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ABSTRACT

Current decarbonization efforts are falling short of meeting the net-zero greenhouse gas (GHG) emission
target, highlighting the need for substantial carbon dioxide removal methods such as direct air capture
(DAC). However, integrating DACs poses challenges due to their enormous power consumption. This
study assesses the commercial operation of various DAC technologies that earn revenue using monetized
carbon incentives while purchasing electricity from wholesale power markets. We model four commer-
cial DAC technologies and examine their operation in three representative locations including California,
Texas, and New York in United States. Our findings reveal that commercial DAC operations can take finan-
cial advantage of the volatile power market to operate only during low-price periods strategically, offer-
ing a pathway to facilitate a cost-efficient decarbonization transition. The ambient operational
environment such as temperature and relative humidity has non-trivial impact on abatement capacity.
Profit-driven decisions introduce climate-economic trade-offs that might decrease the capacity factor
of DAC and reduce total CO, removal. These implications extend throughout the entire lifecycle of DAC
developments and influence power systems and policies related to full-scale DAC implementation. Our
study shows that DAC technologies with shorter cycle spans and higher flexibility can better exploit
the electricity price volatility, while power markets demonstrate persistent low-price windows that often
synergize with low grid emission periods, like during the solar “duck curve” in California. An optimal
incentive design exists for profit-driven operations while carbon-tax policy in electricity pricing is coun-
terproductive for DAC systems.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering
and Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Gt-CO, net removal by 2100 for every 0.1 °C overshoot [1].
Depending on the chosen scenarios, up to 30 Gt-CO, of negative

1.1. Background and motivation

Current decarbonization efforts are failing short in meeting the
net-zero greenhouse gas (GHG) emission target, and studies have
shown that the most likely approach will be to overshoot 1.5 °C
target followed by more intensive CO, removal from the atmo-
sphere [1-4]. Yet, the scale of potentially required carbon dioxide
removal (CDR) deployment is enormous, ranging from 160-370
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emissions per year will be required to balance the global carbon
budget [5].

Direct air capture (DAC) is among the most scalable technolo-
gies for significant CO, removal [6,7]. It extracts CO, from ambient
air (Fig. 1), while captured CO, can be stored geologically or min-
eralized for permanent removal (> 10 000 years) [8], or utilized
as a carbon feedstock for synthetic fuels [9], chemicals [10], and
building materials [11] to support a circular carbon economy.
Among different DAC design concepts, adsorption-based design
using solid sorbents offers the advantages of low regeneration tem-
perature (< 100 °C) [7,12,13], flexibility with cyclic operation
[14,15], and modular design for scalability [16,17]. During the
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Fig. 1. DAC system schematic and process explanation. (a) Temperature swing adsorption DAC system schematic, where sorbent material is cycled between adsorption and
desorption of CO,. During adsorption, ambient air is filtered through the sorbents, releasing CO,-lean air. In the desorption phase, captured CO, is released from sorbents for
storage or utilization. Reproduced from Ref. [ 18] with permission. (b) The rates of adsorption and desorption are frequently non-linear with the state of CO, saturation, where
a high CO, saturation level will make adsorption slower but desorption faster, a low CO, saturation level inversely. The dashed line denotes the full-cycle DAC adsorption-
desorption operation, while the solid line illustrates potential accelerated operation, which entails a minor sacrifice in CO, removal per cycle but significantly reduces the

overall time.

adsorption and desorption cycles for DAC system regeneration, the
rates of CO, capture and release exhibit nonlinearity depending on
sorbent’s state of saturation and the cycle time is highly sensitive
to different sorbent materials and operational decisions (Fig. 1
[18]). This allows for optimization opportunities in the DAC sor-
bent selection and operations and potential to achieve greater
net CO, removal. Also, compared to liquid solvents like potassium
hydroxide (KOH), solid sorbents provide wider design flexibility,
allowing for potential customization of sorbent material proper-
ties, such as cycle time and temperature preferences [19,20].

While technological advancements and scalability of DAC sys-
tems are progressing rapidly, the challenges related to its economic
efficiency and energy supply have become increasingly pro-
nounced. Every gigatonne of CO, removal using DAC requires
167-305 TW-h of electricity (even after future technical improve-
ment), potentially increase by 6-7 times with heating electrifica-
tion, and costing hundreds of billion dollars [7,12,21]. In
comparison, 1% of global total electricity generation in 2021 is
280 TW-h [22] and 1% of global gross domestic product (GDP) in
2021 is 968 billion dollars [23]. Such extensive power consumption
is unlikely to be operated outside the supply—-demand balance in
power market, whose costs rely solely on subsidies funded by tax-
payers. Due to its enormous potential scale, DAC’s energy demand
could place a significant burden on the economy—particularly if it
is planned or operated inefficiently, leading to both economic
losses and additional GHG emissions from energy use. A recent
study [24] calls for a more realistic analysis for commercial CDR
deployment, considering scaling, energy, location, and cost in more
practical ways.

1.2. Literature review and research gap

Previous studies on the economic efficiency and GHG life cycle
assessment (LCA) of DAC have shown that a grid-connected system
is sensitive to the fossil electricity mixture, greatly affecting its
capture efficiency and potentially lead to net CO, emissions rather
than removal [25,26]. These studies are generally based on average
electricity price and emission intensity assumptions, seldom
include renewable profiles [27], and not considering temporal
volatility in electricity price and emission as shown in Table 1
[12,13,21-25]. These assumptions are based on constant DAC
operations—approximately 100% capacity factor—and thus exclude
potential operational optimization. Typically, techno-economic
analyses focus on minimizing system costs to achieve specific

CDR targets without accounting for the utility of individual DAC
systems as autonomous agents. However, for commercial DAC pro-
jects, it is more rational to also consider the DAC system operator
standpoints, who are profit-driven, especially when upfront invest-
ment is substantially made through private funding sources [28].
Commercial operations are also subjected to high price volatility
introduced by large expansions in renewable power supplies
[29]. A well-known example is the “duck curve” observed in Cali-
fornia (CA) due to high solar generation during the daytime
[30,31]. The real-time price in power markets updates sub-
hourly, CA and New York (NY) update the prices every 5 min
[31,32], and Texas (TX) every 15 min [33], and both price and emis-
sion intensity change rapidly. Intuitively, while exposed to market
volatility without a minimum CO, removal constraint, DAC opera-
tions may be expected to accelerate when the power price is low
and reduce or shut down when the price is high. Additionally,
DAC operations are sensitive to ambient temperature and relative
humidity while different types of DAC systems have different pre-
ferred environments [34,35]. These characteristics point to the
need for site-specific DAC operation modeling with higher
resolution.

1.3. Contributions

Based on the review over existing literature and research gap,
our contributions are presented:

Profit-driven optimization from DAC system perspective. Our
model optimizes DAC system operations with a profit-
maximization objective, thereby capturing the realistic behavior
of these systems under conditions of price volatility and evolving
policy environments/penalties (e.g., incentives and carbon taxes).

High and flexible temporal resolution. Our model employs a
5 min temporal resolution, matching the electricity market price
data, which can be flexibly aggregated to lower resolutions with
corresponding adjustments to the DAC parameters. Our analysis
reveals that certain temporal dynamics are critical and can only
be observed at high temporal resolutions.

Spatial and ambient environment sensitivity. We analyzed
three representative United States electricity markets—NY, CA, and
TX—each characterized by distinct price profiles driven by different
dominant renewable energy sources and unique ambient conditions
(e.g., temperature and relative humidity) that significantly influence
DAC operations. Our findings indicate that optimal DAC siting
may be even more critical than engineering improvements.
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Table 1
Comparison of existing literature on DAC economics and performance modeling.

Reference Method Electricity LCAand DAC Ambient
price emission operator sensitivity
volatility ~ tracking  profit

[12] Techno-economic analysis for both high-temperature and low-temperature DACs, including fully X X A X

electrified scenarios

[13] Comparative techno-economic analysis of three DAC technologies, including ambient sensitivity and x X A %4

cost analysis

[21] Global LCA of DAC with multiple layouts; ambient temperature included for optimal DAC siting with ~ x %4 X %4

maximum climate impact

[22] Cost-optimized DAC-energy analysis using full hourly and high-spatial-resolution energy system X I A X

transition modeling

[23] Techno-economic analysis of DAC with CO, utilization, including net present value and levelized cost  x X v X

analysis

[24] Inter-model assessment using two integrated assessment models (IAMs) to explore DAC deployment  x v A X

scenarios and mitigation impacts

[25] Generation capacity expansion optimization model integrating flexible DAC operations and ambient ~ X A »

condition response

This paper Profit-maximizing DAC operation optimization using high-temporal-resolution electricity price v v v v

volatility, carbon intensity, and ambient sensitivity across multiple DAC technologies and sites under

different policy incentives

~ means DAC operation flexibility is added but not dynamically respond to electricity price volatility. A means techno-economic analysis of average DAC cost is tracked but
the detailed financial performance of DAC system is not presented, such as dynamic operation for profit maximization; profit and cash flow with respect to given policy; and

investment return period.

Reverse engineering future DAC research and development.
Our analysis indicates that under conditions of highly volatile elec-
tricity prices, carbon intensities, and ambient environments, flexi-
ble DAC operation/capability is not only strictly preferred but also
offers significant utility—highlighting a previously underestimated
research direction for future DAC system research and
development.

2. Models

There are primarily two types of operations for different DAC
systems: cyclic and continuous. In cyclic systems, typically low-
regeneration temperature sorbents (100 °C), a stationary chamber
holds the sorbent material, which undergoes adsorption-desorp-
tion cycles through variations in temperature, pressure, humidity,
or a combination thereof (e.g., temperature-pressure swing
design). In contrast, continuous systems typically employ a mate-
rial loop for high regeneration temperature solvents (800 °C for
CaCOs regeneration), where sorbent or solvent materials are con-
veyed between different pieces of equipment for each process step.
Although the materials in continuous systems also experience
absorption-regeneration cycles, key equipment and its energy con-
sumption—such as adsorption platforms and regeneration units—
operates continuously by constantly moving materials. This study
models both processes, with a particular focus on cyclic operation
due to its low-regeneration temperature and non-linear optimiza-
tion characteristics. Both models are presented in rigorous mixed
integer linear programming (MILP) optimization problems we pro-
pose additional strategic bidding algorithm that improves the
computation.

2.1. Cyclic model

The objective function maximizes the total profit of the DAC
operation at each time step within the horizon t € T.

maxy_ md; — C, (Paut +p vt) — Sz (1)

where 7 is the CO, value constant, including selling price, subsidies,
and carbon tax, d; is the continuous non-negative desorption
amount of the DAC system at time period t, 7td; is the total revenue
by captured (desorbed) CO,, minus the cost of power consumption

corrected by ambient conditions at each time step ,C; (Paut + P4 v,)

(where /; is the electricity price at time period t; potentially modi-
fied by CO, intensity; C; is the energy consumption correction factor
as a function of relative humidity and temperature; P* and P¢ are
the electricity consumption per unit time period during the absorp-
tion phase and desorption phase, respectively; u, and »; are binary
variables), minus the cost of material consumption (sorbent degra-
dation and replacement and fixed operation and maintenance
(0&M)) for switching cycles Sz, (where S is the switching cycle cost
associated with sorbent material consumption and z; is binary vari-
able). The fixed material replacement cost is effectively scaled pro-
portionally with the operating capacity factor, reflecting a linear
relationship of utilization on sorbent/solvent lifetime.
Binary constraints for absorption/desorption status:

u+v, <1 (2)

where the DAC system can only be either adsorption or desorption
at one time period t, but it can be neither absorbing nor desorbing
(i.e., staying idle). Absorption and desorption rate (using inequality
here to avoid contradiction with binary constraints, which is relax-

ation of the constraints) are subjected to state-of-saturation X (the
maximum available DAC capacity) correct to model the nonlinear
behavior. Specifically, only adsorption (capture) process is corrected
by ambient condition #? of each time step, where desorption is a
controlled high-temperature process that is not affected by ambient
condition:

ar < n; (B} + B3Xe) 3)

d; < ﬁ? + ﬁgxr (4)
Additionally, the absorption rate and desorption rate shall be

bounded by the binary variable for each as well.
a; < Mu, (3)

di < My, (6)
where 7¢ is the adsorption rate correction factor as a function of rel-
ative humidity and temperature; g] and f3 are the first-order and

second-order coefficient for absorption, respectively; ¢ and 3 are
the first-order and second-order coefficient for desorption,
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respectively; a; is the continuous non-negative absorption amount
of the DAC system at time period t; X, is the continuous non-
negative state-of-saturation capacity of the DAC system at time per-
iod t; M is a sufficiently large number which does not bind the
absorption and desorption rate if u, and v, are 1.

State-of-saturation capacity of DAC system updates with
absorption/desorption rates:

Xt —X[,] = at - dt (7)

where the change of state-of-saturation between time periods
equals: adding absorption or subtracting desorption.

0<X, <X (8)

where the state-of-saturation is always lower bounded by 0 (non-

negative), and upper bounded by declared maximum capacity X.

Switching cycle constraints model the cost of each cycle, this
includes cost of degradation of sorbent materials and fixed cost
for regeneration heat supply. The initial state of the sign-variable
equals indicating cycle switching is zero.

ko =0 (9)

The following constraints allocate idle states as continuing of
the previous adsorption/desorption process, thereby ensuring that
such states do not trigger cycle counting:

~M(1 - k) < key + (ue — v) — 0.5 (10)

Mk; > k1 + (us — ;) — 0.5 (11)

where k; is the binary sign variable used to facilitate calculation
of z; by detecting status changes at time period t.

The solution matrix for k; cross all possible combinations of
sign-function is presented in Eq. (12). It logically interprets the idle
status as continuation of the ongoing adsorption/desorption pro-
cess, rather than triggering a new cycle that consume material
lifespan and incur cost:

0
kt:{]

Then the sign binary variable k, can be used to determine the
binary cycle counting variable z;:

Ze > ke — ke_q (13)

(ifu, — vy = -1, oru, — v, = Oandk, ; =0)

12
(ifu — vy = +1, oruy — v, = Oandk, 4 =1) (12)

where z; will be minimized in the objective function that only when
kk=1and k,_; =0, z, = 1.

The above formulation summarizes the optimization frame-
work of the DAC system using the temperature-pressure-swing
DAC technology (all three cyclic DAC technologies tested in this
paper). In practice, the DAC input parameters (f values) including
the piecewise linear approximation for absorption and desorption
rate using quadratic coefficients will be determined by different
DAC specifications. For cyclic DAC systems, which naturally alter-
nate between adsorption and desorption modes, minimum stable
load, ramping rates, and on/off cycle limits are not applicable.

2.2. Continuous model

The variables definition is consistent with the cyclic DAC MILP
settings.

max " ndii — 4cPf - Sed; (14)
t

where 7td; is the total revenue corrected by ambient environment
conditions #? minus the cost of power consumption

Engineering xxx (XXXX) XXX

At <Paut+der> and non-electric operational cost S.d; (S. is the

continuous operation cost per unit desorption, which include both
thermal energy cost and solvent material consumption). The correc-
tion of ambient condition is applied on desorption directly as a con-
tinuous process is assumed to seamlessly desorb the CO, instantly
after adsorption.

For continuous DAC, the operational flexibility is determined by
two constraints. The first one is on/off limit constraints:

Ve —Zt = Wr — Weq (15)

Ve—z <1 (16)

where w; is the binary on/off status of DAC, y, and z indicating
switching on and off status of DAC.

1
S +z) <K (17)
i=1

meaning the total times of switching on or off during the horizon
(ie1,2,..,1)is limited by maximum flexibility index K. In practice,
I =288 =24 x (60/5) 5-min time-steps leading to 1 day horizon,
meaning the continuous DAC can maximum turn on/off by K times
in one day.

The second one is min/max rate constraints:

dw; < d, < dw, (18)

the capture rate of CO, d, is limited between min/max capture
rate, and we use 80%-100% as presentative knowing this might
vary for different technologies. Accompanied with the power con-
sumption constraints:

d_
|y 19
(=7 (19)

where the actual power consumption Pf is the fraction of nominal
power consumption for capture P

2.3. Abatement accounting

Eventually, the net-CO, removal is calculated by summing the
total desorption and subtracting the emission from power con-
sumption: emission intensity et times power consumption.

CO5™ = >~ de — e (Puc + Por) (20)
t

where e; is the electricity CO, intensity at time period t.
CO, capture efficiency is defined by net-CO, removal over total
captured:

oy

Neo, = S d; (21)

2.4. Strategic bidding algorithm

The computational burden of both DAC MILP models is expen-
sive, where a 1-year rolling-horizon optimization generally takes
4-8 h for cyclic model and 1.5-2.0 h for continuous model. We pro-
pose a strategic bidding algorithm for cyclic DAC operation that
improves the computational efficiency and simulate the actual
DAC system behavior. Based on the MILP benchmark using deter-
ministic price scenarios, we empirically extract operational
insights such as bidding thresholds based on market clearing hori-
zon (typically 1 day) and operate with the following logic:
{Activate if A¢(t) < Jopt

Idle otherwise (22)
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when active during low-price period, the DAC system will peri-
odically adopt adsorption-desorption cycles between the pre-
determined depth:

c1 X < X; < c; Xwhere c; and ¢, can be learned statistically from
observing rigorous MILP results (Fig. 2 for the workflow).

The proposed strategic bidding algorithm offers several advan-
tages (Table 2):

Realistic bidding strategy. It simulates a scenario in which a
DAC system submits a demand bid to a power system operator,
expressed as a price threshold: If the actual electricity price
exceeds the bid, the system remains idle; if the price falls below
the threshold, the DAC system operates. This is a more realistic
market representation than the theoretical MILP optimum.

Near-optimal performance. It exhibits near-optimal
performance—approximately 90% of rigorous MILP results in most
cases—and maintains stable solutions even under negative or mar-
ginal profit scenarios.

Interpretability. It provides clear and simple operational guide-
lines for the DAC system by defining electricity price cut-offs and
identifying the optimal state-of-saturation depth for the specified
technologies.

Computational efficiency. It enhances computational speed by
a factor of 1500-3000, reducing the optimization process to
approximately 10 s for a one-year optimization. Essentially, the
optimization problem is reduced to a single variable, gy, as
opposed to managing hundreds of variables, including binary ones.

To address potential feedback effects of DAC operations on mar-
ket prices, we provide a comparison between the price taker
assumption presented here and price influencer cases using inte-
grated DAC + WECC power market simulation results. We find that
from the kiloton to hundred-kiloton scale, these feedback effects
remain manageable, while strong feedback appears when DAC
deployment reaches the scale with gigawatt level peak load (Mt-
C0,-a~! scale or higher).

Engineering xxx (XXxX) XXx
3. Trading-off CO, removal with economic efficiency

Our objective is to compare commercially deployable DAC tech-
nologies utilizing electricity as the primary energy source. We have
chosen three sorbent DAC technologies and KOH liquid solvent sys-
tem for comparison for their technical maturity and data availabil-
ity (especially in cycle time and operational flexibility).

Metal-organic framework (MOF): a family of novel solid por-
ous adsorbents with fast cyclic operation, and potentially low
CAPEX. Energy consumption is relatively high but rapidly improv-
ing through innovation. Challenges include sorbent material costs
and unknown lifespan for synthesis on a large scale [36,37].

APDES-NFC-FD (AN): a type of commercialized amine-
functionalized sorbent, cyclic operation. Very efficient in energy
and material cost with much less sorbent consumption per ton
CO, captured. Higher CAPEX, moderate flexibility in cycle time
[38,39].

SI-AEATPMS (SA): a type of early commercialized amine-
functionalized sorbent, cyclic operation with very high sorbent
consumption per ton CO, capture. Expensive and inflexible opera-
tions with long cycle time. Used as a comparison benchmark
[38,40].

KOH liquid solvent: a commercialized continuous operation
DAC by looping KOH liquid solvent. The regeneration temperature
is high at about 800 °C. Expensive in CAPEX and energy intensive
for high temperature solvent regeneration [13,41].

All cyclic solid sorbent DAC technologies require nearly the
same desorption-regeneration temperature (100 °C), but larger
differences in costs, cycle times, and energy consumption: Table 3
shows the technical parameters of the four DAC technologies and
Table 4 shows full-year baseline simulation results for three
selected power markets. In this power system-centric study, we
assume that, aside from cost considerations, no operational con-
straints or geographic differentiation on thermal energy consump-

DAC-Tech Geographic
selection location
DAC system Wholesale :
parameters electricity market Climate dataset
|
Real-time price Temperature
Parameters S < : e
average emission intensity relative humidity
MILP perfect-prediction < D(:ta p{:;es:rir;lg
benchmark 5 min resolution time series ‘ Jaite
resolution)
lOptimaI results
Empirical extraction Strategy Strateaic biddin Strategy WECC simulation
(e.g., operational bound, Al gorithm 9 (DAC + power market
optimal price threshold) 1st validation 9 2nd validation integrated simulation)
DAC operation decisions DAC investment decisions
(e.g., on/off control, profit, Decisions (e.g., DAC-Tech choice, siting,
net-CO, removal, efficiency) making investment return period)

Fig. 2. Modeling framework: data and process flow schematic. The schematic shows data/parameter sources and selection, preprocessing steps, and validation and results for

the DAC-power market analysis. WECC: Western Electricity Coordinating Council.
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Table 2
Representative one-week comparison of the MILP benchmark and the custom bidding strategy for metal-organic framework (MOF) operation in CA.
Method Run time (s) Profit (USD) Removal total (t) Removal net (t) Cycle
MILP 566 1589 80.1 59.2 101
Bidding 0.23 1550 86.3 66.3 108
Table 3
DAC technology parameters and modeling assumptions.
Technology Cycle time (h)  Energy consumption (MW:h per ton-  Cycle cost/OPEX excluding Same investment plants
CO, captured) electricity cost (USD per ton-
CO, captured)
Electricity-  Electricity- Thermal Thermal Sorbent/ Total CAPEX (USD- Investment Lifetime  Capacity
adsorption  desorption solvent (ton-CO,-a)”")  (million USD)  (a) (ton-
material COya™)
MOF 1.46 0.642 0.097 3.15 75.60 40.00 11560 88 10.5 20 6000
APDES-NFC-FD  9.53 0.300 0.060 143 34.32 7.70 42,02 214 10.5 20 2453
SI-AEATPMS 89.2 0.357 0.071 1.89 46.36 168.00 21336 221 10.5 20 2357
KOH Continuous 0.300 0.200 2.25 54.00 20.00 74.00 609 10.5 20 862

Comparisons among various DAC technologies are grounded in a uniform initial investment of 10.5 million USD per plant, with plant capacity (ton-C0O,-a™!) derived from
CAPEX and lifespan considerations, excluding financial assumptions. Thermal energy consumption is fixed, whose cost is included in cycle cost without modeling the
temporal volatility.

Table 4
Comparison of profit-maximization operation and full-capacity operation with different DAC technologies.

Technology Capacity factor Profit (x1000 USD) Net-CO, removal (ton-a™') CO,, capture efficiency

NY CA TX NY CA TX NY CA TX NY CA TX
Fall-capacity operation
MOF 100% 100% 100% -52 —65.0 13.1 4434 4553 4104 74% 76% 68%
APDES-NFC-FD 100% 100% 100% 3339 325.8 3373 2205 2224 2152 90% 91% 88%
SI-AEATPMS 100% 100% 100% -100.9 -108.6 -97.3 2076 2099 2016 88% 89% 85%
KOH 100% 100% 100% 82.8 79.2 84.8 738 741 712 86% 87% 83%
Profit-maximization operation
MOF 64% 50% 70% 949 153.5 127.3 2,919 2,408 2,982 76% 80% 70%
APDES-NFC-FD 98% 98% 98% 333.7 327.5 342.2 2,165 2,177 2,112 90% 91% 88%
SI-AEATPMS 0% 9% 0% 0 2.5 0 0 197 0 N/A 92% N/A
KOH 99% 94% 98% 83.9 82.2 88.3 731 707 703 86% 87% 83%

All results are 2022 full-year cumulative with respect to the power market with incentive selling price = 200 USD-(ton-CO,)~'. Power markets properties: average price is CA
(70.0 USD-(MW-h)™"); NY (60.8 USD-(MW-h)~"); TX (57.5 USD-(MW-h)~"). Average electricity CO,-intensity is CA (0.26 ton-CO,-(MW-h)!); NY (0.28 ton-CO,-(MW-h)™"); TX
(0.35 ton-CO,-(MW-h)™!). Dominant low-carbon power is CA (solar); NY (hydropower and nuclear); TX (wind). All CO, removal results in this study are net-removal, meaning

electricity emissions are subtracted and capture efficiency is reported.

tions are applied. We simulate each technology using 2022 elec-
tricity prices from the NY, CA, and TX power markets (NYISO,
CAISO, and ERCOT respectively), represent the three grid intercon-
nection areas in the United States: Eastern, Western, and TX. We
use average emission signal published by Independent System
Operators (ISOs) for optimization as these are used as the primary
indicator for measuring carbon emission intensity [42].

The comparison between profit-driven and full-capacity models
for different DAC technologies unveils a non-intuitive outcome:
increasing CO, removal does not always translate into higher prof-
its for DAC operators. MOF technology offers more CO, removal for
larger plant capacities but is less profitable than AN technology. A
profit-driven MOF technology offers the flexibility to avoid high-
price periods, reversing non-profitable NY and CA cases profitable,
and enhances economic efficiency in TX by 10 times. Profitability
enables earlier deployment within each power market and policy
framework. DAC operations may benefit by remaining idle and
reducing their CO, removal efforts during certain periods. At full
capacity, DAC systems could be unprofitable in the same market
and under the same incentives, making such projects unviable.
Investors may opt for more efficient and profitable technologies
with smaller plant capacity and operate it profit-driven which
reduces CO, removal. The outcome points to an economic-climate

trade-off: from DAC system perspective, increasing economic effi-
ciency may reduce net CO, removal.

4. Power market and environmental implications
4.1. Annual temporal behaviors

A more detailed look at the annual temporal behavior in differ-
ent locations explains the economic-climate trade-offs. By using
the MOF and KOH technologies as an example, the distributions
of net-CO, removal (Fig. 3) is negatively correlated with electricity
price across different markets, and consistent across DAC technolo-
gies. Results show a strong seasonal pattern. NY performs best dur-
ing spring and fall when prices are low due to low heating and
cooling demands [32]; CA has its worst period in November and
December due to the price surge caused by unexpected cold waves
[31]; while TX shows summer is the worst season due to its high
cooling demand and low wind profile [33]. The seasonal price pat-
tern is driven by supply-demand balance of electricity, fundamen-
tally determined by climate patterns such as temperature and
relative humidity. The impact of climate on DAC technology selec-
tion is non-trivial: D different DAC technologies have different
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Fig. 3. Annual wholesale electricity price profile and monthly DAC net-CO, removal: (a) cyclic operation MOF of (i) CA, (ii) NY, and (iii) TX; continuous operation KOH of (i)
CA, (ii) NY, and (iii) TX. Red and green bar represents CO, abatement loss and gain due to ambient temperature and relative humidity change compared to baseline lab
environment shown as the blue bar. The actual abatement volume is blue +green or -red bars with gap as large as 30%. Incentive selling prices of 200 USD per ton-CO, for MOF
and 100 USD per ton-CO, for KOH are chosen such that they equal the sum of non-electricity operating costs and the product of each system’s bidding threshold with its
power consumption, making both technologies marginally profitable. This comparison shows that, despite their different cost structures and modeling approaches, different
DAC technologies exhibit qualitatively similar dispatch behavior in response to electricity price profiles when operating near their marginal profitability threshold. Net-CO,

removal is assessed using daily averages within each month.

preferred climate conditions; @ the climate impact can be both
positive and negative, causing gain or loss in abatement capacity.

4.2. Daily temporal behaviors

We examine the hourly resolution profile from daily average
price (aggregated from 5 min resolution) for DAC operations and
sheds light on the divergence between monthly profits and CO,
removal in different states. CA shows a distinct duck-curve daily
pattern that prices are significantly lower during the day (Fig. 4),
while in NY and TX, the wholesale electricity prices are relatively
stable within a day, showing a typical 2-peak profile [43]. As a
result, DAC systems in CA would operate at a high-capacity factor
during the daytime while remaining largely idle in other periods.
Notably, the daytime price in CA is often near zero or even negative
during spring months (April-July) when the cooling demand is also
low, yielding large profit potential despite the net CO, removal
being lower than in NY or TX. This example shows how DAC oper-
ations could benefit from additional renewable deployments

which increase grid volatility but contribute to more low-price
intervals. Regional climate conditions cause significant capture
reduction for NY, while TX favoring KOH than MOF. DAC operations
are relatively insensitive to CA’s climate conditions for both tech-
nologies. Different DAC technologies exhibit varying sensitivities
to ambient temperature and humidity. Sorbent-based systems
(e.g., MOF) perform best in temperate, low-humidity environ-
ments, as water vapor interferes with CO, adsorption and high
temperatures weaken binding strength. In contrast, KOH-based liq-
uid solvent systems benefit from hot and humid climates, where
water availability and elevated temperatures enhance CO, absorp-
tion efficiency by forming Ca(OH),. Ambient temperature-humid-
ity corrections generally act as efficiency adjustments, affecting
about 5%-20% of net CO, removal. However, when conditions
reach tipping points (e.g., KOH technology in NY during nighttime),
they can flip profitable operations into losses, leading to large
uncertainty in optimization outcomes.

Cumulatively, CA surpasses TX as the most profitable location
for DAC deployment, followed by NY, despite its highest average
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Fig. 4. Daily wholesale electricity price profiles and DAC hourly operations: (a) cyclic operation MOF of (i) CA, (ii) NY, and (iii) TX; continuous operation KOH of (i) CA, (ii) NY,
and (iii) TX. Red and green bar represents CO, abatement loss and gain due to ambient temperature and relative humidity change compared to baseline. Incentive selling
price = 200 USD per ton-CO, for MOF and 100 USD per ton-CO, for KOH, consistent with each technology’s techno-economic analysis cost result, making them marginally
profitable using average electricity price. Averaged across all days in the full-year period.

electricity price and lower net-CO, removal. A strong positive cor-
relation between monthly profit and CO, removal is observed in
NY and TX which grow proportionally by using 50-70 USD-
(MW-h)~! fixed electricity price (Fig. 5). However, the most prof-
itable season in CA (April-July) does not provide the highest CO,
removal, and it uses essentially free electricity. For January-March,
profits and CO, removals in CA are similar to NY. In summary, local
demands such as heating/cooling and load-following power ser-
vices strongly affect the power system pricing and resilience. These
factors need careful consideration if DAC systems are to be
deployed at a large scale.

4.3. Importance of temporal resolution

Figs. 3(a-iii) and (b-iii) show that aggregating daily results to
monthly averages can mask important details. For TX, July’s aver-
age price is inflated by some expensive days, even though 8 days
had prices below 60 USD-(MW-h)~!, keeping DAC marginally prof-
itable for operation. In contrast, all 31 days in August had prices
above 60 USD-(MW-h)~! but don’t have any extreme high price
outliers, making DAC operations largely unprofitable for all days
and reducing its capacity factor to near O (Fig. S3 in Appendix A).
This mismatch underscores that high temporal resolution analysis
is essential for accurately capturing power market volatility and
guiding DAC operations.
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Fig. 5. MOF DAC monthly economic-climate trade-off for profit-driven DAC
operation. Incentive selling price = 200 USD per ton-CO,

Flexible DAC operations for profit maximization are rational
for investments compared to full-capacity operations under
grid-average properties when incentives are not sufficiently high.
It can significantly improve profitability, turning some otherwise
unprofitable projects into viable ones and accelerating investment
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payback periods—thereby encouraging new DAC deployments. It is
also necessary to avoid possible misleading differences from using
grid-average assumptions. Marginal pricing in power markets
automatically synchronizes DAC operation with renewable pro-
files. The simultaneity can boost profit and carbon removal effi-
ciency, absorb additional/curtailed renewable, stabilizing power
prices, but limit the DAC operation with renewable capacity factor.
This approach may extend to other flexible demands, such as green
hydrogen production [44], and could motivate mobile DAC sys-
tems, like rail-based solutions leveraging different low-price peri-
ods in different markets [45]. Analyzing power market temporal
behavior further helps optimize maintenance and labor, reducing
costs.

5. Policy implications

While DAC profit maximization is rational from an economic
perspective, it’s essential to recognize that CO, differs significantly
from conventional commodities. Unlike most product economics
driven by supply and demand, the value of CO, is primarily rooted
in the urgent need to mitigate its adverse impact on global warm-
ing [46]. Although commercial opportunities for CO, utilization
such as cement [47], synthetic fuels and chemicals [48] are grow-
ing, the need to scale CO, removal have been shaped by govern-
ment regulations through national policies, rather than market
forces. For DAC operations, the profit arises only after the retire-
ment of credits in a voluntary or compliance CO, market. There-
fore, a careful policy design by optimizing the incentives for DAC
operations or imposing carbon taxes on their energy consumption,
is pivotal. Better incentive policy design can address the eco-
nomic-climate trade-off. However, applying carbon taxes to
energy consumption for DAC plants may be counterproductive.

5.1. CO, incentives

Using the CA as an example, we evaluate the four DAC technolo-
gies under different CO, incentive policies (i.e., revenues received
by selling captured CO, credits (Fig. 6)). Although very different
in assumptions, all DAC technologies exhibit a qualitatively consis-
tent trend.

All DAC technologies are assumed to have the same initial
investments of total 1.05 x 107 USD, but different CAPEX assump-
tions for each different plant (Table 3). MOF technology plant
delivers the highest net-CO, removal if the incentive is sufficiently
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Fig. 6. Annual cumulative net-CO, removal (left, solid) and CAPEX payback years
(right, dashed) for different DAC technologies with the same investment in CA
power market. The vertical dashed line highlights the current United States 45Q
legislation 180 USD-ton~"! tax credit incentive for DAC geological storage. Anchoring
points for each technology pinpoints where the incentive equals the cycle cost
(material cost + thermal cost) for each DAC technology respectively. Right y-axis
showing impact of CAPEX and capital payback years.
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high. However, its relatively high OPEX makes it less competitive
than AN technology when incentives are low. Both exceed the
net CO, removals using SA and KOH technologies which have high
CAPEX or OPEX. The net-CO, removal grows quickly beyond the
anchoring points, where the incentive equals the non-electricity
OPEX, referred as cycle cost for sorbent DAC systems. With elec-
tricity price volatility, the cycle cost sets a lower threshold for ini-
tiating CO, removal, while CAPEX defines the upper limit for the
total CO, removal capacity.

Implementing DAC operation to maximize profit is not a simple
binary decision. The amount of total CO, removal and total profit
grow gradually with the increasing CO, incentives. CO, removal
plateaus when it approaches a DAC plant’s maximum capacity,
but profit keeps growing as the incentive increase, leading to
shorter capital payback years. When incentive is sufficiently large,
low CAPEX technology pays back earlier even with lower energy
efficiency. Net-CO, removal volume is quite sensitive to the range
of incentives applied where a small change can impact CO,
removal significantly. In the United States for instance, the current
45Q legislation [49] provides a 180 USD-ton™! tax credit for DAC
with geological storage. This falls within the sensitive price range
for MOF technology (Fig. 6), suggesting a large opportunity cost:
increasing the 45Q incentive from 180 to 250 USD-ton™!' would
mean that using MOF is economically more favorable than using
AN, and approximately doubles the net-CO, removal volume.

Fig. 7 compares CO, removal and profit for each DAC technology
under different incentive assumptions. CO, removal initially
increases with greater incentives for all DAC systems. Beyond a
sharp corner point, CO, removal plateaus and additional incentive
value translates into additional profit. This corner point corre-
sponds to the optimal incentive policy design for the CO, selling
price and differs for each DAC technology. Using this information
as a tool will be helpful in designing an improved DAC incentive
policy and optimizing the economic-climate trade-offs, as well as
tracking the state-of-the-art technology.

5.2. Carbon-tax

With point-source carbon capture and storage systems (CCS),
such as power plants, applying carbon tax on energy consumption
may be a positive driving factor that encourages deployment
[50,51]. Emission baselines are positive and will be reduced for
such systems, lowering commercial carbon tax expenses and mak-
ing CCS an economically rational decision. Therefore, a carbon tax
applied in these cases can lead to net CO, reductions. For DAC CO,
removal, however, low-emission electricity consumption driven by
a carbon tax optimizes capture efficiency while sacrificing capacity
factor, and result in effectively higher electricity costs. We there-
fore consider an analysis of the effect of a carbon tax applied to
electricity consumption in DAC operations. Since a carbon tax
alters the electricity price signal but does not eliminate associated
emissions, these emissions are still accounted for in incentive pay-
ments, thereby shifting the optimization outcome; the coexistence
of both policies may reflect different valuation of CO, (in
USD-ton™!) in practice and does not introduce double counting or
conflict.

Results show that the trade-off between capture efficiency and
net CO, removal volume for DAC technologies is highly skewed,
strongly favoring higher removal volume when costs (including
taxes) are reduced. The imposition of a carbon tax on electricity
use may harm both the net CO, removal and the profitability of
potential DAC operations. Fig. 7 shows that a carbon tax always
falls within or below the raw wholesale price case for CO, removals
for all DAC technologies. While the carbon tax marginally enhances
CO, capture efficiency, it fails to compensate for the substantial
reduction in net CO, removal volume. For the MOF technology,
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Fig. 7. Profit-removal relationship and carbon-tax impact in CA power market: (a) MOF, (b) AN, (c) SA, and (d) KOH. The shaded area represents the region covered by
multiple sensitivity analyses. (b)-(d) provide a zoom-in detailed comparison. Three anchoring points (squares, triangles, and circles) indicate the optimal incentives policy at
corner points for MOF and AN technology. Optimal incentives for MOF are 250 USD per ton-CO, using wholesale electricity price, and 360 USD per ton-CO, using carbon-tax
adjusted electricity price. For AN, optimal incentives are 100 USD per ton-CO, for both with/without carbon tax cases with negligible differences between two price cases. All

prices assume the carbon-tax applied to electricity equals the incentive offered.

which has high electricity consumption, applying a carbon tax sig-
nificantly increases the needed to reach the incentive the same
optimal corner point (ie. 250 USD-ton~! increases to
360 USD-ton"!). For AN technology, with lower energy require-
ments, a carbon tax still generates lower profit and no improve-
ment in net CO, removal volume. The added cost from the
carbon tax outweighs the benefit of increased capture efficiency,
rendering the system unprofitable to stop operation and resulting
in less CO, removal instead of efficiency gain. The impact of a car-
bon tax on energy use for DAC operations is therefore negative,
irrespective of the technology used or the CO, removal incentive
offered. This means that a carbon tax on electricity use may be
counterproductive for both profitability and net CO, removal of
DAC plant operations.

Eventually, a carbon tax policy on DAC electricity usage will not
lead to more CO, removal. We suggest an exemption for DAC
plants from such taxes or equivalent spending (e.g., require pur-
chasing of renewable energy certificates (RECs)) on condition that
their capture efficiency remains reasonable, perhaps at least 75%-
80%, which should be set based on specific power market and tech-
nology requirements.

6. DAC design implications

Comparing different DAC technologies (Fig. 7 and Supplemen-
tary Information in Appendix A for more details) reveals that
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reducing system CAPEX, material costs, and cycle time has a signif-
icant impact on DAC operations.

Profit-driven operations are very sensitive to CAPEX and mate-
rial costs, offering a substantial room for improvement. DAC adsor-
bents must be durable, withstanding repeated regeneration cycles
while retaining the effective capacity over their material lifespans
[52]. Orders-of-magnitude differences in costs per ton removal
[38] and orders-of-magnitude differences uncertainty about mate-
rial resilience [37] exist for each. Additionally, CAPEX estimation is
highly sensitive to plant scale and the technology chosen, and thus
technical improvements are reported to affect performance by a
factor of 2-10 [12].

Shorter cycle times and faster adsorption and desorption rates
also improve DAC performance. Accurate cycle time assumptions
are often missing in techno-economic analysis for full-capacity
operations, and when high-resolution temporal volatility is intro-
duced, long-cycle operations may no longer remain profitable
(Fig. 8). Flexibility in cycle times may be critical as price incentives
change in different power markets. From our market integration
analysis, an ideal target for DAC development may have cycle peri-
ods of 1-2 h and cycle costs below 80 USD-ton™! of CO, captured
(not accounting for electricity cost). With new research and devel-
opment in this area, routine day-ahead power markets and hourly-
resolution dispatch prices, DAC operations may eventually be able
to work with hourly market clearing resolution with short cycle
time. In summary, reducing system CAPEX, material costs, and
cycle times has the potential to achieve the cost efficiencies neces-
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sary to ultimately accelerate DAC deployment in commercial mar-
kets [53].

7. Discussion

This paper considers temperature-pressure-swing adsorption/
desorption solid sorbent and KOH liquid solvent for a total of four
commercial DAC technologies. Our methodology is adaptable to
other cyclic or continuous DAC technologies as well, including
pressure-swing, moisture-swing approaches, as well as
membrane-based DAC systems that operates continuously. The
economic model accommodates diverse heat/electrical assump-
tions with varying cycle times and operational flexibility, facilitat-
ing both profit-driven operations and techno-economic analysis. It
can also be adapted to simulate heat electrification by aggregating
thermal energy consumptions into the desorption/regeneration
phase. Despite the significant differences in the DAC technology
parameters tested, our results exhibit consistent and robust quali-
tative trends that are broadly application across larger contexts.

Our analysis demonstrates that the integration of DAC opera-
tions with power market volatility prompts new perspectives.
For DAC system development and deployment, key implications
are: (D DAC technology development should prioritize low CAPEX
(< 100 USD-(ton-CO,-a)~!), low material costs (< 80 USD-(ton-
C0,)™), and high flexibility with shorter cycle time (1-2 h); @
DAC should connect to appropriate power markets with preferred
environmental condition such as temperature and humidity, such
as liquid solvent DAC system for TX. Profit driven operations can
lead to earlier DAC deployment with higher economic efficiency,
for example, MOF technology can increase profit > 10 times and
shorten the investment payback period by 15 years. Optimal DAC
designs should be tailored to specific climates and geographic
areas, where siting of DAC plants is fundamentally dictated by local
climate features, both the renewable profiles in the power market
and the appropriate climate conditions (e.g., temperature and
humidity). Different power markets favor different DAC technolo-
gies, and should be carefully considered in decision-making for
plant design and deployment. While this study applied ISO-based
average emission signal for optimization, recent work [54] shows
that average and marginal signals can diverge substantially, with
the marginal signal may provide a more accurate measure of incre-
mental load impacts. Exploring this distinction represents an
important avenue for future analysis.
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For policymakers, consideration of these factors for profit-
driven DAC operations may help to establish effective policies that
maximize net-CO, removal volume and assure that efficiency does
not take precedence over scale. High CO, capture efficiency and
energy efficiency at the expense of plant capacity, material lifes-
pan, operational flexibility, and economic viability are counterpro-
ductive. Good policy design prioritizes incentives that balance the
economic—climate trade-offs, which can potentially double the
MOF DAC removal if incentive is raised from 180 to 250 USD-ton™".
Carbon tax exemptions or establishing a minimum required capac-
ity factor of DAC plants for eligibility of government subsidies may
be needed. In regulated Cap-and-Trade markets, for example, prof-
itability can be boosted during high CO, price opportunities, low-
ering CO, removal costs for other carbon market participants.
Our findings apply to a carbon tax combined with net-removal
incentives, and they generally extend to variants such as tax
refunds or clean procurement requirements, provided these poli-
cies effectively changes the electricity price signals, and eventually
lead to shift of profit-max optimization results.

In marginal-price-based markets, profit driven DAC operation
will automatically avoid peak hours with high wholesale electricity
prices and absorb additional/curtailed renewables during off-peak
hours. Power system operators will benefit from such flexible DAC
operations and reduce system cost, emissions, and instability with
renewable-following DAC operations. Specifically, solar simultane-
ity suggests that the prices can be much lower than grid averages,
enabling profitability and encouraging DAC expansion. Certain
market strategies and policies might also help to increase the
DAC system capacity factors and maximize CO, removal, such as
firm power purchase agreements.

8. Conclusions

Our global energy system is currently undergoing a fundamen-
tal transformation towards a net-zero emission target. Both CO,
removal using DAC and power grid decarbonization play pivotal
roles in this transition. Given that this energy transition is antici-
pated to be lengthy and gradual, demanding an unprecedented
level of investment, it is crucial to maintain the stability of the
energy system throughout the transition period and ensure eco-
nomic viability. With profit-driven investments in technically
mature, large-scale DAC plants, operations under power market
volatility can be financially advantageous, climate beneficial, and
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allow for a smooth energy transition. Taking the DAC system per-
spective for profit driven operation will introduces an economic-
climate trade-off with implications extending throughout the
entire lifecycle of DAC system operations, reflecting efficient use
of current technologies and future technology research and devel-
opment, power markets integration, and decarbonization policy
designs. Our insights and methods open future work for potential
DAC system design and sorbent materials customization for speci-
fic power market and climate zones, and provide power market
services such as demand response. These are important topics to
a successful low-carbon integrated power-energy system.

9. Data and code availability

The original data can be downloaded from: [55] for ambient
temperature and relative humidity data, and Electricity price/emis-
sion data from official websites for NY, CA, and TX. All model and
data used can be accessed from Github.
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