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Abstract

Amine-functionalized solid sorbents are a leading low-temperature route for direct air
capture (DAC). Material-level studies have established their ability to capture CO2 at at-
mospheric partial pressures. However, once these sorbents are incorporated into practical
contactors, cyclic performance becomes sensitive to mass-transfer path length, active-phase
loading, support heat capacity, and air-side pressure drop. Long-term operation intro-
duces further constraints associated with water co-adsorption, the oxidative degradation
of amines, structural stability, and batch-to-batch reproducibility. This review follows these
scale-dependent effects across low-partial-pressure adsorption and kinetics, structured
sorbent fabrication, temperature swing adsorption (TSA), temperature–vacuum swing
adsorption (TVSA), steam-assisted regeneration, and the progression from kg-scale test
units to outdoor trials and early commercial systems. Across the reported studies, equi-
librium adsorption capacity alone does not predict engineering performance. Dynamic
mass transfer, pressure drop, regeneration demand, and sorbent degradation jointly affect
contactor sizing, energy consumption, and annual CO2 capture. Comparisons among
reported systems remain difficult because humidity, face velocity, vacuum conditions,
cycle configuration, and system boundaries are not reported on a consistent basis, while
long-duration field data remain limited. Accordingly, the available evidence is organized
by development stage, with particular attention to the gaps that directly affect sorbent
screening, contactor design, and process scale-up. Distinct from reviews organized mainly
by sorbent class or individual process step, this review uses a scale-linked engineering
framework to connect material performance with shaping, cyclic operation, integrated
testing, and field deployment.

Keywords: direct air capture; amine-functionalized solid sorbents; adsorption kinetics;
structured contactors; temperature–vacuum swing adsorption; engineering scale-up;
techno-economic analysis

1. Introduction
Direct air capture (DAC) removes CO2 directly from ambient air and can address

residual and historical emissions [1]. At an atmospheric CO2 mole fraction of approximately
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4.3 × 10−4 (about 428 ppm) [2], capturing a unit mass of CO2 therefore requires a very large
air throughput, while the gas-phase driving force remains small, making air-moving energy
highly sensitive to pressure drops; outdoor operation also has to accommodate variations
in humidity and temperature [3,4]. These conditions make DAC scale-up fundamentally a
gas-solid contacting and cyclic-process problem, rather than simply a question of whether
a material shows measurable uptake near 400 ppm.

Amine-functionalized solid sorbents exploit reversible chemical interactions between
amine sites and CO2 and therefore retain high affinity at ultralow CO2 partial pressures.
Many systems can be regenerated at 60–120 ◦C by temperature swing adsorption (TSA),
temperature–vacuum swing adsorption (TVSA), or steam-assisted regeneration [5,6]. Re-
search has expanded from powders to honeycombs, fibers, coatings, and other structured
contactors [7,8], while kg scale continuous units and outdoor field tests have also been
reported [9,10]. Scale-up exposes constraints that are less evident in static material tests:
active-phase loading influences mass-transfer resistance, while co-adsorbed water and the
shaped support affect cyclic thermal demand [5,8]. Long-term operation adds oxidative
degradation and durability constraints [11,12].

Numerous recent reviews have addressed DAC sorbent materials, process engineering,
scale-up, and techno-economic performance [13,14]. By contrast, the transfer of material-
level metrics through shaping and cyclic operation to equipment-level performance remains
fragmented across the literature. For an industrial unit, equilibrium capacity is only a
starting point. Equally important are the working capacity available within a specified
adsorption time, the mass-transfer rate, contactor volumetric productivity, pressure drop,
and the retention of these properties during extended operation. Even accurate values are
difficult to compare when reported at different air humidities, face velocities, regeneration
vacuum levels, or energy system boundaries. As solid-sorbent DAC moves into field trials
and early commercial deployment, the more informative comparison is therefore how
performance is transferred across the material–contactor–cycle chain, rather than which
material reports the highest isolated equilibrium capacity. The distinctive contribution
of this review is to treat material, contactor, cycle, pilot, and field data as a continuous
engineering evidence chain, identifying where performance losses and reporting gaps
emerge during scale-up.

This review focuses on amine-functionalized solid sorbents; non-amine solid routes
are included only where needed to define technology boundaries. The discussion begins
with low-partial-pressure adsorption and mass transfer, and then examines structured sor-
bent fabrication, TSA/TVSA and steam-assisted regeneration, continuous operation, and
field systems. Productivity, pressure drop, thermal and electrical energy demand, lifetime,
and availability are considered within a common engineering context. This review further
identifies the additional evidence required as a material progresses toward structured
contactors, continuous test rigs, and outdoor demonstrations. Rather than proposing
universal scale-up thresholds, the aim is to identify the data gaps and performance-loss
mechanisms that most often limit translation from material screening to process design.

Throughout this review, energy and cost metrics retain the system boundary used
by the original source. Thermal energy denotes supplied process heat when separately
reported, whereas electrical energy covers the electrical loads included by the source, such
as air movement, vacuum generation, and CO2 compression. Total specific energy is used
when heat and electricity are aggregated, while regeneration energy refers specifically to
the desorption/regeneration step. The net removal cost uses the net CO2 removed, after
the life-cycle emissions are included within the stated boundary, as the denominator.
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2. Amine-Functionalized Solid Sorbents: From Material Performance to
Structured Forms
2.1. Engineering Context of Solid-Sorbent DAC Routes and Amine-Based Systems

Solid sorbents considered for DAC include amine-functionalized porous materials,
zeolites, selected ultramicroporous metal–organic frameworks (MOFs), alkali–metal carbon-
ates, and moisture-swing ion-exchange materials. These classes differ substantially in their
low-partial-pressure affinity mechanisms and regeneration requirements (Table 1). Zeolites
and many other physisorbents can adsorb and desorb rapidly under dry conditions, but
competitive water adsorption often suppresses their low-partial-pressure CO2 capacity.
Carbonate and moisture-swing systems reduce reliance on high-temperature regenera-
tion, but impose different requirements for water management and cyclic operation [4,15].
Amine-based sorbents retain strong chemical affinity at approximately 400 ppm and can
be coupled with low-temperature TSA/TVSA cycles and structured contactors. Therefore,
they form the main focus of the scale-up discussion in this review [5,7].

Table 1. Engineering characteristics of major solid-sorbent DAC routes.

Main Limitations Engineering
Advantages

Regeneration
Mode/Typical

Temperature or
Condition

Effect of Humidity
Low-Partial-

Pressure Affinity
Mechanism

Route

Amine oxidation
and volatilization;
coupled water/heat
effects; sensible heat
of the shaped body;
batch consistency

High affinity near
400 ppm;
compatible with
structuring and
modularization

Low-temperature
TSA/TVSA,
typically 60–120 ◦C;
steam-assisted
regeneration

Can enhance CO2
uptake but also
increases water
loading; depends
on amine and
support

Reversible
chemical reaction
between amine
sites and CO2

Amine-
functionalized
porous solids
[5,7]

Humidity tolerance;
low-partial-pressure
capacity; potential
need for air
pretreatment

Mature material
classes; no amine
volatilization

TSA or VSA;
regeneration severity
is strongly material-
and humidity-
dependent

Water competition
is generally
significant

Electrostatic
fields in
micropores and
physisorption

Zeolites and
other
physisorbents
[4,15]

Cost; shaping of
powders;
hydrothermal and
long-term
mechanical stability

Tunable pore
structure with
potential low-
partial-pressure
selectivity

TSA or VSA;
regeneration
temperature is
material-dependent

Strongly material-
dependent;
stability varies
substantially

Pore-size effects,
open metal sites,
or cooperative
adsorption

Ultramicroporous
MOFs and
related
crystalline
materials [14,15]

Cycle rate; solids
handling;
agglomeration;
water management

Potentially
low-cost
feedstocks; strong
chemical driving
force

Moisture swing,
temperature swing,
or chemical looping;
thermal requirement
depends on route

Water commonly
participates in
reaction and
regeneration

Carbonation or
bicarbonate
formation

Carbonates/
alkaline solids
[4,15]

Low CO2 partial
pressure during
desorption;
downstream
enrichment duty;
water use and
climate dependence

Reduced need for
high-temperature
regeneration

Humidity-driven
regeneration; no
fixed thermal-
regeneration
temperature

Humidity is the
cycle-driving
variable

CO2 uptake
under dry
conditions and
release upon
humidification

Moisture-swing
ion-exchange
materials [4,15]

The following sections do not review all solid-sorbent routes in equal depth. Non-
amine systems are used only as reference points when comparing contactors, regeneration
boundaries, or industrial development pathways.
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2.2. Coupling Among Capacity, Kinetics, Humidity, and Lifetime

Higher amine loading is not necessarily advantageous. Increasing the amount of
active amine can raise the low-partial-pressure equilibrium uptake, but may also reduce
pore accessibility, increase diffusion resistance within the polymer phase, and alter the heat
of adsorption. Dynamic studies by Bollini et al. showed that open pore structures shorten
the breakthrough front, whereas excessive polyamine loading produces pronounced slow-
diffusion tails [16,17]. For engineering screening, the reproducible working capacity acces-
sible within a specified adsorption time is therefore more informative than the mmol·g−1

value measured only after prolonged equilibration.
Under ultradilute feed conditions, adsorption rates may be controlled simultaneously

by external gas–film transfer, macro-/mesopore diffusion, and diffusion-reaction within
the amine phase. The simplified kinetic model developed by Liu et al. describes the effects
of temperature, flow rate, and humidity on breakthrough curves for supported amine
sorbents and shows that humidity can increase equilibrium uptake while broadening the
breakthrough front [18]. Grossmann and Mazzotti further showed that pore structure
and contactor geometry alter the apparent mass-transfer coefficient in pellet and monolith
configurations [19]. Adsorption rates obtained from static thermogravimetric analysis
(TGA) are therefore not equivalent to dynamic breakthrough behavior in a practical con-
tactor; engineering evaluation requires breakthrough data collected at face velocities and
humidities close to the intended operating range.

The effect of water vapor on amine-based DAC depends on amine chemistry, support
properties, and timescale. At 400 ppm CO2 and 25 ◦C, Ferru et al. observed that 50% relative
humidity (RH) increased CO2 uptake by approximately 30% and 70% for two structured
amine sorbents, respectively [8]. The co-adsorbed water, however, must subsequently be
handled during heating, evacuation, or steam regeneration and can increase thermal duty
and extend the cycle. Binary CO2/H2O adsorption measurements by Gebald et al., together
with the comparison of support pore structure and chemical environment by Rim et al.,
show that water equilibrium uptake and adsorption rate do not vary in parallel with CO2

uptake [20,21]. Results obtained by Wang et al. over different temperature and humidity
conditions likewise indicate that a single “wet capacity” value is insufficient to represent
year-round operating performance [22].

Sorbent lifetime is particularly important for DAC using amine-functionalized solid
sorbents. Under dry CO2, some primary amines can form urea species and lose activity,
whereas water vapor can suppress this pathway under certain conditions [23,24]. In oxygen-
containing atmospheres, polyethyleneimine (PEI) may undergo radical autoxidation, and the
effect of water is not uniformly beneficial [11]. Oxidative stability can be improved through
amine-structure design [25], yet substantial differences remain among sorbents subjected to
long-term cycling under DAC-relevant conditions. Hunt et al., for example, reported a 31.2%
capacity loss for Lewatit VP OC 1065 after 180 cycles, compared with a 2.79% loss for the
crosslinked polyamine CA-1 after 500 cycles [12]. These values are not a direct head-to-head
ranking because sorbent chemistry, cycling protocols, and regeneration environments differ
between the studies. Recent studies further show that support compatibility can affect sorbent
degradation and that trace Fe, Cu, and Ni contamination can alter stability [26,27]. Lifetime
assessment should therefore report not only capacity retention, but also amine loss, mechanical
integrity, changes in pressure drop, and batch-to-batch variation.

2.3. Structured Sorbent Fabrication and Engineering Evaluation Metrics

Shaping changes how a sorbent performs in an operating device. Packed beds of
pellets are straightforward to load and replace, but increasing bed depth or face velocity
raises the air-side pressure drop. Honeycombs, laminated coatings, fibers, and rotary
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structures shorten diffusion paths and provide open flow channels, but introduce additional
issues associated with coating uniformity, sealing, support heat capacity, and mechanical
lifetime [13,14]. Grossmann et al. compared amine-grafted alumina pellets with wash-
coated honeycomb monoliths at similar dry capacities. The monolith exhibited a linear-
driving-force coefficient of about one order of magnitude higher and a pressure drop of
about one order of magnitude lower at comparable adsorption productivity [7]. Ferru et al.
further showed that substrate density and coating loading affect effective capacity and
regeneration sensible heat, respectively [8].

Recent studies increasingly evaluate sorbent shaping and dynamic DAC performance
within the same experimental framework. Amine-functionalized MIL-101(Cr) fibers pre-
pared by Song et al. supported rapid TVSA cycles of approximately 25 min at sub-ambient
temperatures [28], while Wang et al. formed amine-loaded MOFs into monoliths and
evaluated their low-temperature DAC performance [29]. Narayanan et al. produced self-
supporting PEI monoliths using inverse-template 3D printing and ice templating; under
ambient air at 45.5% RH, the monoliths achieved a dynamic uptake of 0.96 mmol·g−1

together with low pressure drop and elastic deformation behavior [30]. These results are
not sufficient to define a universal optimum geometry, but they do show that active-layer
thickness, channel dimensions, volumetric packing fraction, and mechanical properties
must be characterized alongside mass transfer and pressure drop.

More comparable contactor studies report more than adsorption capacity alone. They also
provide adsorption/desorption times, CO2/H2O co-adsorption, pressure drop–face velocity
relationships, effective heat capacity, structural stability, and cyclic productivity normalized
by sorbent mass or contactor volume [7,8]. When these boundary conditions are reported
together, material data can be used more reliably for equipment sizing and energy estimates.

Contactor configurations differ in their effects on gas–solid mass transfer, air-side pres-
sure drop, active-sorbent loading, and thermal inertia. Figure 1 summarizes the main engi-
neering trade-offs for representative packed beds, honeycomb monoliths, fiber/laminate
contactors, and radial-flow or rotary structured contactors reported in the literature.

Figure 1. Representative contactor configurations and principal engineering trade-offs for amine-
based solid-sorbent DAC: (a) packed bed; (b) honeycomb monolith; (c) fiber/laminate contactor; and
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(d) radial-flow/rotary structured contactor. The descriptions of pressure drop, mass-transfer path
length, and sorbent loading are qualitative summaries of published studies; actual performance
depends on material properties, structural dimensions, and operating face velocity [13,14]. These
qualitative trade-offs should not be interpreted as normalized quantitative rankings among contac-
tor configurations.

3. Engineering Scale-Up, Process Intensification, and
Industrial Demonstration

At the equipment level, DAC using amine-functionalized solid sorbents is not a
single adsorber but an integrated system comprising air handling and pretreatment, cyclic
adsorption-regeneration, product-gas conditioning, and CO2 compression. A representative
process flow and the relationship between adsorption and regeneration in dual-bed or
multi-bed operation are shown in Figure 2.

Figure 2. Representative process flow and cyclic adsorption–regeneration operation for DAC using
amine-functionalized solid sorbents. A typical system includes air handling and pretreatment,
adsorption in a structured contactor, TSA/TVSA or steam-assisted regeneration, product-gas cooling
and condensation followed by dehydration/purification, CO2 compression, and subsequent transport,
utilization, or storage. Practical units commonly use dual-bed or multi-bed switching to achieve
quasi-continuous operation [9,31]. The figure is a generic composite schematic synthesized from
representative process concepts and does not reproduce a single published system.

3.1. Air Contactors and Structured Adsorbers

Air contactors require a trade-off among throughput, pressure drop, active-sorbent
loading, and heat-transfer distance. Early modeling by Kulkarni and Sholl showed that
sensible heating of the sorbent and support can account for a substantial fraction of re-
generation energy [32]. For an approximately 2 kg radial-flow thin bed, Yu and Brilman
estimated air-contacting energy to be 0.7–1.5 GJ·t−1 CO2, illustrating the benefit of short-
ening the airflow path [33]. Continuous operation does not invariably improve capture

https://doi.org/10.3390/pr14193212
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performance for the same contactor concept. Under the conditions studied by Schellevis
et al., continuous moving-bed operation gave capture efficiencies 15–25% lower than batch
operation [34]. The value of continuous operation must therefore be assessed by balancing
mass-transfer losses introduced by solids motion against the equipment-level benefits of
continuous production.

Research on structured contactors has moved from geometry-only optimization to-
ward the joint design of the material, contactor, and cycle. Stampi-Bombelli and Maz-
zotti compared packed beds and monoliths in TVSA in terms of specific exergy, sorbent
requirement, and equipment volume [35]. Under the assumptions of their model, the
spiral-channel monolith proposed by Tegeler et al. reduced sorbent requirement by about
35% and process cost by about 30% [36]. These reductions depend on the specific material,
cycle, and geometric assumptions and should be interpreted as design trends rather than
universal cost reductions. At a minimum, contactor evaluation should report channel
dimensions, active-layer thickness, volumetric loading, face velocity, pressure drop, and
effective heat capacity.

3.2. Regeneration, Heat and Mass Transfer, and Continuous Operation

DAC using amine-functionalized solid sorbents commonly employs temperature
swing adsorption (TSA), temperature–vacuum swing adsorption (TVSA), or steam-assisted
temperature–vacuum swing adsorption (s-TVSA). Heating weakens CO2 binding at amine
sites, vacuum lowers the CO2 partial pressure on the desorption side, and steam provides
both heat transfer and displacement [6,31]. The combination of these driving forces deter-
mines working capacity, product purity, and cycle time, as well as the loads on heating,
vacuum, and water-handling equipment. Regeneration should therefore be optimized over
the complete cycle: simply increasing temperature or deepening the vacuum can create
disadvantages in terms of energy consumption, equipment cost, or sorbent degradation.

Regeneration strategy also affects CO2 enrichment and the downstream compression
duty. Vannak et al. studied an externally heated and cooled amine-functionalized solid-
sorbent TSA process with air purge, showing that staged adsorption and reflux can be
used to trade recovery against enrichment [37]. Ravuru et al. directly incorporated kinetic
parameters for an amine-grafted alumina monolith into TVSA process evaluation [38].
Both studies point to the same requirement: contactor geometry and regeneration steps
should be evaluated jointly within a complete cycle rather than optimized separately using
material capacity and single-step desorption rate.

Continuous and semi-continuous tests provide energy data closer to the equip-
ment scale. In a four-bed parallel fixed-bed system, Schellevis and Brilman produced
1.3 kg CO2·d−1 under the baseline condition at a total energy demand of 14.5 MJ·kg−1 CO2.
Sensible heat was identified as the dominant contribution, and the authors estimated that
heat-management and operating improvements could reduce the total to 5.1 MJ·kg−1 [9]. In
modeling work, Balasubramaniam et al. performed multi-objective TVSA optimization for
five sorbents. The minimum thermal duty ranged from 6.25 to 30.4 MJth·kg−1 CO2, while
the maximum volumetric productivity ranged from 0.01 to 0.15 t CO2·d−1·m−3; the ranking
of process performance did not follow the ranking of equilibrium capacity [39]. Larger
skid-mounted and rotary prototypes have begun to report pressure drop, steam-assistance
effects, and product purity [40,41], although the values must still be interpreted within their
respective system boundaries. Because the included unit operations and energy-accounting
conventions differ among these studies, these values should be treated as source-specific
engineering evidence rather than directly comparable energy intensities.

https://doi.org/10.3390/pr14193212
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3.3. Comparability of Engineering Performance and Scale-Specific Evidence

Energy consumption, productivity, and purity reported in the DAC literature are
not directly comparable. Some studies include only the adsorber or regeneration section,
whereas others include fans, vacuum pumps, or even CO2 compression. Inlet humidity, face
velocity, vacuum level, and cycle time also vary substantially. Table 2 therefore retains the
original boundary of each study and reports unreported quantities as NR, without imposing
a common ranking. Low-temperature heat and electricity must also be distinguished
because they differ in energy quality, price, and carbon intensity; a single MJ·kg−1 value
with an unspecified heat/electricity composition is not sufficient for comparison.

Table 2. Key operating conditions and performance metrics reported in representative engineering
studies of amine-based solid-sorbent DAC.

Product Purity,
Boundary, and

Data Type/Source

Electrical
Energy

Thermal
Energy

Pressure
Drop

Cycle/
Productivity

Regeneration
Boundary Feed/Humidity Scale/

Contactor Study

95–100 vol% CO2
Experimental;
outdoor pilot;
peer-reviewed.

Electrical
component: NR
separately; total
specific energy:
10 kWh·kg−1

(thermal/
electrical split
not fully
reported)

Heat
accounted for
76% of total
energy

NR

3.4 kg CO2
per cycle
(after control
improve-
ment)

~80 ◦C +
vacuum

Real
environment;
varying RH

8 beds;
outdoor air

Bajamundi et al.,
2019 [42]

Study focused on
the contactor
Experimental;
bench-scale
contactor;
peer-reviewed.

Air-contacting
energy:
0.7–1.5 GJ·t−1

CO2

— NR Adsorption:
24–43 min

Adsorption/
contacting
stage

Ambient air
~2 kg;
radial-flow
thin bed

Yu & Brilman,
2020 [33]

Under the tested
conditions,
continuous capture
efficiency was lower
than batch
operation
Experimental;
bench-scale
comparison;
peer-reviewed.

— — NR

Continuous
capture
efficiency
15–25% lower
than batch

Comparison
of adsorption
operation

Ambient air

~2 kg; radial
flow,
batch/moving
bed

Schellevis et al.,
2020 [34]

Quasi-continuous
operation; repeated
multi-week testing
Experimental;
kg-scale cyclic unit;
peer-reviewed.

NR separately
(baseline total:
14.5 MJ·kg−1

CO2; heat/
electricity not
fully
disaggregated)

Sensible heat
was the major
load;
optimized total
energy
estimated at
5.1 MJ·kg−1

CO2

NR

1.3 kg
CO2·d−1;
0.27 kg
CO2·kg−1

sorbent·d−1

Steam-
assisted
TVSA

Air
4 parallel
fixed beds; kg
scale

Schellevis &
Brilman,
2024 [9]

≥95% purity
achievable at
moderate vacuum
Process modeling
and multi-objective
optimization;
peer-reviewed.

Electrical
demand
optimized
separately; not
the same
optimum
condition

6.25–30.4
MJth·kg−1 CO2
(minimum)

NR
0.01–0.15 t
CO2·d−1·m−3

(maximum)

TVSA/s-
TVSA

~400 ppm;
H2O included
in model

Model; 5
sorbents

Balasubramaniam
et al., 2024 [39]

TEA results
sensitive to
assumed sorbent
lifetime
Experimental pilot +
process
optimization/TEA;
peer-reviewed.

Reduced by 11%

Steam strategy
reduced
thermal
demand by
29%

<100 Pa after
optimiza-
tion

NR

TVSA; steam-
assisted
S-TCSA
evaluated

Air

Skid-
mounted;
t·a−1-scale
potential

Wang et al.,
2025 [40]

Capture 50–85%;
purity > 90%
Experimental
prototype;
peer-reviewed.

NR NR NR
0.235–0.352
kg CO2·kg−1

sorbent·d−1

Rapid steam-
assisted TSA Air

Prototype
rotary
structured
adsorber

Wu et al.,
2026 [41]
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Table 2. Cont.

Product Purity,
Boundary, and

Data Type/Source

Electrical
Energy

Thermal
Energy

Pressure
Drop

Cycle/
Productivity

Regeneration
Boundary Feed/Humidity Scale/

Contactor Study

Gaseous CO2 > 95%;
government-
reported field test
Government-
reported field-test
evidence.

NR NR

Described
qualitatively
as low
pressure
drop

3300 h;
137,000 sys-
tem cycles;
94% available
uptime

Vacuum +
steam + heat
recovery

Real outdoor
air; multiple
environmen-
tal conditions

PEI
honeycomb;
three-skid
field system

NETL/NCCC,
2024 [10]

Note: Values are retained as reported by the original sources and are not normalized to a common
system boundary. Thermal energy denotes supplied process heat where separately reported, whereas
electrical energy denotes the electrical loads included by the source. “Total specific energy” is retained
when heat and electricity are not fully disaggregated. Numerical values should therefore not be
directly compared without checking the included unit operations and operating conditions. NR, not
reported; RH, relative humidity; s-TVSA, steam-assisted temperature-vacuum swing adsorption;
S-TCSA, steam-assisted temperature-concentration swing adsorption.

Published studies now span material stability, structured sorbent fabrication, kg scale
cyclic units, outdoor skid-mounted systems, and field demonstrations, but each scale
resolves a different set of questions. Material and structured-sorbent studies primarily
identify working capacity, mass transfer, thermal inertia, and stability [7,12]. Kg scale and
skid-mounted tests begin to expose cycle switching, pressure drop, and heat management
constraints [9,40], whereas field and commercial operation increasingly reveal availability
and the propagation of material-performance deviations to annual output [10,43]. The scale
categories used here describe changes in the type of public evidence available; they are not
intended as universal technology-readiness-level thresholds or fixed scale-up criteria.

For clarity, the scale terms used here describe the type of engineering evidence rather
than fixed capacity or TRL thresholds. Material-level studies establish adsorption, kinetics,
and stability; structured-sorbent studies add mass transfer, pressure drop, loading, and
thermal inertia; bench cyclic units integrate repeated adsorption-regeneration cycles; pilot
or skid-mounted systems integrate air handling, regeneration, and product conditioning;
and field/commercial systems provide evidence on availability, maintenance, seasonal
response, sorbent replacement, and reported CO2 output.

3.4. Field Demonstrations and Commercial Systems

For deployment-scale reporting, design or nameplate capacity denotes nominal per-
formance under stated design assumptions; gross capture denotes CO2 captured before
life-cycle deductions; net removal denotes CO2 remaining after the emissions and losses
included within the stated accounting boundary; and actual operating output denotes
measured or reported production over a defined operating period. These quantities are
treated separately below.

Field demonstrations first reveal operating problems that are difficult to reproduce
under laboratory conditions. In 2024, NETL/NCCC reported outdoor DAC testing of a
PEI honeycomb contactor integrated with vacuum, steam desorption, and heat recovery.
The project accumulated 3300 h of testing, while NETL reported 137,000 system cycles, 94%
operating availability, and >95% gaseous CO2 purity [10]. The public documentation does
not define how the 137,000 cycles were counted at the level of an individual adsorption
module; this value is therefore treated here only as an indicator of system-level operating
intensity and is not used to infer sorbent lifetime. Compared with nameplate capacity
alone, such operating data provide a more direct measure of the maturity of controls, heat
integration, and continuous operation.

Operational disclosures from Climeworks’ Orca plant provide a different form of
engineering evidence. Orca was designed for a gross capture capacity of 4000 t·a−1 and a
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net removal capacity of about 3000 t·a−1. The company later reported that CO2 uptake by
the first sorbent batches was 10–20% below design expectations, with performance varia-
tion of up to 20% among some production batches. On this basis, the nameplate capture
capacity was reassessed at approximately 3000–3100 t·a−1, corresponding to a maximum
achievable annual carbon removal capacity of approximately 2400–2500 t·a−1 [43]. These
reassessed values remain company-reported estimates and are not treated here as inde-
pendently verified annual operating output. They illustrate how sorbent-manufacturing
variability affects module throughput and potential annual removal. Mammoth has a
nominal design capacity of up to 36,000 t·a−1, but remained in operational ramp-up as
of September 2026 [44]; its design capacity should therefore be reported separately from
actual annual output.

Company disclosures are useful for tracing technology pathways and scale-up di-
rection, but they are not equivalent to third-party field measurements and should not be
pooled without qualification. Climeworks/Svante reported more than 1300 cycles of Gen 3
structured adsorbents under real-world conditions between May 2024 and January 2025,
together with performance improvements relative to the previous generation [45]. In a
company-issued press release, Global Thermostat described its approximately 1000 t·a−1

K-Series and smaller T-Series products [46]. Among non-amine routes, Removr uses
zeolite-based sorbents, whereas Carbyon emphasizes rapid-cycling solid adsorption [47,48].
Table 3 summarizes these public disclosures while retaining their source type; company-
reported data are used to indicate development direction rather than as independent
performance benchmarks.

Table 3. Representative industrial development of solid-sorbent DAC systems.

Engineering
Significance

Data/Evidence
Type

Reported
Operating

Information

Publicly Reported
Status or Scale Route/Scale Case

Provides operating
time, system
availability, and
product-purity
data

Government-
reported field test

3300 h; 137,000
system cycles; 94%
available uptime;
>95% gaseous CO2

Field test; TRL 5
(NETL report)

PEI honeycomb;
integrated field test

NETL/NCCC
DAC RECO2UP
[10]

Shows how
sorbent-batch
variation affects
reported
plant-level
performance

Company
operating
disclosure

First sorbent
batches reportedly
showed 10–20%
lower CO2 uptake
than design
expectations, with
batch-to-batch
variation of up to
20%; no
independently
verified annual
output is inferred

Design gross
capture: 4000 t·a−1;
design net removal:
~3000 t·a−1;
company-
reassessed
nameplate capture:
~3000–3100 t·a−1;
company-reported
maximum annual
carbon removal:
~2400–2500 t·a−1

Solid adsorption;
commercial
DAC + S

Climeworks
Orca [43]

Provides a case for
examining
approximately
tenfold module
replication and
operational
ramp-up

Company project
status

Operational
ramp-up reported;
design capacity is
not treated as actual
annual operating
output

Design/nameplate
capacity up to
36,000 t·a−1;
operational
ramp-up as of
September 2026

Modular solid
adsorption;
commercial

Climeworks
Mammoth [44]
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Table 3. Cont.

Engineering
Significance

Data/Evidence
Type

Reported
Operating

Information

Publicly Reported
Status or Scale Route/Scale Case

Indicates the
scale-up direction
for structured
adsorbents; system
boundary remains
incomplete

Company technical
disclosure

Company reports >
1300 test cycles and
performance gains
relative to its Gen 2
system

>1300 test cycles
(May 2024–January
2025)

Structured
adsorbent;
large-scale testing

Climeworks/
Svante Gen 3 [45]

Illustrates a
standardized
modular product
pathway; limited
public measured
KPIs

Company-issued
press release

Company states
that the first
K-Series unit has
operated since 2022

K-Series
~1000 t·a−1; T-Series
from tonnes to tens
of tonnes per year

Amine-
functionalized
solid contactor;
modular

Global
Thermostat K/T
Series [46]

Engineering
reference for a
non-amine
solid-sorbent route

Company techni-
cal/planning
disclosure

Company-
disclosed
technology route
and planned scale

Combination of
tests and planned
projects

Zeolite; non-amine
comparator Removr [47]

Illustrates rapid
cycling and low
sorbent inventory;
limited third-party
data

Company
demonstration
disclosure

Company reports
~100 s to reach 90%
saturation
(company claim);
no independent
long-term
validation

Company-stated
annualized capture
of ~3 t·a−1 using 1
kg sorbent; not
verified annual
output

Rapid-cycling
solid adsorption;
demonstration

Carbyon GO [48]

Note: Evidence types are retained explicitly. Government-reported field-test data describe agency-
reported operating evidence, whereas company operating, technical, project, and planning disclosures
are source-specific evidence of deployment status and technology development. Planned/design
capacity, gross capture, net removal, and actual operating output are reported separately where the
source permits.

4. Techno-Economic Performance and Constraints on Scale-Up
4.1. Cost Definitions and System Boundaries

Published DAC cost estimates vary widely, and much of the spread arises from
system boundaries rather than from the capture technology alone. Capital annualization,
energy prices, sorbent lifetime, plant scale, and the choice of gross captured CO2 or net
removed CO2 as the denominator all affect the unit cost [49,50]. This review distinguishes
gross capture cost from the levelized cost of net removal. The latter relates annualized
capital and operating expenditures to annual net removal after accounting for life-cycle
greenhouse-gas emissions from energy supply, sorbent manufacture, CO2 conditioning, and
associated operations. The IEA’s 2022 assessment estimated future large-scale DAC costs at
approximately USD 125–335 t−1 CO2 and discussed the possibility of long-term costs below
USD 100 t−1 [51]. The U.S. Department of Energy’s Carbon Negative Shot sets an R&D
target below USD 100 per net tonne CO2e around 2032 [52]. Neither figure represents a
measured average cost for current commercial plants. Using technology characteristics and
experience curves, Sievert et al. projected a median net-removal cost of approximately USD
374 t−1 for solid-sorbent direct air capture with carbon storage (DACCS) at 1 Gt CO2·yr−1

cumulative deployment capacity, with a 90% interval of USD 281–579 t−1 [53], illustrating
the remaining uncertainty in future costs.

Techno-economic models are sensitive to assumptions about both material properties
and operation. Lilonfe et al. integrated manufacturing, techno-economic analysis (TEA),
and life-cycle assessment (LCA) for five classes of solid sorbents across more than 150 sce-
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narios. Plant scale, energy source, adsorption rate, and adsorption time all had substantial
effects on cost and greenhouse-gas performance [50]. Holmes et al. further incorporated
experimentally derived capacity-decay functions into an economic model and showed that
sorbent degradation changes the optimal replacement interval, annual production, and
cost [49]. Lifetime and kinetics therefore cannot be treated in TEA as fixed parameters
independent of the process. Representative TEA and LCA studies, together with the key
variables, principal findings, and system boundaries that affect their comparability, are
summarized in Table 4.

Table 4. Representative techno-economic and life-cycle assessment studies.

Comparison
Boundary/Data

Type/Source
Main Finding Key Variables System/Boundary Study

Depends on technology
generation and site
assumptions
model-based LCA;
peer-reviewed.

Net carbon efficiency
varies substantially
with energy supply
and site scenario

Energy source,
materials, and site

Life cycle of
industrial TVSA
DAC

Deutz & Bardow,
2021 [54]

Based on the specified
process configuration
and parameter
assumptions
model-based TEA using
experimentally derived
degradation functions;
peer-reviewed.

Capacity
degradation changes
the optimal
replacement interval
and unit cost

Capacity,
degradation, thermal
duty, pressure drop,
replacement

1 Mt·a−1 model;
polyamine/silica
structured contactor

Holmes et al.,
2024 [49]

Applicable to European
regional scenarios
geospatial
TEA/modeling;
peer-reviewed.

Site, energy supply,
and
transport/storage
conditions strongly
affect net-removal
cost

Climate, electricity
price/carbon
intensity, waste heat,
transport

Geospatial TEA of
DACCS in Europe

Terlouw et al.,
2024 [55]

Results depend on
material and
future-scale
assumptions
scenario-based TEA +
LCA; peer-reviewed.

>150 scenarios show
cost sensitivity to
scale, energy supply,
and kinetics

Plant scale, energy,
adsorption rate,
lifetime

Solid-sorbent
manufacturing +
TEA + LCA

Lilonfe et al., 2025
[50]

Probabilistic projection,
not a current measured
cost probabilistic cost
projection/learning-
curve model;
peer-reviewed.

At 1 Gt CO2·yr−1

cumulative
deployment capacity,
median net-removal
cost for the
solid-sorbent route is
~USD 374·t−1

Technology
characteristics,
component learning,
cumulative
deployment

Learning curves
across multiple DAC
routes

Sievert et al., 2024
[53]

4.2. Effects of Material and Process Parameters on Equipment KPIs and Cost

Material and process parameters usually affect cyclic performance and equipment size
before their effects appear in cost. Dynamic working capacity, mass-transfer rate, and cycle
time determine the required sorbent inventory and number of modules [39,49]. Air-side
pressure drop governs air-moving electricity, while support heat capacity and vacuum
conditions influence regeneration duty and equipment size [32,35]. Sorbent lifetime affects
replacement frequency, downtime, and life-cycle performance [49,50]. A given improve-
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ment in material properties can therefore have very different economic consequences when
transferred to a different contactor or cycle.

Several studies have shown that the performance ranking of a material can change
when the contactor or cycle is changed. In the contactor model of Tegeler et al., geometric
changes altered both sorbent requirement and process cost [36]. In the TVSA multi-objective
optimization of Balasubramaniam et al., the preferred operating solutions also shifted with
process objectives and constraints [39]. Recent structured-contactor studies further show
that active-layer thickness, pore structure, and contactor geometry affect apparent mass-
transfer rates [19,38]. Material performance considered without cycle time, flow conditions,
and regeneration boundary therefore has limited value for equipment design.

4.3. Regeneration Energy Breakdown and System Boundaries

Comparison of regeneration energy requires explicit reporting of both energy qual-
ity and system boundary. Low-temperature heat should be reported in MJth·kg−1 CO2

together with the supply temperature, while electricity for fans, vacuum pumps, and
CO2 compression should be reported separately in MJe or kWhe·kg−1. If equivalent work
or primary-energy metrics are used, the conversion efficiency and inclusion of drying,
compression, transport, and other units should also be stated. Modeling by Kulkarni and
Sholl and kg scale experiments by Schellevis show that sensible heating of the sorbent
and support can represent a major share of regeneration duty [9,32]. Low-heat-capacity
supports, short heat-transfer paths, and heat recovery are therefore process-design variables
of comparable importance to adsorption capacity.

4.4. Long-Term Operation, Manufacturing Consistency, and Site Constraints

Outdoor operation exposes sorbents to oxygen and varying humidity and temperature,
while particulate accumulation in air filters can increase flow resistance. Oxidative degra-
dation under atmospheric conditions and sensitivity to trace transition-metal contaminants
have been documented for amine-based sorbents [11,27]. Ambient conditions can also alter
capture performance and energy use, but long-duration field data across climates remain
limited [42,56]. Representative lifetime testing should combine adsorption from real air
under the intended regeneration conditions with mechanistically defined accelerated aging,
rather than simply increasing the number of short cycles in an inert atmosphere.

As laboratory formulations are transferred to batch production, manufacturing con-
sistency can become a new limiting factor. Orca’s disclosure of early sorbent underperfor-
mance and batch variation [43] indicates that scale-up of the formulation requires control
of raw-material variability, impregnation or grafting uniformity, drying/curing windows,
and coating thickness. Quality control for serial production should be linked directly to
equipment KPIs, for example by measuring dynamic working capacity, pressure drop,
and mechanical integrity at specified face velocity and contact time, and by tracking their
evolution with cycling.

Site conditions define the net-removal boundary beyond the capture unit itself. Wieg-
ner et al. showed that ambient temperature, humidity, and renewable-energy availability
affect the production rate and energy demand of solid-sorbent DAC [56]. A European
analysis by Terlouw et al. further showed that electricity price and carbon intensity,
low-temperature heat supply, climate, and CO2 transport distance jointly influence the
net-removal cost of DACCS [55]. At scales from hundreds to tens of thousands of tonnes
per year, the capture unit should therefore be evaluated together with energy supply, CO2

drying/compression, transport, storage, and monitoring, reporting, and verification (MRV);
an energy advantage measured in the laboratory does not necessarily translate into a
net-removal advantage.
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5. Research Priorities and Engineering Outlook
5.1. Material Evaluation and Data Comparability

Future material evaluation should emphasize reproducible dynamic performance
under defined DAC-relevant boundary conditions. Even sorbents with similar equilibrium
capacities can show markedly different cyclic performance at different humidities, face
velocities, adsorption times, and regeneration conditions. Studies of optimized TVSA cycles
and structured-contactor mass transfer show that performance rankings can change when
material, structure, or cycle conditions change [19,39]. Engineering screening therefore
requires dynamic testing under air compositions close to practical conditions, with working
capacity interpreted together with pressure drop, water loading, and cycle time.

Inconsistent test conditions and system boundaries remain the principal obstacle to
cross-study comparison. Material studies use different relative humidities, contact times,
and regeneration atmospheres; contactor studies report face velocity and pressure drop
in different ways; and process studies often adopt different boundaries for thermal duty,
electricity, and CO2 conditioning. At a minimum, laboratory-to-process studies should
report face velocity, inlet RH, adsorption and desorption times, CO2/H2O co-adsorption
or water loading, pressure drop, cyclic working capacity, cyclic productivity, and thermal
and electrical energy separately, together with the corresponding system boundary [7,39].
At the field stage, operating availability, sorbent replacement, CO2 recovery losses, and
seasonal response become additional requirements [10,43]. Public data from NCCC and
Orca provide examples of continuous field testing and deviations during commercial
operation, respectively, but comparable long-duration datasets remain scarce.

5.2. Modular Validation and Commercial Scale-Up

Replicating modules can increase the throughput of solid-sorbent DAC, but it is not
equivalent to simple linear scale-up; plant complexity rises with module count. In addition
to the adsorbers themselves, fans, vacuum or steam systems, heat recovery, valve manifolds,
and control systems must be coordinated across modules. The increasing number of seals,
vacuum interfaces, and maintenance points may offset part of the benefit of standardiza-
tion. Mammoth and newer structured-sorbent platforms provide opportunities to observe
module replication and operational ramp-up, but their engineering value ultimately de-
pends on long-term availability, sorbent replacement frequency, and actual annual net
removal [44,45].

The next stage requires continuous operating data that can identify the origin of
performance loss more than it requires larger nominal capacity. Sorbent lifetime studies
should combine exposure to real air with mechanistically defined accelerated oxidation
tests. Structured contactors should measure pressure drop, cyclic productivity, and thermal
load simultaneously in the same device. At demonstration scales of hundreds to thousands
of tonnes per year, keeping the sorbent formulation, contactor, and cycle architecture
reasonably stable during scale-up makes it easier to distinguish manufacturing effects from
operation and maintenance or site effects. If the material, contactor, and cycle architecture
are all changed in a single scale-up step, the cause of any subsequent performance deviation
becomes difficult to identify.

6. Conclusions
Research on amine-functionalized solid sorbents has progressed from adsorption

measurements near 400 ppm to structured contactors, continuous cycling, and outdoor
systems. The key scale-up question is increasingly how effectively material properties
are retained after shaping and during cyclic operation. Once the material is incorporated
into a contactor, mass-transfer distance, pressure drop, and support heat capacity alter
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cyclic performance; long-term operation adds water co-adsorption, oxidative degradation,
mechanical stability, and manufacturing consistency. Bench-scale and field data can now
identify these effects, but system boundaries and the extent of public reporting still differ
substantially among studies.

The evidence required for evaluation changes with scale. Structured-sorbent studies
need to establish how much material performance is retained after shaping; continuous
units need to report productivity, thermal/electrical energy demand, and product purity
over complete cycles; and outdoor or commercial systems increasingly require data on
availability, sorbent replacement, seasonal response, and actual CO2 recovery. The purpose
of this review is not to prescribe a universal industrial scale-up threshold, but to identify the
validation evidence that is most often missing at each scale and the main points at which
performance is lost. For amine-based solid-sorbent DAC, the credibility of future technology
comparisons will increasingly depend on process data with clearly defined boundaries,
demonstrated reproducibility, and sufficient duration to capture long-term operation.
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