(d)
Energy cons
(kJ)

3.980
4.106
4.232
4.359
4.485
4.611
4.737
4.864

100
Purge flow (ml/min)

150 200 250

Figure 2. Counter graphs of (a) the purity, (b) the recovery, (c) the productivity and, (d) the energy consumption of CO, as a function of rinse and
purge flow rates in the accomplished PSA experiments in the lab-scale (at the feeding time: 320s).

equipment constraints. The VPSA design employed here (Table
3) was deliberately chosen to reflect practical industrial layouts,
where overlapping pressurization and regeneration steps enable
near-continuous operation. Unlike lab-scale beds, industrial
units must contend with pressure-drop scaling, axial and radial
maldistribution, and the nonideal efficiency of vacuum and
compression machinery. These factors impose nontrivial
penalties on both purity and energy use, meaning that direct
extrapolation from lab results can be misleading unless
supported by validated dynamic modeling (Figure 3). For
MIL-160(Al), whose structured shaping provided robust
mechanical stability,'”*" the challenge lies less in attrition
resistance and more in balancing purge and rinse intensities to
minimize power consumption without compromising separa-
tion performance.

4.2.1. D.B.A. Effect of Purge Flow Rate on Separation
Performance. The influence of purge flow rate on separation
performance is shown in Figure 4a,b. As purge flow increased
from 500 to 7.5 X 10° L/min, CO, purity decreased from 91% to
82%, due to overdesorption of CO, molecules together with N,
during regeneration. This stripping effect becomes more
pronounced at larger purge rates because the deeper vacuum
and stronger purge stream mobilize CO, from the adsorbent
micropores. Energy consumption (Figure 4b) exhibited a
monotonic increase with purge flow rate. This trend reflects
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the higher duty required from the vacuum system, which must
process larger volumes of gas at reduced pressures. At the
industrial scale, vacuum pump efficiency deteriorates sharply at
high throughputs, compounding the energy penalty. Thus, high
purge flow rates are scientifically undesirable for two reasons:
they both reduce CO, purity/recovery and impose escalating
energy costs. The alignment between purity and energy
penalties emphasizes that purge minimization is central to
industrial viability.

4.2.2. D.B.B. Role of Rinse Flow Rate in Process
Optimization. The role of rinse flow is illustrated in Figure
4¢,d. Unlike the purge, the CO,-rich rinse stream sweeps CO,
through the bed to displace N,, preventing it from slipping into
the product. This polishing effect is particularly valuable for flue
gas mixtures where the CO, partial pressure is low and
adsorption fronts are relatively shallow. However, energy
consumption increased significantly with rinse flow rate (Figure
4d). The sharp rise is explained by the compressor duty required
to deliver large rinse flows at an elevated pressure. Unlike
vacuum pumps, compressors at the industrial scale maintain
reasonably high isentropic efficiencies, but the quadratic
relationship between flow rate and energy input still results in
a steep energy penalty. Importantly, the rate of purity
improvement diminishes at higher rinse flows, whereas energy
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Figure 3. Experimental and modeling results: (a) pressure, (b) temperature history, and (c) total volumetric flow rate of the best accomplished PSA

experiment in the lab-scale.

consumption continues to increase nearly linearly, producing an
unfavorable trade-off beyond a certain threshold.

It is worth noting that compared with traditional adsorbents
such as zeolite 13X or activated carbon (see Table S4, Appendix
F), MIL-160(Al) demonstrates competitive separation with
lower heats of adsorption,'” thereby reducing temperature
excursions during cycling. This advantage mitigates thermal
management challenges that often amplify energy requirements
on a large scale. However, the trends observed in Figure 4b,d
make clear that the system remains highly sensitive to utility
loads, suggesting that MIL-160(Al) must be paired with
carefully optimized rinse/purge strategies to leverage its material
benefits fully. The strong dependence of energy consumption on
purge (Figure 4b) and rinse (Figure 4d) directly explains why
the techno-economic analysis in Section 4.3 identifies electricity
price as the single most influential variable. The scale-up results
establish that minimizing purge while operating at moderate
rinse is not only technically optimal but also economically
decisive, as both choices, on one hand, directly constrain
compressor and vacuum energy consumption, the dominant
contributors to operating expenditure; but on the other hand,
lower purge flow leads to a smaller compressor with lower DPC.

The two-dimensional contour maps in Figure S present the
combined impact of rinse and purge flow rates on the four
critical key performance indicators (KPIs): CO, purity (Sa),
recovery (Sb), productivity (Sc), and energy consumption (5d).
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Taken together, these maps reveal not only the operational
trade-offs but also the physical mechanisms that govern the
VPSA process on a scale. As shown in Figure Sa, the CO, purity
increases with a rinse and decreases with a purge. Mechanisti-
cally, an increased rinse displaces residual N, from the column
voids and from the near-product portion of the MTZ,
sharpening the CO, front and reducing the light-component
slip at the product outlet. This “polishing” effect is the strongest
at low-to-moderate rinse (large marginal gains at first) and
exhibits diminishing returns as the MTZ becomes fully
sharpened. Conversely, applying a purge (vacuum/regenerative
flow from the light end) removes adsorbed components to
regenerate capacity but also entrains CO, from the adsorbed
phase. As purge intensity grows, the fraction of adsorbed CO,
removed into the purge stream increases, which dilutes the
subsequently collected product and therefore lowers the
measured product purity. These countervailing mechanisms
explain the ridge of high-purity values in the high-rinse/low-
purge portion of the map.

On the other hand, as represented in Figure Sb, the recovery
landscape demonstrates a strong dependence on both purge and
rinse flow rates. At a low purge, recovery remains limited
because incomplete regeneration leaves a significant fraction of
adsorption sites occupied by N, and residual CO,, thereby
reducing the effective working capacity for subsequent feed
steps. As the purge flow rate increases, recovery improves
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Figure 4. Impact of different purge flow rates (at rinse flow: 35000 L/min) in the industrial scale on (a) the purity of captured CO, from flue gas, and
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because regeneration becomes more effective: additional CO,
can be adsorbed during the next feed period, enhancing the
overall amount of CO, captured. However, this benefit is
counteracted by the influence of rinsing. Higher rinse flows,
while beneficial for product purity (see Figure Sa), tend to
reduce recovery because a portion of CO, is displaced into the
rinse stream or diverted from the product outlet. Consequently,
recovery reaches its maximum under conditions of moderate
purge and minimal rinse, illustrating the inherent tension
between purity enhancement and recovery maximization. This
trend is consistent with the fundamental thermodynamics of
PSA cycles, where regeneration strength governs the available
adsorption capacity while auxiliary steps such as rinsing
redistributed product gas at the expense of net yield.

As already discussed, productivity, defined as the moles of
CO, recovered per unit adsorbent volume and per unit cycle
time, is predominantly controlled by purge intensity and is
relatively insensitive to rinse flow within the studied range, as
illustrated in Figure Sc. Increasing purge reduces productivity
because, although recovery initially improves, excessive purge
flow simultaneously removes a significant fraction of adsorbed
CO, into the waste stream and extends the duration or intensity
of regeneration steps. Both mechanisms lower the net CO,
throughput per unit of time. In contrast, rinse has little effect on
productivity, since its primary function is to improve product
quality rather than influence the gross mass of CO, adsorbed
and desorbed. Thus, productivity remains nearly constant across
the tested rinse levels, highlighting that productivity penalties
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are primarily associated with purge operation. This observation
underscores the importance of minimizing unnecessary purge
intensity in industrial systems, as productivity losses translate
directly into larger column inventories and higher capital costs
for achieving a target capture rate.

Regarding energy consumption, as demonstrated in Figure
5d, energy consumption rises with both purge and rinse flows,
though for different mechanistic reasons. Increased purge flow
imposes a heavier burden on the vacuum system, which must
evacuate larger volumes of gas at subatmospheric pressures.
Since the specific work of vacuum pumping scales with the
logarithm of the pressure ratio and efliciencies decline under
high-throughput, deep-vacuum conditions, the energy cost of
purge rises sharply with intensity. Conversely, rinse flow
increases compressor duty as larger volumes of gas must be
recompressed and delivered at an elevated pressure to the bed.
At the industrial scale, where flow rates are extremely large, even
moderate increments in rinse translate into substantial increases
in compression work, amplified by quadratic dependence of
pressure-drop losses on velocity. The combined effect is a
nonlinear escalation of energy demand as either variable is
intensified, with the highest penalties occurring in the high-
purge/high-rinse corner of the operating space. These findings
confirm that utility consumption is the dominant operational
barrier in rinse-assisted VPSA and reinforce the necessity of
identifying an interior operating window where CO, purity and
recovery are acceptable, but energy demand is minimized.
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rinse and purge flow rates (at the feeding time: 320s).

4.3. Techno-Economic Assessment (TEA)

In this study, the economic model follows a bottom-up costing
workflow. Equipment FOB costs (ASPEN-derived) were
increased by 10% freight to obtain the Delivered Purchased
Cost (DPC), then DPC was updated to 2024 price levels using
CEPCI factors, and standard direct and indirect multipliers were
applied to obtain the total CapEx (Table 4 and eq 7).
Annualization of CapEx uses the capital recovery factor (eq 9)
with a base case lifetime and discount rate of 15 years and 5%,
respectively. Operating expenses were partitioned into variable
operating costs (VOC: electricity and adsorbent replacement)
and fixed operating costs (FOC: labor, maintenance, taxes and
insurance, overhead and working capital). The Final Annualized
Cost (FAC) is defined as the sum of annualized CapEx and
OpEx. Key parameter values used in the baseline case include an
electricity price of 0.12 $/kWh, MOF unit price of 55 $/kg and
MOF replacement every 1.5 years.

4.3.1.D.C.A. Capital Expenditure (CapEx) Analysis. The
bottom-up capital estimate yields a DPC of ~$2.20 M (delivered
purchased cost), and after applying installation, piping,
instrumentation, buildings, utilities, and standard indirect
multipliers, the total plant CapEx is calculated as $18.89 M.
Annualizing this CapEx with the chosen lifetime/discounting
produces an annualized capital charge of ~#$1.82 M-yr'. These
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results and the decomposition by the multiplier are reported in
Table 4. Two practical implications follow from the CapEx
breakdown. First, the process is equipment-intensive: compres-
sors, vacuum pumps and balance-of-plant occupy a very large
share of the DPC and therefore the CapEx. Second, standard
multipliers (installation, piping, instrumentation etc.) amplify
the FOB/DPC base; i.e., modest reductions in primary
equipment cost (e.g., more compact compressors, lower
pressure-ratio machines, or smaller beds) propagate nonlinearly
into the total CapEx. These behaviors underscore why process
choices that reduce required flow rates and pressure ratios (and
hence compressor sizing) deliver outsized capital savings.
4.3.2. D.C.B. Operating Expenditure (OpEx) Break-
down. Table 5 summarizes the OpEx components calculated
for the baseline configuration. Using the values in Table 5, the
fixed operating costs, except working capital (e.g, labor +

~
~

maintenance + taxes and insurance + overhead), sum to
$819.6 k-yr !, while the calculated annual adsorbent replace-
ment cost is $242.7 k-yr™' (baseline 1.5-yr replacement with
MIL-160 at $55-kg™"), giving a nonenergy OpEx total of ~
$1,062.3 k-yr . Adding the annualized CapEx (~$1,819.99 k-
yr~ ') produces a baseline FAC excluding electricity of ~$2.88
Myr~* (ie., $1.82 + $1.06 M). Accordingly, we can have
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Fixed operating cost (FOC) except working capital

~$819.6 k-yr™' (labor 554.8; maintenance 151.3; taxes
and insurance 75.7; overhead 37.8).

Adsorbent replacement (baseline) ~$242.7 k-yr™".
Annualized CapEx ~$1,819.99 k-yr ™.

4.3.3. D.C.C. Sensitivity Analysis and Dominant Cost
Drivers. The FAC dependence on purge and rinse flow rates is
demonstrated in Figure 6. The FAC contour maps show an
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interior minimum (i.e., a Pareto-type optimum) as a function of

the purge and rinse rates. Economically meaningful minima exist

because purge and rinse have opposing effects on product
quality, recovery, and energy use. In the baseline scans, the FAC

minimum appears at moderate purge and high-to-moderate

rinse (maps in the article), reflecting the compromise between:

(i) product quality gains from effective rinsing (which reduces

the required number of beds and mitigates downstream
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polishing duty) and (ii) the energy penalty from larger purge and
rinse volumetric flows that directly increase compressor and
vacuum work via the adiabatic compression relation and through
pressure-drop growth (Ergun dependence). Thus, the FAC
minimum is not at the lowest possible energy point nor at the
highest purity point but at the operating point that minimizes
the sum of annualized CapEx and OpEx.

In this way, Figure 7 represents the influence of the MOF
price and MOF replacement interval on OpEx and CapEx. It is
noteworthy that the sensitivity range for MOF price was selected
by considering the cost of MIL-160(Al) (55 $/kg) and
benchmarking against reported cost estimates for other MOFs
in the literature.”” As can be observed in Figure 7a, the OpEx
increases essentially linearly with the MOF unit price because
the adsorbent replacement is accounted for as a variable
operating cost in the TEA (Table S), not as a capitalized
inventory. Thus, changing the $/kg enters OpEx through the
replacement line item without affecting equipment-related
capital charges. Consistent with the accounting adopted in
Section “Operating Expenditure (OpEx) Breakdown”, the
annualized CapEx curve is flat across the explored price range
because equipment costs are independent of adsorbent price by
construction (Tables S, 6). The baseline flue-gas case already
shows a sizable adsorbent line (total adsorbent cost = 242.70 k
$/y), so even moderate price swings can measurably shift OpEx,
while leaving CapEx unchanged (Figure 7a; Table 5). It is worth
noting, as demonstrated in Figure 7b, because FAC = annualized
CapEx + OpEx, the slope of FAC vs $/kg mirrors the OpEx
sensitivity, while the intercept is set by the (unchanged)
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annualized CapEx. Consequently, the adsorption material price
acts as a first-order lever on FAC only to the extent that the
adsorbent share within OpEx is non-negligible under the chosen
operating point. Regarding the impact of sorbent replacement
interval, as shown in Figure 7c, extending the replacement
interval reduces the frequency-weighted adsorbent spend per
year, thereby lowering OpEx almost inversely with interval
length, while the annualized CapEx remains constant (again
reflecting the separation between equipment capital and
consumables). This effect is particularly relevant for MOFs,
for which stability improvements (e.g, moisture/thermal
robustness) translate directly into fewer replacements per
lifetime and, therefore, into lower OpEx. Indeed, as represented
in Figure 7d, as the MOF replacement interval increases, the
total cost (OpEx + annualized CapEx) decreases due to a lower
annualized adsorbent expenditure, while the capital charge
remains constant. The decline is nonlinear, with diminishing
benefits at longer intervals since CapEx dominates the cost
structure. This indicates that extending the adsorbent lifetime
provides consistent, though incremental, economic gains. The
result highlights the importance of MOF stability improvements
as a complementary lever to energy reduction strategies. It is
noteworthy that comparing other technologies for CO, capture
from flue gas or other sorbents,"*’ MIL-160(Al) demonstrates
an appealing capacity for commercial scale applications.

Figure 8 illustrates the dual external sensitivities of the VPSA
process—electricity tariff and plant lifetime—on both cost
structure and total economics. As shown in Figure 8a, OpEx
increases linearly with electricity price, reflecting the direct

https://doi.org/10.1021/acs.iecr.5c04931
Ind. Eng. Chem. Res. 2026, 65, 4633—4647


https://pubs.acs.org/doi/10.1021/acs.iecr.5c04931?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c04931?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c04931?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c04931?fig=fig8&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.5c04931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

proportionality between energy cost and compressor/vacuum
pump duty, whereas annualized CapEx remains constant
because equipment costs are unaffected by tariffs. This
relationship propagates into Figure 8b, where the FAC also
rises linearly with the electricity price, confirming that power
tariffs are the dominant external risk factor for capturing
economics. In contrast, Figure 8c shows that extending the plant
lifetime has no influence on OpEx but significantly reduces the
annualized CapEx, with diminishing returns at longer horizons
as the CapEx contribution becomes diluted relative to annual
operating expenses. Consequently, Figure 8d reveals that the
FAC decreases with plant lifetime extension, approaching an
asymptotic limit governed by OpEx. Taken together, these
results emphasize that while energy price volatility dictates
short-term operational competitiveness, design decisions that
extend plant life and maximize equipment utilization are crucial
for long-term cost and plant break-even minimization.

5. CONCLUSIONS

This work establishes a direct link between laboratory-scale PSA
experiments, validated dynamic modeling, and industrial-scale
techno-economic assessment for the capture of CO, from flue
gas using MIL-160(Al). The shaped MOF exhibited favorable
separation characteristics, with rinse flows improving CO, purity
and purge flows primarily restoring capacity but penalizing both
purity and productivity when overdosed. Scale-up simulations
confirmed that optimal performance is achieved within a narrow
interior operating window characterized by moderate rinse and
minimized purge, consistent across laboratory and industrial
domains. Techno-economic evaluation identified a total capital
cost of $18.89 M and an annualized CapEx of $1.82 M-yr™!, with
electricity consumption emerging as the dominant operating
expense. Sensitivity analyses demonstrated that reducing the
energy intensity yields the greatest economic gains, while
adsorbent cost and durability improvements provide incremen-
tal benefits. Overall, this study provides a rigorous, exper-
imentally anchored framework for bridging MOF-based
adsorption studies to industrial CO, capture and underscores
that material advances must be paired with process-level energy
efficiency improvements to achieve cost-competitive deploy-
ment.
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