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AbstractWe provide a perspective on the development of direct air capture (DAC) as a leading candidate for imple-
menting negative emissions technology (NET). We introduce DAC based on sorption, both liquid and solid, and draw
attention to challenges that these technologies will face. We provide an analysis of the limiting mass transfer in the liq-
uid and solid systems and highlight the differences.
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INTRODUCTION

The COVID-19 pandemic has taught us at least two important
lessons about climate change. First, despite world-wide lockdowns
extending for several months, global emissions of CO2 fell by only
roughly 9% at the height of the pandemic in the first half of 2020
[1]. The need to reduce emissions by significantly greater than this
amount to keep atmospheric warming below +2 oC by the end of
the century should make us recognize the truly profound changes
that are required in our global energy production and consump-
tion. Second, the development of mRNA vaccines for the virus in
less than a year was a remarkable engineering achievement. It was
founded on several decades of research and development from the
1990’s to the initial breakthrough in 2005, and based on fundamen-
tal discoveries made over decades stretching back to the discovery
of mRNA at the beginning of the 1960’s [2]. The mRNA vaccine
technology was ready to be scaled up by massive government invest-
ment. Climate science has a similar history of discovery stretching
back to the original hypothesis of the greenhouse effect of CO2 by
Arrhenius published in 1896, and the measurements of CO2 con-
centration on Mauna Loa, which began in the 1950’s. However,
despite the rapid advance of renewable energy based on wind and
solar power, we do not have a sufficiently diverse portfolio of tech-
nologies ready to be scaled up to the levels necessary to meet the
challenges of stabilizing our CO2 concentrations in the atmosphere
while simultaneously providing the ever increasing level of energy
that society demands.

A missing critical component of any strategy to manage CO2

concentrations, is a scalable negative emissions technology or NET
[3,4]. A key problem is that even though we may be able to reduce
the rate of increase in CO2 by reducing emissions, this cannot reduce
the concentration of existing CO2 in the atmosphere. We have a
one-sided control action, and we need its complement in case we

overshoot levels of CO2 in the atmosphere to the point where our
societal systems become over-stressed due to sea-level rise, deserti-
fication, disease range increases, storm frequency, or other changes
wrought by higher radiative forcing. The need for NET’s has been
recognized in a recent United States National Academies report [5],
and by an increasing number of papers that use integrated assess-
ment modeling based on social sustainable pathways (SSPs) to de-
monstrate that reaching our climate targets is unachievable with-
out them [6,7].

There are several NET’s that are under active development. Those
based on bioenergy with carbon capture and storage or BECCS
[8,9] have been an early frontrunner, but this approach may have
significant land use requirements [10]. More recent NET develop-
ments have focused on direct air capture (DAC) [11,12] and min-
eralization [13]. There remain many challenges with these tech-
nologies, and this provides significant opportunities for chemical
engineering research and development over the next decade. Fur-
thermore, there is room for further innovative research on entirely
new approaches that could see deployment multiple decades from
today.

We focus this perspective on understanding the tradeoffs involved
in DAC through the lens of two contrasting sorption processes,
liquid absorption and solid adsorption, recognizing that this is a
small slice of the potential sorption technologies, which include
emerging electrochemical approaches [14]. However, several of the
issues raised for sorbent-based technologies must be faced by any
DAC system i.e., any system that contacts air to remove CO2 includ-
ing mineralization, such as the energy and carbon footprint of the
design and how the air will be efficiently contacted with the active
device components.

OVERALL PROCESS CONFIGURATION

Any sorption-based process will involve at least two coupled
steps. The first will be the sorption of the CO2 from the air, into
the sorbent and the second desorbing it. However, it is possible that
to increase process efficiency, there may be an intermediate step



2376 M. J. Realff et al.

December, 2021

where the sorbed CO2 is transferred from the initial sorbent to an
intermediate for which a regeneration process is easier to imple-
ment. This is the approach taken in the liquid absorbent process
pioneered by Carbon Engineering, where the soluble KOH reacts
to K2CO3 and then the carbonate ion is exchanged with Ca(OH)2

to produce an insoluble CaCO3 that is then heated to remove the
CO2 (see Fig. 1). This exchange means that a relatively dilute solu-
tion containing the K2CO3 does not have to be heated, but instead
a much smaller quantity of solid is heated. The use of KOH rather
than directly using Ca(OH)2 is motivated by the mass transfer co-
efficient, for the latter being an order of magnitude lower [15]. Simi-
larly, another liquid absorption process developed at the Oak Ridge
National Laboratory (ORNL) uses a two-step absorption. Sarcosine
or glycine amino acids were used as the initial absorbent with ab-
sorption capacities of 1 mol CO2 per mol of amino acid and con-
centrations in the 1 to 2 molar range. The amino acids were then
regenerated with a guanidine compound, 2,6-pyridinebis(imino-
guanidine) (PyBIG) [16]. In later studies, performed at pilot scale
using flue gas concentrations of CO2, solid glyoxal-bis(iminoguani-
dine) GBIG replaced the pyBIG [17]. The GBIG dissolves and repre-
cipitates producing a solid a bicarbonate salt with two bicarbonate
moieties per GBIG and two water molecules. The bicarbonate salt
can then be heated to 80-120 oC to regenerate the GBIG and pro-
duce a 1 : 1 mixture of water and CO2; this is also depicted in Fig. 1.

These liquid chemical looping schemes allow for a continuous
process to be developed because of the movement of the sorbent
from one environment to another. Similarly, one could imagine the
same approach with solid adsorbents in circulating fluidized bed
configurations, but the pressure drops induced in these systems
are prohibitively large. Instead, solid adsorbents have been used in
fixed bed arrangements with ultra-high porosity that provide low
pressure drops. A cyclic batch approach is taken where a series of
beds are contacted with air and then later regenerated through heat-
ing. A temperature swing adsorption process is preferred in this con-
text. Pressure swing alone would require prohibitively deep vacuums
because the near pure CO2 must exert a partial pressure below that
of 400 ppm atmospheric CO2 to permit any swing from the adsor-
bent [18]. Hence the goal has been to identify solid adsorbents
that allow for modest temperature changes associated with large
changes in adsorption capacity and reasonable CO2 loadings per
unit mass of adsorbent.

DAC SORPTION PROCESS ENERGY EFFICIENCY

To be efficient, sorption-based DAC systems must balance the
cost of energy associated with high heats of sorption with the capi-
tal cost of materials with low capacities and rates. For liquid absor-
bents, in the case of the carbon engineering process, the regeneration
of CaO from CaCO3 takes place at high temperature, 800-900 oC,
and in the current implementation consumes natural gas com-
busted in nitrogen free gas to provide the heat to generate a pure
CO2 stream. This has the sensible parasitic load of heating the sor-
bent material to high temperature as well as the relatively high heat
of reaction of 178.3 kJ/mol to produce the CaO, although through
heat integration, some of this energy is recovered in the lime slaker
where the CaO reacts to Ca(OH)2 with 63.9kJ/mol of energy released
[19]. Moreover, there is the additional cost of an air separation
unit to generate the nitrogen-free gas. The ORNL process uses a
lower temperature of regeneration but has to provide energy to
vaporize both the CO2 and water of crystallization. The advantage
of the GBIG over the pyBIG is that the water ratio is 1 : 1 com-
pared to 4 : 1, which significantly improves the energy efficiency of
the process. The cycle capacity, mol CO2 per mole of amino acid
is unaffected at 0.2-0.3 mol CO2/mol amino acid [17].

For solid adsorbents, the tradeoff of capacity and energy use has
resulted in processes with heats of adsorption in the range of 50-
80 kJ/mol, i.e., chemi- rather than physisorption, and a thermody-
namic argument can be made that this range is optimal [18]. The
theoretical energy for CO2 separation from air is approximately
20 kJ/mol. This means that, unless the heat of adsorption is recov-
ered, the maximum theoretical first law efficiency lies somewhere
in the range of 20-40%. Solid adsorption processes operate at low
temperatures but have thus far immobilized the sorbent on solid
supports that add to the parasitic load of heating and cooling the
contacting device. A typical example of the heating required in a
solid adsorbent system is given below (Table 1), based on proper-
ties from [20].

This leads to a minimum heat requirement of 960 kwhth/tonne
of CO2. The heat of adsorption is 410 kwhth/ton, which means to
achieve high efficiencies it is necessary to recover as much of the
sensible heat applied to the contactor as possible, but given the low
operating temperature, this is a significant challenge. The cost of
this heat depends on whether this is being provided directly through

Fig. 1. Block flow diagram of liquid absorption for DAC with an intermediate exchange of the (bi)carbonate ion.
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natural gas combustion, for example, or by steam at the bottom of
a power cycle. If it is assumed that the system has 50% efficiency
and requires double the energy calculated above, i.e., 2,000 kwhth/
ton, then in the former case, the cost would be approximately $35/
ton CO2 if natural gas is priced at $5/GJ. This assumes that in the
50% efficiency case any adsorption and desorption of water by the
adsorbent is included. The behavior of many solid CO2 adsorbents
under humid conditions is not well characterized and CO2/H2O
co-management remains a weakness in current DAC analyses based
on solid adsorption processes. On the other hand, if the steam is
at low pressure after we have extracted power from it, then the
cost would be roughly 1/5th of the above number or $6/ton. This is
based on conventional natural gas combined cycle power genera-
tion, because of the limited quantity of useful work that can be
extracted from it.

The quality of the heat required is a critical issue for DAC sys-
tems. The energy use in DAC may be higher than for other capture
processes that address more concentrated feeds, but if this energy
is required at the level of waste heat, then the cost of the energy is
less of a factor and no new CO2 is being released when the waste
heat is used. This same analysis can be applied to other sorbent
processes, such as liquid-based absorption processes. From an energy
efficiency perspective, therefore, the goal is to find materials with
appropriate heats of sorption that can operate at moderate tem-
peratures and have low parasitic heat loads either by being highly
concentrated in the case of liquids, or requiring minimal mass in
the case of solids; both cases benefit from low heat capacity. None
of the materials developed for DAC meets all the desired energy
efficiency metrics, and thus this is an opportunity for innovation
for the chemical and materials engineering.

In situations where energy comes at low cost because of exploit-
ing heat at low temperatures or using renewable energy during peri-
ods where supply exceeds demand, energy efficiency may be of less
importance, and instead the focus should switch to the required
capital to support the process. However, if excess renewable energy
is used, then the system will operate only part of the time and this
results in low on-stream factors, increasing the total cost of the
capture process per ton because of inefficient use of capital. Thus,
it is important to identify ways in which low temperature DAC
systems can be heat integrated with other steady state processes.
This should be done both to exploit low temperature waste heat
that might otherwise be rejected to the environment, and to devise
effective ways to capture and reuse the DAC process heat not
required for CO2 desorption. This will ultimately enable a low cap-
ture cost.

DAC CARBON FOOTPRINT

The carbon footprint of DAC is mostly determined by its energy
source. An accepted approach to DAC capture is to also capture
the CO2 of any fossil combustion, sometimes in a separate system
from the DAC because of the higher CO2 concentration in the
flue gas. This leads to an important metric for DAC systems: the
ratio of the CO2 captured from the air to the total CO2 captured. If
a CO2 footprint of 63.8 kg-CO2e/Gigajoule of natural gas [19] is
used, then the above energy requirements of 2,000 kwhth and 125
kwhe/ton produced from a combined heat and power unit would
mean that the ratio would be 0.53, i.e., roughly half the CO2 cap-
tured comes from the energy required to power the process. This
demonstrates the importance of both reducing the energy required
and the carbon footprint of the energy itself. Fixed capital and sor-
bent production footprints could be a significant percentage of the
overall cost if the sorbent lifetime is short and the source of the
energy has a very low carbon footprint [21]. For instance, estimates
are 45 kg CO2e for the sorbent for a TVSA process and 15 kg CO2e
for the plant construction per ton of CO2 captured, which is
roughly 10% of the carbon footprint of the natural gas energy.

The above argument suggests that once an acceptable energy
efficiency in the regeneration step (heuristically about 3-5 GJ/ton)
is realized, overall energy costs in the $10-20/ton range will be
achieved, suggesting that the focus should shift to reducing capital
costs. At the process level, system size and, therefore capital cost, is
related to system productivity, expressed as mass of CO2 per unit
of sorbent per time, which is a function of the rate of adsorption
and desorption. This implies improving rates of heat and mass trans-
fer and ensuring that the kinetics of the sorption are fast enough to
keep up with these transfer processes. The improvement of trans-
fer rates, both during the capture and regeneration steps, enables
cycles to be faster and hence increases the productivity of the sor-
bent. The dilute nature of the stream during capture has so far
meant that this is the step that has the slowest mass transfer kinet-
ics and longest duration. This leads us to consider the design of
the contactor as one the most important choices.

CONTACTOR DESIGN CONSIDERATIONS

Regardless of the sorption chemistry of any DAC system, a pri-
mary consideration is how the air will be contacted with the reac-
tant that captures the CO2. For example, in the 2011 American
Physical Society report, the contactor envisioned was like that of
flue-gas capture where the gas is bubbled through a liquid col-
umn. This led to a very high cost of moving the air and large col-
umn sizes, and it has been recognized that instead, contacting must
be done with low pressure drop in systems where the internal space
is mostly occupied by air. From a contactor design perspective, the
key tradeoffs are balancing the rate of mass transfer to the adsor-
bent with the pressure drop through the contactor. For solid adsorber
contactors, during the desorption phase, increasing the rate of heat
transfer to the adsorbent without unacceptably low energy effi-
ciency is a further consideration.

To make each of these tradeoffs more concrete, consider the
pressure drop and its impact on the cost of capture. Capturing one

Table 1. Properties of a solid adsorbent DAC system
Property Value Units

Mass ratio contactor to solid adsorbent 1 : 1
Heat capacity solid adsorbent 890 J/kg/oC
Heat capacity contactor 850 J/kg/oC
CO2 swing capacity of adsorbent 1.5 mol CO2/kg sorbent
Temperature swing 75 oC
Heat of sorption 65 kJ/mol CO2
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ton of CO2 requires moving about 2 million m3 of air, if 50% of
the CO2 is removed, or if we want to capture 1 million tons/year,
we will be moving roughly 73,000 m3 of air per second. A typical
air velocity for capture is 5 m/sec, so we require an overall diame-
ter of 150 m through which to flow the air. This is not very differ-
ent from the diameter of a large modern wind turbine. If we assume
a pressure drop of 250 Pa and have to provide the kinetic energy
of the air, this results in a power demand of roughly 20MW, which
translates to 150 kwhe/ton of CO2. This is of order of magnitude
$10/ton, which is a relatively modest cost and is significantly lower
than the energy required for the CO2 desorption as calculated above.
The key is thus to keep pressure drops in the 100’s of pascal range
to avoid excess energy cost and the need for high power fans, or
worse, compressors. For low pressure drops at these velocities the
contactor will need to be short, the porosity reasonably high, and
the auxiliary pressure drop through any associated equipment mini-
mized. This pressure drop consideration is balanced by the need to
provide high levels of mass transfer area per unit volume, which is
needed to increase the productivity of the system via increases in
the mass (and heat) transfer rates.

The transport limitations are different for liquid vs solid contac-
tors. To illustrate this point we will examine the transport processes
for two systems that have been described in the literature [15,22],
the alkali based liquid absorption system and the polyamine solid
adsorbent system.

The transfer processes for KOH solution absorbents were ana-
lyzed by Holmes et al. [15]. The key result was that the rate of trans-
fer across the liquid film is of order 1 mg m2 sec1 and that each
kilogram of solution absorbs 20g of CO2 before returning to regener-
ation. The capture flux, adapted from [15] is given in Eq. (1):

(1)

The quantities in this equation are copied from [15] and given in
Table 2 below.

As an example of a solid adsorption process, Kalyanaraman et
al. [22] developed an adsorption/desorption kinetic model to de-
scribe the mass transfer of CO2 within PEI-functionalized cellulose
acetate/silica hollow fibers. This model was based on two different
amine adsorption sites on impregnated PEI where the ratio between
exposed amines to the total amine sites on aminopolymer chains
depends on amine loading of the fiber sorbents. It uses the stan-
dard linear driving force model for CO2 mass transfer, and so the
rate decreases as the solid sorbent becomes saturated with CO2

during the adsorption. It is assumed that CO2 mass transfer is the
rate limiting step rather than CO2 chemisorption reaction rates on
amine-functionalized adsorbents.

To compare this approach with liquid systems we adopted a
hypothetical laminate contactor where a porous laminate sheet has
embedded porous silica particles with impregnated aminopoly-
mers, leading to a series of mass transfer resistances. The channel
is formed from two parallel sheets having an air channel length of
0.3m and spacing of roughly 3mm. The amount of CO2 captured
by the laminate contactor at any given time and point in space is
also given based on the linear driving force approximation.

(2)

Here, Kov is the overall mass transfer coefficient and qeq is the equi-
librium CO2 capacity at given temperature and CO2 partial pres-
sure of the flowing air at the point in the contactor. Therefore, to
zeroth order, capture flux is given in the equation below.

(3)N  CO2
u 1 eâd
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q
t
------  Kov qeq   q t  
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Table 2. Parameters for alkali absorption process [15]
Quantity Value Units Description (value used for calculating N)
N 1.05×103 kg/m2/sec CO2 capture flux, m2 is the inlet area
CO2 7.3×104 kg CO2/m3 air Density of CO2 at 400 ppmv
u 1-2 m/sec Velocity of air (2)
 0.8 -- Packing efficiency

210 m2/m3 Specific surface area of packing
d 5-15 m Depth of packing (10)
KL 1.5×103 m/sec Liquid phase mass transfer coefficient

â

Table 3. Parameters for solid adsorption process mass transfer analysis
Quantity Value Units Description
N 4.39×102 kg CO2/m2/sec CO2 capture flux, m2 is the inlet area
MWCO2 44.01 kg CO2/kmol CO2 Molecular weight of CO2

sorbent 600 kg sorbent/m2 sorbent Sorbent density
u 2-5 m/sec Velocity of air (2)
As 3.33 m2/m3 Inlet area of a channel normalized by the sorbent volume
L 0.3 m Channel length
kg 3.60×102 m/sec Gas convective mass transfer coefficient
Kov 2.03×103 sec1 Overall mass transfer coefficient
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Since the CO2 mass transfer is the rate limiting step in CO2 ad-
sorption, the capture flux is based on the inlet area of the air chan-
nels (As). The quantities used in the calculation are given in Table 3.

The CO2 capture flux in fresh sorbents across the laminate sur-
faces is of order of 44 mg m2 sec1, which is larger than the liq-
uid film absorption at the same air velocity, assuming that the air
has a constant concentration of CO2. Note that as a result of the
faster CO2 mass transfer and higher specific surface area of the
solid contactors, the contactor length is smaller in solid contactors
than liquid contactors (0.3 m vs. 10 m), which has the simultane-
ous beneficial effect of lowering the pressure drop.

However, it should be recognized that this is an upper bound
on the capture flux: the channel does not see 400 ppm concentra-
tions combined with a zero loaded sorbent along its entire length
at all times. Instead, a CO2 concentration front moves along the
length of the channel during CO2 adsorption and the sorbent be-
comes nearly saturated behind the front leading to a near zero flux
for those parts of the channel later in the cycle and lower fluxes
ahead of the front due to lower CO2 concentrations. This implies
that we should adopt relatively short cycles for the adsorption
where possible to avoid having some parts of the channel material
sit idle for long periods. Table 4 shows the approximate driving force
for CO2 adsorption at different points of time and space during
the adsorption process and the resulting capture flux. Since the
CO2 adsorption in solid-supported amine sorbents is a CO2 diffu-
sion-limited process, thus time-dependent, a system of partial dif-
ferential equations (PDEs) should be numerically solved to describe
the CO2 adsorption process accurately. However, even this zeroth
order level of analysis clearly shows that solid contactors offer poten-
tially higher rates of adsorption compared to liquid films with alkali
absorbents as currently deployed.

CONCLUSIONS

If we are serious about keeping atmospheric concentrations
within a band of 400 to 500 ppm, we are certain to need some form
of negative emissions technologies, and it is likely that for hard to
decarbonize sectors there may be no other alternatives. Other NET’s,
such as BECCS, ocean carbon sequestration and mineralization
will play a role: we will need all our tools to meet ambitious cli-
mate targets. DAC offers a scalable alternative with lower spatial
footprint and the ability to leverage our existing energy systems
through natural gas and heat integration that offer significant advan-
tages over these other alternatives. DAC presents a technological
challenge that chemical engineers are uniquely equipped to solve
with their knowledge of transfer processes and reaction engineer-
ing, combined with process engineering to synthesize effective sys-

tems. Many opportunities remain for research and innovation in
DAC approaches, and we hope this perspective will provide some
useful guideposts.
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