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ABSTRACT

Direct Air Capture (DAC) is needed alongside other CO, removal methods to ensure that the total amount of CO4
required is removed from the atmosphere so that global warming can be limited to below 2 °. While large-scale
DAC farms are a promising solution, their high CAPEX and OPEX, along with societal concerns, may hinder
widespread deployment. This study presents a novel, modular DAC concept designed for integration into heating,
ventilation, and air conditioning (HVAC) systems of buildings. A prototype was engineered and modeled in
MATLAB to analyze key physical processes in the adsorber bed using two amine-based adsorbents. A linear
driving force model was applied to simulate mass transport, and the DAC unit was coupled with an HVAC system
in Simulink to evaluate CO: capture from indoor air. Solar thermal energy with thermal storage was defined as
the heat source. Optimization results indicate a 40 % reduction in thermal energy demand compared to separate
DAC and HVAC systems. Cold, humid air improves CO:z capture, while dry air significantly lowers the energy
demand — up to 50 % when reducing humidity from 90 % to 10 %. A techno-economic analysis suggests that
mass-produced DAC modules for HVAC systems could achieve levelized costs of DAC as low as 280 € per ton COo,
particularly when waste heat is utilized. Implementation in densely occupied buildings may yield additional
savings of up to 9 %. This work highlights the potential of HVAC-integrated DAC systems as a scalable, cost-

effective complement to centralized DAC facilities.

1. Introduction

In 2015, at the UN Climate Change Conference (COP21), 196
countries agreed to take action against the anthropological climate
change (Paris Agreement, [1]). The core action defined is the massive
reduction in greenhouse gas (GHG) emissions and ultimately the
avoidance of them altogether, in order to limit global warming well
below 2°C above pre-industrial level in the long term. For example, the
remaining carbon budget for a 50 % likelihood to limit global warming
to 1.5, 1.7, and 2 °C above the 1850-1900 level has been reduced to
65 Gt (235 Gtcoa), 160 Gtc (585 Gtgoz), and 305 Gte (1110 Gtcoo),
respectively, from the beginning of 2025, equivalent to around 6, 14,
and 27 years, assuming 2024 emissions levels [2]. Removal and storage
(Carbon Capture and Storage, CCS) of CO, from the atmosphere or point
sources can act in two ways: Net negative emissions to prevent or reverse
a possible overshoot of the emissions or allowing for net zero emissions
by capturing CO» emissions of emitters that are hard to decarbonize
resp. to compensate such emissions. Among those are emissions caused
by the aviation and transport sector (especially heavy load
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transportation, shipping, aviation) or industrial processes such as of the
cement industry. Besides, in a post-fossil economy, CO, will become a
valuable feedstock for the chemical industry, since it can serve as carbon
source for synthetic hydrocarbons, polymers, etc. (Carbon Capture and
Utilization, CCU). Thus, it is of crucial importance to capture CO3 not
only from high concentrated point sources but also from thin air [3,4].

One option is biogenic CO5 capture using plants and algae to capture
atmospheric COy and fix it in biomass. When using that biomass by
incineration or fermentation, the CO; is released again, but in a
concentrated form and can be captured from such point sources for e.g.
storage, also known as BECCS concept (Bioenergy with CCS) [5-7].
Another option is to capture the CO; directly from the air using a
so-called Direct Air Capture (DAC) technology [8].

Generally speaking, DAC summarizes all technological solutions to
separate CO5 from the air. Basic principle is that for the capturing step a
special material is used which reacts/interacts selectively with CO5 and
barely with other components of the air [9].

In the last years two types of DAC technologies have developed to-
wards higher technology readiness levels, namely high- and low-
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temperature-DAC (HT-, resp. LT-DAC) [8,10]. Since this study focuses
on DAC units integrated in HVAC systems in the near future, other DAC
options of lower technology readiness level (TRL) even though prom-
ising (e.g. electro swing adsorption [11,12]) are not considered here.

HT-DAC is based on a liquid sorbent such as potassium hydroxide
solutions forming potassium carbonate in the capturing step which
needs to be regenerated to the accordant base via a multi-step process,
partially at high temperatures (up to 900°C) [13]. High temperature
processes are inherently prone to large scales to make them efficient,
which is why the leading company in that field, carbon engineering, is
aiming to roll out the technology in one megaton per year plants [14].
Those scales are not feasible in a building environment and therefore
HT-DAC is ruled out as viably option for decentralized DAC systems
considered in this study.

LT-DAC on the other hand can be scaled rather freely. It is based on
chemisorption of CO on a solid sorbent material usually functionalized
by amine groups [15-17]. There are some studies using other sorbents
such as metal organic frameworks (MOFs), but so far no commercial
application is in sight [18,19]. The geometry and shape of the adsorber
and the active sorbent material may vary (e.g. packed bed vs. mono-
liths), but obviously in every LT-DAC system air needs to be contacted
with the solid sorbent to capture the CO,. After saturating the sorbent
material, regeneration is usually done by increasing temperature and
decreasing pressure. LT-DAC therefore is a
Temperature-Vacuum-Swing-Adsorption (TVSA) process. In the regen-
eration step, before thermal energy is introduced, the remaining air is
evacuated from the adsorber unit to avoid contamination of the CO5, to
promote desorption, and to protect the sorbent material from degrada-
tion by oxidation. Then, the system is heated up to usually around 100°C
(‘low temperature’). In practice, heat is either supplied by simply using
heating coils, or, more widely used, by steam injection, which not only
introduces heat by its high heat capacity but also by its condensation
enthalpy. In addition, steam further acts as a carrier stream for the
released CO, which, after condensing the steam, is obtained in high
purity.

LT-DAC plants are by nature modular and, thus, easily scalable. With
a nameplate annual capacity of 36,000 tons of CO2, and being currently
in commissioning and ramp-up phase, Climework’s Mammoth demon-
stration plant will be the largest LT-DAC plant [20]. Other companies
aim also for small, decentralized applications like soletair (LT-DAC in
buildings [21]) or Skytree (LT-DAC for controlled environment agri-
culture [22]).

As LT-DAC allows for simple scaling due to its modular nature, it
does not require toxic/harmful chemicals in the process, and further can
be easily automated and, thus, run safely in remote operation, LT-DAC is
the DAC concept of choice when discussing the implement into HVAC
system. Therefore, LT-DAC is set as the basis for this study, in which
focus is laid on the investigation of implementing LT-DAC into ventila-
tion systems concerning quantification of energy-related synergies and
how such a coupled system needs to be operated in order to eventually
reduce CAPEX and OPEX as compared to standalone DAC.

There has been research investigating coupled HVAC/DAC systems,
but mainly with a focus on air quality [23-25], rather than utilizing
synergies for lowering the levelized cost of DAC (LCOD). However, quite
recently there has been a comprehensive study by Xu et al. investigating
the energy savings potential of DAC integrated into the HVAC systems,
coming to the conclusion, that up to ~22 % annual energy savings with
additional carbon emissions reduction is feasible, proving the merit of
this approach [26].

The combination of such a HVAC/DAC- system with a direct con-
version of the captured CO, into hydrocarbon fuels in decentralized
plants which could then be viewed as distributed “renewable oil wells”
was proposed by Dittmeyer et al. under the name "Crowd Oil" in a
perspective article back in 2019 [27]. This paper connects to that vision
and provides technical details and cost estimates for the captured CO,.
As the initial COy concentration affects the rate of COy capture (via
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sorption kinetics), using air from buildings (usually >700 ppm CO5 and
more [28]) as a feed stream for DAC can increase energy efficiency resp.
decrease cycle time/built size as compared to systems using outside air
(~400 ppm CO> [29]). The minimal thermodynamical separation work,
i.e. the lowest possible energy demand lies at 138 kWh tcd,, for 400 ppm
and 129 kWh tgd, for 700 ppm [30], showing a substantial potential for
energy efficiency gains, if compared to current estimates for DAC energy
consumption in the range of 1300-2500 kWh t&l)z [13,30-33].

Therefore, the goal of this work lies in the thorough investigation of
the behavior of an integrated HVAC/DAC-system, identifying energy
synergies, optimal operating strategies, and the capture capacity. That
insight will then help analyzing the most important economics of the
system by calculating the LCOD, identifying the most cost-effective
versions, while also ensuring the safe and undisturbed operation of
the ventilation system.

For that matter the DAC unit itself has been modelled mathemati-
cally as a fixed bed adsorber with the regeneration being done using
direct steam injection. Further, the whole system consisting of the DAC-
adsorber, the ventilation system, the building, modules for solar thermal
heat generation and a thermal energy storage has been simulated. Using
dynamic input variables, the behavior of a real-world application has
been approximated, including diurnal variations of solar power, build-
ing occupancy and temperature. Finally, a techno-economic analysis of
such a system is done to evaluate the feasibility of its application.

2. Methods
2.1. General description of the HVAC/DAC system and assumptions made

The system considered consists of components that are already pre-
sent in a standard system of a building equipped with a ventilation
system, namely the building itself, a fan, and a control system, as well as
additional components, namely renewable energy supply via solar
thermal heat, a heat storage, and the DAC-unit (as mentioned, in the
following only LT-DAC is considered). Each component is inter-
connected as shown in Fig. 1.

Simulink is used to implement the flowsheet simulation and to
calculate the respective mass and energy streams. The DAC-module is
considered via an embedded Matlab model, which is described in Sec-
tion 2.2 in detail. All simulations have been run for 72 h simulated time,
where the first 24 h have been disregarded in the evaluation to ensure a
properly run-in time. Since the physical processes during adsorption are
comparably slow, time steps of 120 s were defined in the simulation,
while the desorption step is simulated with 5 s intervals. There are in
general two options to connect the DAC unit into the system. The first is
to set it upstream the building (light grey arrows in Fig. 1). In that way
ambient air is fed to the DAC, which is subject to diurnal temperature
variations and different humidity levels. The intake air then always has a
rather constant CO» concentration (400 ppm) and the further CO,
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Fig. 1. Schematic of the considered building integrated DAC coupled with the
ventilation system.
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depleted air is fed into the building. In this configuration, potential
deactivating substances, that might be within the buildings (e.g. in-
dustrial hall, chemical laboratories, etc.) exhaust stream, are not injec-
ted into the DAC. Additionally, the CO2 level in the building is kept
below ambient conditions, possibly benefiting the occupants’ mental
abilities. The second option is the implementation of the DAC-unit
downstream the building (black arrows in Fig. 1). In this configuration
the DAC benefits from an increased CO, concentration due to e.g.
respiration of the building’s occupants. The temperature and humidity
then remain at a rather constant level, set by the building air condi-
tioning (AC) system while CO5 concentration potentially varies over the
course of a (working) day.

The DAC unit itself consists of the adsorber module containing the
sorbent material as well as a steam cycle, that delivers superheated
steam for regeneration. Details are explained in Section 2.2.9. As
ventilation systems substantially vary in size, it is reasonable to use a
modular design, i.e. small standardized units, that can operate individ-
ually or in a larger consolidation. This would allow to use just a portion
of the ventilation capacity for the DAC retrofitting and/or to gradually
implement an ever-larger DAC-capacity.

The approach followed in this study is therefore to define a stan-
dardized HVAC/DAC-unit, further described and discussed in Section
2.2, combining the relevant infrastructure of the ventilation with an
accordantly sized DAC-module, designed to fit most commercially used
buildings. Boundary conditions, such as physical dimensions or expected
air flow rates are exemplarily taken from the existing ventilation system
of the authors’ affiliating Institute (Institute for Micro Process Engi-
neering (IMVT) at the Karlsruhe Institute of Technology (KIT, Karlsruhe,
Germany), “reference building” in the following), as all relevant infor-
mation were accessible for this study without constraints and further,
two commercial DAC modules, each with a capacity for capturing about
100 kg of CO- per day are currently being installed in the HVAC system
to provide an experimental demonstrator:

e Pressure drop: To limit the additional installation of ventilation
power to cheap axial fans or to enable the existing infrastructure to
handle the additional load, a maximal pressure drop of 150 Pa has
been set at nominal airflow. This would lead to a theoretical minimal
energy demand of 115 kWh tgdy for moving the air which is in
accordance or lower to numbers from the DAC companies [13,31].

e Adsorber bed dimensions: Because building infrastructure is usually

installed in confined spaces, the physical dimensions have to be kept

manageable. The institutes system is used as a reference and would
allow for two cylindrical packed beds with max. 3 m diameter (or
other shaped with similar area), while the length will be determined
by the pressure drop. This is an assumption based on the reference
building, as here the fresh air is provided by two separate ducts to
two equally sized parts of the building. Each duct is 1 m in diameter
and installed freely on the rooftop with no vertical obstruction and
enough free space left and right to accommodate the adsorber beds.

Unit size: For the option of mass manufacturing numerous DAC units,

a standard module fitting the reference HVAC system with its

22,000 m>h ! air flow rate, split into two stands fed with equal flow

rate (11,000 m®>h~?!) and both equipped with one adsorber bed was

defined. Higher capacities would mean further parallelization.

Capture Efficiency: Over the course of one ad-/desorption cycle a

minimal average capture efficiency ncap = 50 % must be achieved.

Further, in analogy to Ref. [27], the general potential of such a
system was assessed on the basis of (a) the landmark building “Messe-
turm” in Frankfurt am Main (Germany) denoted as prototypical “Office
Building” (OB) with a floor area of approx. 60,000 m? with 4000
workplaces and an assumed inside air volume and ventilation capacity
of approx. 180,000 m® and 1000,000 m® h™?, respectively. Besides, in
order to evaluate the effect of CO; enrichment by the occupants of such a
building, two additional use cases were considered: (b) use case of an
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open-plan office, OPO (up to 10,000 occupants representing the
maximum allowed density of workplaces in an office according to the
workplace guidelines (“Arbeitsstattengesetz™) in Germany, where the
building is situated [34]), and (c) the use case of a warehouse, WH. In all
three scenarios (OB, OPO, WH), inside temperature and humidity can be
assumed to be constant. However, in the use-case scenario OPO CO-
levels are higher than in the OB scenario and in the WH scenario no or
only a negligible number of workers are present, thus, CO, concentra-
tion is rather constant at atmospheric level. In the latter case (WH) the
DAC unit is fed by air at constant temperature and humidity levels like in
the cases of OB and OPO, but in the WH-scenario the CO5 level does not
increase inside the building, and therefore serves as a base case scenario
in terms of capacity and energy demand in this study.

The results presented in the following are always given for these
prototype buildings for which 45 of the above-mentioned standard units
(22,000 m3h~! air flow rate each) are assumed to be installed in parallel.

To increase the significance of the results, two different adsorbent
materials are considered with characteristic data taken from literature.
The primary material is a amine-functionalized nano-cellulose (NC)
from Climeworks, with data originating from a study by the company
[16], [35] and Lewatit VP OC 1065 (LW) with data from the manufac-
turer Lanxess and a study by Young et al. [36,37]. The specifics of the
adsorption process are explained in chapter 2.2 in detail.

The general cyclic operation follows a TVSA scheme and, thus, can
be divided into two major steps, (1) CO»-capture via adsorption and (2)
sorbent regeneration (i.e. CO, release), wherein the regeneration itself
consists of the three consecutive steps (2a) evacuation, (2b) steam in-
jection and (2c) cooling:

In the capture step (1), air is moved through the packed bed at the
specified volumetric flow rate. The CO5 binds covalently to the func-
tionalized groups at the sorbent’s surface and the CO2 depleted air
leaves the unit. When the adsorber is sufficiently saturated with CO, the
capture step is terminated. Since there is no straight forward way to
directly measure the CO5 content on the sorbent material itself, the CO4
concentration of the entering resp. leaving air is taken as an indirect
measure. Either a maximum outlet concentration ccog,out is defined or
the capture efficiency 7cap is determined as criterion:

Cco2,out
e = ! Ccoz,in W

The first part of the regeneration is the evacuation (2a). The vacuum
pump removes air from the sorption chamber until a total pressure of
0.1 bar is reached to limit the contamination of the CO2 by oxygen and
nitrogen and to prevent oxidation i.e. deactivation of the adsorber ma-
terial. Subsequently, steam at 100°C (superheated at the present pres-
sure level) is injected into the packed bed (2b) causing the desorption of
CO2 which leaves the DAC unit together with the flow of water vapor
until the adsorber is sufficiently unloaded. For the following cooling step
(2c), steam at 45°C/0.1 bar is injected to reduce the adsorber’s tem-
perature to at least 60°C in order to avoid oxidation and therefore
degradation of the material. After cooling, one cycle is completed and
capture (1) is started over again.

2.2. Implementation of sub-models for modelling DAC/HVAC on a
systems level

2.2.1. Building

The building and its ventilation system are central to the simulation
with the most important task being to keep the CO5 concentration of the
indoor air low enough to be healthy for human beings. The German
Environment Agency (UBA, equivalent to EPA in the US) defines the air
quality according to certain CO, concentration ranges [38]: High (<
800 ppm), medium (800 — 1000 ppm), moderate (1000 — 1400 ppm)
and low (> 1400 ppm) air quality.

In this study, the current COy concentration in the building is
modelled by applying the continuously stirred tank reactor (CSTR)
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concept for the building’s volume Vpj, where air enters at ambient
conditions (Vgr, Cco,,in), and leaves the building at the current building
CO,, concentration (cco, out) being higher due to the CO5-generation G by
the respirating people within the building. Complete back mixing and no
leakages were assumed. The material balance for CO5 is:
v decoz _ V.. - ¢

Bur—g— = Vair (ccoz,in — Ccozou) + G(t) ()]

The total CO,-generation rate G= & ® Mpeqpi is given by the respi-
rating of the .. people within the building, with a per person CO,
generation rate g of 4.8 mlcoy s * Person ! according to a study by
Persily [39] considering all people doing office work.

The CO; generation rate is directly linked to the number of people
Npeople Present in the building. Typically, the occupancy varies over the
day, which is why in the simulation the occupancy is approximated by a
smooth square function (equation S1), being zero at night from 6 pm to
6 am and ramps up smoothly to the maximal count of people npeopie,max
(WH: 0, OB: 4000, OPO: 10,000).

By integrating the differential Eq. (2) with the current (cgo20) and
new (cco2(t)) COz-concentration as boundaries, and assuming the exit
concentration equals the one within the volume (ideal CSTR assump-
tion), the following Eq. (3) describes the COs-level after a certain time t
with constant input parameters.

Vair
o

[Vair(ccoz.m — Ccoz0) + G] eVmi” — G(t)

Cco2(t) = Ccozin — 3
" Vair
If V; is zero, the solution for the ODE in Eq. (3) simplifies to:
G(t
Ccoz(t) = Ccozo + ®) ot )

Buil

2.2.2. Fan operation strategy and pressure drop

The fan draws air from the outside and pushes it through the building
including the adsorber (upstream or downstream the building). The
volumetric flow rate V,;, is either controlled by a PID controller or set at
the nominal flow rate. For the controlled operation, the input is the
difference in COy-concentration of the building to a predefined set point
(SP). The PID-Parameters are listed in Table S1. The chosen setpoints in
this work are defined at 700 ppm and 1000 ppm corresponding to high
air quality and transition from medium to moderate air quality,
respectively, according to the definition by the German Environment
Agency (UBA) [38] as mentioned above.

The additional power Pggp 444 Tequired to push air through the DAC
unit is calculated with the respective pressure drop Ap of the DAC unit
(s). Details are given in the Supplementary Material (S1.3).

2.2.3. Solar thermal heat

In the envisioned concept, solar thermal energy is considered to
provide renewable heat for the regeneration of the adsorbent. Like the
dimensions of the DAC-unit, the peak power of the solar thermal plant
has been chosen to be a realistic fit for the reference building. (35 kWp).
With 0.7 kW peak per square meter in central europe as realistic number
for a modern solar thermal plant, 50 square meters of roof area would
have to be covered, well within the dimensions of the reference building
[40]. To simulate the temporal power fluctuations, a generic diurnal
function has been set up, by fitting a polynomial of grade six to a solar
irradiation curve from Ile-Ife, a city near the equator [41], representing
a sunny day with good conditions for renewable power generation. This
curve has then been normalized (see Fig. S1) and multiplied with the
above-mentioned peak power to get the currently available power
information.

2.2.4. Outside air temperature and humidity
When the DAC is integrated upstream the building, outside air
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temperature affects COy adsorption during the capture process. The
current outside temperature is determined similar to the solar power,
described in Section 2.2.3, by fitting a polynomial of grade six to the
diurnal variation of the air temperature. Unlike the solar power, the
temperature curve is not normalized, but y-shifted so that the lowest
value is set at a defined base temperature Tgase. Depending on the spe-
cific climatic case, Tpase is adjusted. The humidity is assumed to be
constant throughout the day. One example would be a hot and dry desert
climate with only 10 % relative humidity and a diurnal temperature
variation from Tpgge= 25°C to 33°C.

2.2.5. Heat storage

As renewable power fluctuates throughout the day (compare Section
2.2.3), a heat storage is implemented conceptually to allow for contin-
uous operation of the DAC unit. The heat storage is simulated using an
integrator block adding the incoming power from the solar thermal
plant and subtracting the heat flux used by the DAC unit. The heat
storage has a capacity limit which can be adjusted. In this study, the size
of the heat storage was adjusted to 120 kWh, in order to allow for
continuous operation.

2.2.6. Vacuum pump

As outlined above, a vacuum pump is needed to remove the air from
the sorption chamber prior to its regeneration in order to avoid
contamination of the CO5 and oxidation of the sorbent. Additionally, the
pump must hold the desorption pressure during regenerating by
conveying wet CO; off the condenser. The power Py,. required was
calculated using the first law of thermodynamics and the isentropic
expansion equation [42], see Supplementary Information for details.

2.2.7. Sorbent material and physico-chemical properties

Aiming for an understanding of the whole HVAC/DAC process, it is
crucial to model the mass transport processes within the bed. In this
study the mathematical models are implemented in Matlab R2023 based
on the following physico-chemical characteristics. All isotherm data are
derived from literature, as experimental evaluations of adsorbent ma-
terials was not in the scope of this work.

Since the exact material used in commercial DAC-units is not dis-
closed, sorption data is taken from Wurzbacher and Gebald et al. [16,
35], for an amino-functionalized nanocellulose (NC) sorbent. Due to its
high porosity and therefore high surface area, it offers a low pressure
drop. Both publications are linked to the company Climeworks, since
Wurzbacher and Gebald are two of the founders and the company is
mentioned in the Acknowledgments as project partner [16,35]. In their
work, the authors found, that the presence of water in the air enhances
the uptake of CO,. Therefore, both components must be considered,
when modelling the DAC unit. The pure component isotherm for water
follows a Guggenheim-Anderson-de Boer (GAB) model [17,35]:

CGKads(T)W
(1 = Kaas(T)@ )(1 + (C — 1)Kaas(T)

With ¢ being the relative humidity, C,, the water capacity of a single
layer, K, and Cg temperature depending coefficients describing
multilayer adsorption and qy,, the water loading of the adsorbens in
molizo kgads.

The single component isotherm for CO; on the other hand is
described using a Toth isotherm, an expanded Langmuir model [17,35,
43] :

qu,0 = C"l(T) (5)

b-pcoz

—_— (6)
(1 + (bpcoz)r)"*

qco2 = ns(T)

with ng being the maximum CO; loading and b an COj-affinity
parameter.

In Ref. [35] Wurzbacher and Gebald et al. fitted the multicomponent
adsorption by first calculating an enhancement factor (Eq. (7)) in order
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to include the promoting effect of water on the overall CO»-loading (Eq.
(8)). The increase can be quite significant: At a CO5 partial pressure of
40 Pa in air (i.e. 400 ppm at ambient pressure) the CO, capacity of the
adsorbent material can be increased by about 60 %, when increasing the
relative humidity ¢ from 0 % to 100 %.

_ __Pco2
far=1 +(/)<0.6 Socon 0‘47) @

qcozwet = qcoz-frr (8)

Apart from slightly different adsorption isotherms to what was
described above, the alternative sorbent material considered in this
study, Lewatit, requires a different adsorber bed design, because the
small and dense particles result in a very different flow characteristic.
This alternative design is further described in Section 3.2.4. Young et al.
[17,36] investigated the isotherms and fitted the sorption isotherms
likewise using a GAB and Toth model for water and CO; adsorption,
respectively. However, the authors did consider the promotion effect by
water not via an enhancement factor but by determining a weighted
average dual site Toth co-adsorption model (WADST) based on both, a
dry and a wet Toth isotherm for CO5. The WADST is calculated using the
following equation:

A . b
Qeozwer = | 1 —€ @20 Qoo dryDaryPco2 -
(1 + (banpcoz) ™ )7
A
+ e 0 Qoo wetbwerPco2 ©

T
(1 4 (buwepcoz)™ )7

The detailed physico-chemical properties of the two sorbent mate-
rials considered, namely nanocellulose and Lewatit VP OC 1065 are
listed in SI, Table S2 and S3.

2.2.8. Modelling of the adsorber unit
The DAC-sorption chamber is modeled using a 1D flow model with
axial dispersion with the following assumptions and specifications:

e Quasi one dimensional system

e Axial dispersion to account for radial flow velocity profiles and back-
diffusion in axial direction

e Ideal gas law is applicable

e Only CO2 and water vapor adsorb

e Fluid and solid phase are in thermal equilibrium

e Adiabatic behavior

e Isobaric fluid phase

e No change in volume flow due to adsorption or desorption (share of
adsorptives negligible)

e No condensation, but multilayer adsorption of water

e Spherical particles of equivalent diameter of 5.6 mm (NC) resp.
0.52 mm (LW) (see Section 2.2.2 and SI)

The main differential equations, solved via a finite differences
method (FDM), are the material balances for the two adsorbing com-
ponents i (i: CO,, water). A dispersion model has been utilized to account
for the effects of radial flow velocity profiles and back-diffusion in axial
direction [44]:
doi _p Pe doi P

=,  VYaxiy 5 1
ot " 0z2 0z €or Ot an

D, ; is the axial dispersion coefficient, u the interstitial gas velocity,
ps the solid density and e the total porosity of the bed (incl. intra-
particle porosity epar)-

The axial dispersion coefficient is calculated using a correlation by
Edwards [45]:
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The kinetics of adsorption are calculated using a linear driving force
(LDF) model:

Da_x.i _ l _ 0-73€bed
dpgiu  Pe  ReSc

0 i .
6_qt = kipri- (¢ (T) — q1) 12)

The LDF parameter kipr; is determined using the mass transport re-
sistances in the film and volume while g;,(T) is the equilibrium loading

given by the adsorption isotherms of the corresponding materials, here
Egs. (5) and (6) [44], [46]:

dparq; 1 — epqg
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The mass transfer coefficient f§;, is obtained by a Sherwood
correlation:

BiGpart
D m,i

Sh; = 14)

Here, D,; is the molecular diffusion coefficient. D.s; can be
approximated via Eq. (15), while the pore diffusivity Dpe. is a combi-
nation of Knudsen and molecular diffusion [47] (Eq. (16)).

1
Deffj = DPoreePart; (15)

1 1 1
= + (1e)
DPore DKnudxen Dm

For the molecular diffusion coefficient, the correlation by Fuller-
Schettler-Giddings has been used [48]:
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After closing the material balances and determining the current
concentration of CO, and water in the bulk gas phase and consequently
the adsorbent loading in all cells, the energy balance and thereby the
temperature profile in the unit can be determined via Eq. (18) [44].
Here, the enthalpy of the fluid phase as well as conduction, convection,
and the heat of adsorption are taken in account. Since the unit is
considered adiabatic, the influence of the wall temperature can be
neglected.

oT oT T
(€TaszCp_f + (1 - eTotpSCp,S) ) E = = U€mrﬂf¢p.f& + keff.ig

dq;
+ (1 — Smt/)s)z <d_qt — Ahad_g,i> (18)

2.2.9. Steam cycle and heat demand

In order to evaluate the optimal process configuration for providing
the thermal energy for regeneration of the DAC unit, three concepts have
been assessed in this study: an idealized steam cycle and two more
realistic alternatives considering real heat transfer characteristics. All
three considered configurations rely on a steam cycle including a su-
perheater (powered by electricity or an external heat source) right
before the DAC unit to superheat the steam to 100°C at 0.1 bar(a). The
overheated steam further drives the desorption in the adsorber bed.
Unless otherwise stated, for the heaters implemented in the three
different steam cycles, maximum efficiency for the energy balance is
assumed (i.e. Pth,required = Pel,provided)~

o Idealized steam cycle (see SI Fig. S2) —in this idealized configuration,
after leaving the sorption chamber, the steam is cooled down to
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10°C, i.e. condensed, in a heat exchanger providing the energy for
feed water evaporation. The desorbed CO; is eventually retained in a
downstream gravimetric separator via a vacuum pump. Water loss
(due to the remaining water in the COy/water mixture at 10°C/
0.1 bar(a)) is replenished at likewise 10°C/0.1 bar(a). This idealized
cycle therefore assumes ideal heat transfer with zero losses, i.e. full
heat recovery, and therefore can show the behavior of the adsorber
bed without interference of the steam cycle.

Steam cycle with heat pump integration (see SI Fig. S3) — Here, the
cooling is split into two steps: First the COy/steam mixture leaving
the sorption chamber is cooled in a heat exchanger against saturated
steam before condensation. The heat of condensation is used to
evaporate the feedwater. Since there must be a driving temperature
gradient, the heat is driven through a heat pump from condensation
to steam generation. The water/CO, mixture is still at 45°C, when it
enters the first separator. The remaining steam is then further cooled
down to 10°C and the additional condensate is withdrawn in a sec-
ond separator before the still gaseous water/CO, mixture (10°C/
0.1 bar(a)) leaves the system via a vacuum pump. Water loss is
replenished at likewise 10°C/0.1 bar(a) and fed to the evaporator/
condenser combination for its evaporation via the heat pump. The
heat pump is assumed to have a high coefficient of performance
(COP) of 5.

Steam cycle with different pressure levels (see SI Fig. S4) — Here, the
necessary temperature gradient in the condenser/evaporator unit is
achieved by implementing an exhaust vapor compressor, which in-
creases the pressure of the steam/CO, mixture leaving the sorption
chamber to 0.15 bar(a) and therefore the dew point up to 55°C.
Thereby a temperature difference between the condensation (55°C/
0.15 bar(a)) and fresh water evaporation (45°C/0.1 bar(a)) of 10 K is
given. Gas-liquid separation is likewise implemented as in two steps,
here operated at 55°C/0.15 bar(a) and 10°C/0.1 bar(a), respec-
tively. The feed water on the other side is partially evaporated by
decreasing the pressure below vapor pressure (55°C/0.15 bar(a) to
55°C/0.1 bar(a)) and further in the condensation-evaporation unit
before being superheated by the superheater. The additional power
required for the compressor is calculated in analogy to Eq. (S4).

2.3. Techno-economic analysis

The results of the simulation study have been used for a techno-
economic analysis (TEA) in order to assess the economic feasibility of
integrating DAC units into HVAC systems. The levelized cost of DAC
(LCOD) being an important metric for DAC systems has been calculated
according to Fasihi et al. [33] who adapted a method to calculate the
levelized cost for water (LCOW) of desalination plants as of today [49]
and projected into the future [50] for calculating CO; prices, Eq. (19)
[49,50]. Energy consumption data and plant capacity/output was
derived from the simulations described above in detail. Acquired offers
for the main components of the system depicted in SI Fig. S2 — S4,
multiplied with a Lang-factor of 3.9, being a typical value for low TRL
chemical plants, served as a basis for estimating the capital expenditures
(capex) [51]. The fixed operational expenditures opexgix are obtained as
a percentage of 3.7 % of the capex, an assumption taken from Fasihi
et al. [33]. In the following, only the energy costs are allocated to the
variable opexya;-

capex-crf + opexgy

LCOD =
Outputcos

+ opeXyar (19)

Where crf is the capital recovery factor, which can be calculated using a
weighted average cost of capital (WACCS) of 7 % and the lifetime N
(here: 20 years) [33]:

WACGC-(1 + WACC)Y

2
1+ wAce)N —1 @0

crf =
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The LCOD obtained by this method is applicable to the prototype
plant. To assess future cost, a capex reduction due to future de-
velopments and cost saving effects by e.g. mass fabrication is assumed.
For this, a log-linear learning rate approach in analogy to Caldera at el.
[50] has been implemented, assuming a constant learning rate (LR) of
15 % [33]. The potential future capexpey can be calculated based on the
prototype capeXinitial via Eqgs. (21)-(23). In this study, a projected pro-
duction volume of approx. 1 Mt of COy per year capture capacity is
assumed, which equals 30,000 standard units, a common scale up
magnitude [13,52]. The exponential growth factor b in Eq. (23) can be
obtained by Eq. (22), via the progress ratio PR, which in turn is given by
Eq. (21). [50]

LR=1-PR 21

PR=27" (22)
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productiony, ) ©23)
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2.4. Limitations and assumptions of the model

As with every model, the one provided in this work does rely on
certain assumptions and has certain limitations. For a packed bed with
such large diameter/ length to particle size ratios, a 1-D model with
phases in thermal equilibrium is generally accepted as sufficiently ac-
curate [53-55]. Effects such as bypass streams due to bed in-
homogeneities, must be analysed before practical implementation, but
are out of scope for this study. The due to the large size of the bed, the
rather small outer surface in respect to the volume does justify adiabatic
behaviour in this scope, however especially the steam desorption will
suffer from heat loss in a practical application. This also applies to the
steam cycles, which deliver a valid indication of feasibility and a general
order of magnitude for energy consumption, but will need further en-
gineering, before a practical implementation. The ideal mixing of air
inside the building can be reasonably assumed, because there is a central
duct collecting the exhaust air. Even with an irregular distribution of
inhabitants, the average across the building is represented by the
exhaust concentration. However, for a real implementation, the indi-
vidual building has to be analysed.

3. Results and discussion
3.1. Operational parameters of the standard adsorber unit

As mentioned (Section 2.1), a standard unit was defined consisting of
two packed bed adsorbers in parallel, each with a diameter of 3 m and a
length of 0.8 m to achieve a pressure drop below 150 Pa (146 Pa, ac-
cording to Eq. (6)) at the design nominal throughput of Vair‘nom of
11,000 m®h ! each, summing up to the 22,000 m>h " total throughput
of the standard unit.

Optimal operation parameters can be deduced from the adsorption
kinetics, predetermining at what point in time the regeneration is to be
initiated.

Fig. 2a shows the CO5 concentration of the gas phase (Vairnom) as a
function of time and the adsorber length. Due to the high volumetric
flow rate and low inlet concentration, strongly pronounced break-
through phenomena as known for other TPSA applications do not occur.
The temperature in the adsorber is relatively constant during the
adsorption, if the adsorber starts in thermal equilibrium. The maximum
temperature increase due to heat of adsorption of CO, and water was
found to be less than 5 K (see SI, Fig. S5). Using the outlet concentration
data obtained, capture efficiency 5cqp (Eq. (1)), i.e. the proportion of
captured CO3 from the air can be plotted over time: Fig. 2b shows ¢ at
nominal and reduced flow rates as a function of adsorption time. It is
obvious, that a lower flow rate results in higher capture efficiency, but it
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Fig. 2. (a) Temporal and spatial concentration profile in the adsorber bed
during adsorption at nominal air flow rate. (b) Capture efficiency over time at
varying air flow rates in 10 % increments (percentage of nominal flow rate
Vairnom = 11,000 m®h ! through each adsorber of the standard unit).

is noteworthy mentioning that only below 40 % nominal flow rate, an
efficiency of 100 % can be achieved at all. At nominal flow rate, 5cqp
starts at around 70 % and then continuously decreases to lower values
over time.

Therefore, the earlier the DAC is switched from adsorption to
desorption mode, the higher the average capture efficiency. To achieve
the predefined criterion of at least 50 % average capture efficiency (see
Section 2.1), for nominal air flow rate the critical efficiency #cap,crit
defining the switch from adsorption to regeneration is at 35 % resp. after
120 min resulting in an average capture efficiency ncapav of 57 %. It
could prove beneficial to run the adsorption for a longer period of time,
yielding a higher average loading gcoz, with reduced capture efficiency
to reduce the thermal energy demand while regenerating by increasing
the ratio of bound CO; to inert material, which has to be heated in any
case independent of the loading. Therefore, for the nominal air flow rate,
a critical capture efficiency #cap,cric Of 5% representing a very high
loading qco2 after a capture time of 340 min resulting in #cap,av= 30 %
was also considered in this study to assess the performance of the
system.

After the defined #cap,crit, has been reached, the desorption phase is
initiated by stopping the air flow before the pressure in the sorption
chamber is decreased: For the evacuation, the total gas volume Viggs,
chamber Within the adsorber incl. peripherals and the porous adsorbent
must be removed by the vacuum pump. In order to also consider addi-
tional dead volume of the piping etc., in this study a total gas volume of
Vigas,DAC,tot = 2 Vgas,chamber Was assumed. Evacuation is performed by the
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vacuum pump with a constant volume flow rate of 1200 m® h™! at
eventually 0.1 bar(a). After evacuation a constant mass flow rate of
steam (0.6 kg s™1) is fed to ensure sufficiently fast regeneration.

Fig. 3 shows the CO5 outlet concentration (a) and the spatial and
temporal temperature distribution (b) over time of desorption. Initial
evacuation to reach 0.1 bar(a) takes only approx. 2 min and therefore is
not directly recognizable in Fig. 3a and b. After reaching 0.1 bar(a),
steam at 100°C/0.1 bar(a) is injected. Qualitatively, there are three
distinct regions of changes in CO; output concentration during the
desorption step (Fig. 3a): Region I (until approx. 52.5 min in Fig. 3a) is
caused by the decrease in pressure and rise in temperature due to the
adsorption of water (steam), the increase in temperature in that region
can also been seen in Fig. 3. The second region (52.5 min to 60 min) is
initiated by the heat front approaching the end of the adsorber bed. At
this point in time the whole bed is heated evenly, and the desorption
process accelerates again. To ensure that the desorption process is kept
running until the unit is heated completely, for the CO, outlet concen-
tration a threshold value of 0.0015 molcoa m 2 is defined.

Once the threshold concentration is reached, the system is cooled
down by injecting 45°C saturated steam until T < 60°C is given
throughout the adsorber bed, to prevent excessive oxidation. Due to the
sudden drop in temperature and therefore increase in gas density, the
CO,-concentration drops to near zero for the process of cooling (region
III in Fig. 3a).

3.2. System simulation

3.2.1. Influence of the intake air properties

Intake air conditions, mainly temperature and humidity, certainly
has an effect on sorption characteristics. As outlined in Section 3.1 one
key source of heat in the desorption process is the heat of adsorption of
water. The water contained in the air will readily adsorb during the
capturing step which should promote CO; capture on the one hand, but
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Fig. 3. (a) CO; output concentration for the desorption process at 0.1 baraps,
100°C. (b) Spatial and temporal temperature distribution during the desorp-
tion step.
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also increase the thermal energy demand during regeneration since less
water can adsorb from steam. Therefore, the influence of the relative
humidity ¢ has been studied for a constant temperature of 20°C and #¢gp,
crit= 5 %. For the uncontrolled ventilation the results are shown in Fig. 4.
As expected, the energy demand decreases drastically with decreasing
relative humidity and more than halves from ¢= 90-10 %. The capture
rate (shown in kg CO; captured within 48 h) on the other hand stays
relatively constant. However, a maximum can be found for medium ¢,
which can be assigned to the counteracting effects of the relative hu-
midity on CO5 capacity and desorption time.

Another aspect often associated with operating a DAC is the co-
capture of water. As mentioned before, not only CO, but also water
vapor from the air sticks to the sorbent material, so in theory water can

be captured as a byproduct. On the other hand, while regenerating,
water also adsorbs to the material and is lost, when switching back to the
capture step. The data show, that below a relative humidity of 70 %,
water is lost in the operation of the DAC, while the net water balance is
positive if the air is more humid. At = 90 % the mass of water that can
be captured is three times that of CO,, which means that on a molar basis
the ratio is around 1.2. This water could be used as a product resp. feed
for e.g. water electrolysis (relevant in the P2X context) and/or recycled
to replenish water demand of the DAC plant. Most water is lost after
regeneration, when air is pushed through the bed, carrying out the still
adsorbed water from the steam.

To check for effects on a more practical level, for the same scenario as
above temperature was varied over the day by a diurnal variation
explained in the SI chapter 1.4 with an amplitude of roughly 10 K. The
humidity has been kept constant at ¢= 10, 40, 80 % according to the
following five cases representing rather extreme climate conditions to
showecase the trends:

e Hot and dry, e.g. desert: Tpase = 25°C, ¢p= 10 %

e Hot and humid, e.g. tropics: Tpase = 25°C, ¢= 80 %

e Moderate climate conditions e.g. Germany in spring and fall:
Tgase= 10°C, =40 %

e Chill and humid climate, e.g. northern coastal region: Tpase= -5°C,
$=80 %

e Cold and relatively dry, Arctic: Tpase = -5°C, =10 %

It can be seen (Fig. 5), that the dry cases benefit from significantly
lower energy consumption, which is consistent with the result above.
The temperature of the intake air seems to play a minor role on the
thermal energy demand. The capture capacity on the other hand shows
significant reductions with an increase in temperature: it decreases
almost by 60 % when comparing a base temperature of —5°C to 25°C.
This would mean, that locations with dry and cold conditions would
provide ideal operation conditions for the DAC system.

These results can also be transferred to standalone DAC systems,
since it does not make any difference if the DAC is connected to a
ventilation system or not. However, for HVAC-coupled systems these
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Fig. 4. Thermal energy consumption and mass of captured CO, within 48 h of
the intake DAC at different relative humidities of the air for, Ncap,cric= 5 %,
T = 20°C and uncontrolled ventilation at nominal flow.
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Fig. 5. Thermal energy consumption and mass of captured CO, within 48 h of
the intake DAC at different climate conditions of the air for, ncap,crie= 5 %,
diurnal temperature variation from base Temperature and uncontrolled venti-
lation at nominal flow.

results are in particular interesting as intake air properties are also
dependent on the implementation scheme: If the DAC is installed in the
intake stream of the HVAC system, it is sensible to position the DAC
upstream the heating unit to ensure lower temperatures, but down-
stream the AC if the air is cooled down. In addition, AC-systems often
dehumidifies the air. Given the fact that the spec. thermal energy de-
mand decreases with decreasing humidity (see Fig. 4), the DAC unit
should be placed downstream a dehumidifier if there is any. If the DAC is
placed in the exhaust stream it should be placed downstream a possible
heat recovery system, as temperatures and possibly relative humidities
are lower here. Seasonal variations in humidity could be accounted for
by using valves in the ducting to position the DAC in the dryest part of
the system. In winter this could be after heating, while in summer this is
usually directly in the intake, as cooling increases the relative humidity.

3.2.2. Influence of the operation parameters

Another way to influence the performance of the DAC is to alter the
operating conditions. The first metric investigated is the cutoff criterion
Ncap,cri, defining the point in time when to switch from capture to
regeneration. The shorter the capture step, the less CO is adsorbed on
the one hand, but

the total cycle time decreases on the other hand. For that matter all
three building types have been simulated for an exhaust air DAC with
the two n¢ap,crir, defined in Section 3.1 (5 %, 35 %). The results are
shown in Fig. 6. With increasing occupancies (WH — OB — OPO), the
energy consumption almost stays constant while the capture rate in-
creases, e.g. for WH vs. OPO by about 14 % for #¢gp,cri= 5 % and by
14 % for ncgp,crie= 35 %. The shorter cycle times of the scenarios with
Ncap,crie= 35 % lead to a 20 % increase in capture capacity on average
which however requires approx. 26 % more thermal energy. Due to the
higher capture capacity, the electrical energy demand drops by 61 %,
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Fig. 6. Thermal energy consumption and mass of captured CO, within 48 h
dependent on the minimal capture efficiency ncap,cric for the various buildings
(uncontrolled  ventilation, constant temperature and  humidity.
(T = 20°C, =40 %)).
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because energy for the fan stays roughly constant. This leads to the
conclusion, that most of the heat is required to warm the inert materials
and not driving the desorption reaction. Materials with high(er) capture
capacity are therefore key for further reducing the energy demand.

As discussed above, the capture rate in an uncontrolled ventilation
scenario has only a limited effect on the energy demand (compare
Fig. 6). To determine potential improvements in efficiency, PID
controlled ventilation of the buildings was implemented into the simu-
lation (same cases). The increased average COs concentration could
decrease the spec. thermal energy consumption. The results shown in
Fig. 7 reveal, that the further increase in CO5 concentration (to 700 or
1000 ppm) does influence the energy demand.

The average thermal energy demand for the three scenarios with
uncontrolled ventilation is 1845 kWh t(_;éz, whereas the two cases with
setpoint 700 ppm and 1000 ppm require on average 1656 kWh tgdy and
1529 kWh tE(l)z respectively. Here, a clear reduction in thermal energy
demand is noticeable, at otherwise similar operating conditions. The
electrical energy demand decreases even more, since the average vol-
ume flow is much lower reducing the pressure drop and therefore also
the power demand to 35 kWh tgdy (700 ppm) resp. 11 kWh tgds
(1000 ppm). (compare SI, Table S5) It is interesting to note here, that the
energy demand is higher in the cases of the higher occupied building
(OPO) as for the controlled ventilation system, the required volume flow
rate needed to keep the CO5-concentration low (according to the control
setting) is higher the more people generate CO, in the building.

In addition, data shows (SI Figure S6) that the axial CO5 gradient in
the adsorber bed is smaller the higher the air flow rate, i.e. the higher the
occupancy of the building in the controlled ventilation scenarios.
Therefore, the capture efficiency is lower and the adsorber on average
not as saturated as with low volume flows at SP=700 ppm. Here
(700 ppm) a rather sharp front of saturation moves through the
adsorber. The regeneration is therefore introduced at a rather high
average loading, even though the average intake CO, concentration is
lower, compared to a higher occupancy scenario. The capture capacity
for the controlled ventilation scenarios is vastly lower than for an un-
controlled system. The DAC almost exclusively captures CO produced
by the occupants in the building, also explaining why the same buildings
have similar captured mass of CO; per time, although based on different
threshold setpoints. All in all, it could be shown, that energy efficiency
can be improved by the control strategy however, on cost of capture
capacity.

In addition to economic or performance aspects, the ventilation
strategy must also consider other boundaries, such as air quality and
regulation. Although the setpoints are chosen in respect to applicable
law, in real-world application the operation of the HVAC must make
sure to always meet the criteria, even with fluctuation in the system.
Additional sensors or a more complex control scheme could be neces-
sary. The wrong choice of cycle times and ventilation rates can lead to

10000
8000
6000
41 Energy Demand O

B Captured CO2 / 2000
7 W7 W7 W7 ] ) AN

= MY

i
1

Captured CO»/ kg

N

spec. thermal energy demand

Fig. 7. Thermal energy consumption and mass of captured CO5 within 48 h for
scenarios with PID-controlled (constant CO, concentration) versus uncontrolled
ventilation. Data are shown for different minimal capture efficiency ncap,cric for
the various buildings (constant temperature and humidity. (T = 20°C,
=40 %), variable setpoint for CO, concentration).
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overshoots and periods of bad air quality and must be kept in mind,
when designing the system. Apart from CO2 the humidity must be
accounted for, as directly after regeneration moisture is expelled from
the unit, which either has to be removed by the AC’s dehumidification or
deliberately injected into the building as a means to increase humidity,
when the air is too dry.

Since the regeneration is the energy intensive step, a possible option
to save energy is to lower the heating power, so that the Adsorber is
heated at a lower rate and more evenly, which could avoid unnecessary
energy input, because the time for COy desorption/diffusion is
increased. However, results show (Fig. 8), that a heating power reduced
to 10 % (i.e. 6 kW per module compared to 60 kW on average) does not
decrease the specific heat demand significantly. This is due to the fact
that the regeneration time triples in that case and the capture capacity
drops drastically. One benefit however would be, that the evaporator
unit can be engineered smaller eventually reducing capex. In a real
system due to the substantially higher desorption time, it is likely there
will be far higher heat losses of the overall system, leading to ever higher
net energy demands, which makes this approach not useful in terms of
energy saving. Nevertheless, it will be included in the TEA (Section 3.3).

3.2.3. Heat storage dimensions

With a peak power consumption of 60-70 kW, depending on the
specific scenario, for one module, the solar thermal unit with its 35 kWp
is never able to power the DAC directly. Therefore, grid energy or a heat
storage is required. In the previous considerations, the heat storage was
not interfering with the DAC operation, ergo grid energy was used, when
the storage was empty. In this study, the heat storage level directly in-
fluences the DAC by prohibiting the switch from adsorption to regen-
eration as long as there is not enough energy to fully execute that step. At
first, a storage capacity great enough to sustain uninterrupted operation
has been implemented. It was found, that a capacity of more than 120
kWh enables continuous operation and energy demand and capture rate
are similar as when the storage is not taken in account, at least for ncap,
crit= 5 %. In case of the higher ncap,crie= 35 % the capture rate did drop
approx. 20 %. In Fig. 9a, the timeline of stored energy is shown for one
unit. One regeneration cycle only needs around 40 kWh of energy,
which is why a smaller capacity of 45kWh was investigated to ensure
that one cycle is possible on one charge with a certain safety margin. The
timeline is shown in Fig. 9b.

The performance data for the case of 45 kWh storage is shown in
Fig. 10. It can be seen, that compared to the unrestricted DAC system the
overall capture capacity decreases by a factor of approx. 2.

Additionally, it is noticeable, that the differences between ncgp,
crir= 5 % and 35 % diminished as here the stored energy is the limiting
factor and therefore responsible for defining the point in time for the
transition from capture to regeneration step. From the economic point of
view, in this case it could be beneficial to use grid energy if available to
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Fig. 8. Thermal energy consumption and mass of captured CO, within 48 h for
scenarios with heating capacity decreased to 10 %. Data are shown for different
minimal capture efficiency ncap,cric for the various buildings (uncontrolled
ventilation, constant temperature and humidity. (T = 20°C, ¢=40 %).
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Fig. 10. Performance of the DAC with a limited heat storage capacity of 45
kWh with the same scenarios as in Fig. 6 with uncontrolled ventilation, various
buildings and constant temperature and humidity. (T = 20°C, ¢=40 %).

keep the capture rate high and thus capture more of the “product” CO,.
The trend of stored energy also shows that following the predefined
restrictions in the simulation study the DAC cycles for the small energy
storage (Fig. 9) only occur regularly during daytime, when the storage is
replenished by the solar thermal plant and basically come to a standstill
in the night. This also illustrates that the DAC unit is restricted by the
energy input.

3.2.4. DAC via an alternative adsorber material Lewatit VP OC 1065

The results discussed so far are based on the nano-cellulose material,
which has beneficial properties, especially regarding the high porosity
and therefore low pressure drop combined with high amine density. This
gives a viable look into the future of DAC technology. However, to draw
a picture on how such a system would work and look like with a
currently available adsorber material, properties of Lewatit VP OC 1065,
being commercially available, was implemented in the DAC model.
Compared to nano-cellulose-based sorbent, the amine functionalized ion
exchange resin from Lanxess has very different properties, with the
major difference being that Lewatit is a much more compact material,
limiting mass transport and increasing pressure drop, see also summary
of the data on physico-chemical properties taken from Young et al. and
the data sheet from Lanxess [17,37] in Tables S2 and S3.

In order to fulfill the same criteria as defined for the nano-cellulose
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material (Section 2.1), an adsorber based on the same available space
restrictions for construction (two times 3 x0.7 m) was designed: it uses
concentric rings with a much smaller bed length of 1.5 cm, but a 4.13
times larger intake surface area. The flow of air is radial through the bed.
The construction is shown in Fig. 11a. This design allows for a pressure
drop of only 97 Pa at nominal flow rates and an average capture effi-
ciency of 49 % can be achieved at n¢qp crie= 35 %.

With the modified adsorption isotherms and the bed design
described above, the same simulations

have been run as for the nano-cellulose system with uncontrolled
ventilation, varying ncap,cri T = 20°C, ¢=40% and for the three
buildings (cf. Fig. 6).

As can be seen in Fig. 11b, the performance of Lewatit is comparable
to the nano-cellulose system with a maximum increase of capture ca-
pacity of 20 %. The nano-cellulose shows less specific thermal energy
demand than the Lewatit adsorber (at 5cap,cric=5 %), by 7-19 %. For
Ncap,Crit= 35 %, thermal efficiency of the Lewatit system is approx.
0-3 % higher. This is due to the fact that the short bed results in a more
constant loading profile, so the effect of unequal loading occurring at
short cycle times is less pronounced. At full loading in comparison to the
nano-cellulose material requires less thermal energy due to less mass of
inert material. The electric energy demand of the two systems is likewise
very similar. In summary, both materials have their merit, and the de-
cision which sorbent (and consequently which design of the adsorber) is
to be used could and should be made based also on other metrics such as
material availability, costs and lifetime. The simpler construction of the
nano-cellulose bed as of now would favor this material from the eco-
nomic point of view.

3.2.5. Steam cycle

For the nano-cellulose material, different steam cycles explained in
Section 2.2.9 have been analyzed in terms of thermal energy demand.
The results are summarized in Table 1. When implementing a heat pump
to raise the temperature from condensation to evaporation the amount

a
£ b
T 3000 7
o) 7 % 4
g é é %
& "sy2000 [l g o)
g 3 / % N
= al % B
2 o
£ = 1000 [M{l8Energy D / 5
o X 9y Z a
< 193 Captured CO, f 8
N /,I I/I I%I I%I I% /
o3 NS

Fig. 11. Alternative concept of DAC using Lewatit as a sorbent material. (a)
Design of the adsorber bed for Lewatit (right) and for nano-cellulose (left), (b)
thermal energy consumption and mass of captured CO, within 48 h for ncap cric
= 5 % for the various buildings (uncontrolled ventilation, constant temperature
and humidity (T = 20°C, ¢=40 %)).
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Table 1
Comparison of the ideal calculation for the thermal energy consumption and the engineered steam cycle for the case.
Build. Tcap, crit Exhaust Compression Heat Pump Ideal
Therm. Elec. Therm. Elec. Therm. Elec.
- % kWh tcd,
WH 5 836.2 1561.6 1976.1 16340.2 1866.2 245.7
OB 5 1002.6 1827.9 2367.5 19528.4 1854.43221 251.8
OPO 5 864.4 1571.1 2035.6 16782.7 1813.1 216.9
WH 35 1182.5 2153.4 2928.1 24372.4 2536.3 165.1
OB 35 1175.3 2093.8 2889.8 23866.1 2519.5 156.4
OPO 35 1000.0 1803.9 2466.5 22314.1 2461.7 145.6

of heat moved from condensation to evaporation is too large for a sen-
sible operation. Between 17 and 25 MWh of electrical energy per ton of
CO5 would be needed to run the heat pump. Thus, this operation scheme
is economically not feasible. However, the results show an interesting
alternative operation mode: Since most energy is needed for evaporation
which takes place at only 45°C, waste heat streams of very low tem-
perature could be tapped here. Although the temperature is low, the
amount of heat is still substantial. Therefore, such scenarios would apply
mainly to industrial settings. There are studies suggesting a significant
resource of untapped waste heat, especially at relatively low tempera-
tures, that could this make possible [56]. In that case, only the energy for
superheating would be required, which is in the range of 2000-3000
kWh tgda, so in good proximity to the idealized results from Fig. 6. The
scheme with exhaust steam compression shows, that a smart heat re-
covery system can be engineered to sufficiently lower the energy de-
mand. Here, most energy is needed for said compression within a range
of 1400-2000 kWh tcdo. Additionally, around 1000 kWh of thermal
energy is needed for superheating, which is actually lower than in the
idealized scenarios. These results underline the importance of a clever
heat integration with which efficient operation is feasible.

3.3. Techno economic assessment

With Direct Air Capture, especially when comparing to CO, capture
from higher concentrated sources (e.g. industrial point sources), cost is
one of the most important aspects predetermining broad implementa-
tion. The usual measure is the levelized cost per ton of CO5 captured
(here: Levelized Cost of Direct Air Capture, LCOD). To assess the per-
formance of a single HVAC integrated DAC unit a TEA has been
conducted.

3.3.1. Assumptions and considered scenarios

The capital expenditures (capex) have been determined, wherever
possible based on quotations/information of web-shops of commercial
suppliers for the following major components including all associated
cost and by applying the Lang-Factors summarized in Table S4 in the SI:

e Vacuum vessel: To handle the regeneration, a vessel capable of
operating at 0.1 bar absolute has to be designed according to
AD2000 and a steel price of 600 € per ton has been assumed [57].
Fan: Two offers from a commercial supplier have been taken for a fan
that is able to handle (a) the whole 22,000 m>h ~! at 500 Pa pressure
drop, to handle the DAC and the building HVAC, for the standard
case resp. (b) for lower volumetric flow rates at 200 Pa pressure drop
to be used in scenarios with controlled ventilation and lower
resulting pressure drop.
e Vaccum pump: The vacuum pump has been dimensioned to handle
1200 m®*h~" at 0.1 bar (see Section 3.1)
e Adsorber material: Given the fact that there are no data available for
the nano-cellulose system, Lewatit material was used for assigning
the cost for the filling.
Evaporator: Offer of a commercial supplier for a boiler with heating
capacity of 66 kW as in the simulation a maximum heating power of
60-70 kW has been identified.
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Since the unit is of low TRL and some components are not included in
the cost-estimation (e.g. vacuum doors, heat exchangers, etc.) a
rather large lang-factor of 3.9 has been assumed for parts, that need
further assembly and auxiliaries.

Similar to Fasihi et al. [33] the fixed operational expenditures (opex)
have been set at a constant percentage of 3.7 % of the capex.

For the capex reduction via future mass fabrication, a constant
learning rate of 13 % with an increase to eventually 30’000 units in
total is assumed. This would equate to an integral capture capacity of
1 Mt of CO3 per year, which is the scale most DAC companies stride
to [14].

For energy cost (opex), 0.06€ per kWh have been assumed for both
heat and electricity, which is an estimate for the generation cost of
PV-power in the near future [58]. Additionally, a general 30 % in-
crease in COs-loading-capacity (molcoz per kg of sorbent material)
due to expected adsorber material improvements has been assumed
for all cases.

For all cases with people within the building (i.e. OB and OPO) it is
assumed, that people are only present at workdays and not at
weekends, where the building remains empty.

e The following scenarios S1-S10 have been investigated (all for
T = 20°C and ¢=40 % air):

— S1:
— S2:
— S3:
— S4:
— S5:

WH with #¢gp, cri= 5 % and uncontrolled ventilation

OB with #¢gp,crie= 5 % and uncontrolled ventilation

OPO with #5¢gp, crie= 5 % and uncontrolled ventilation

WH with 5¢gp,crie= 35 % and uncontrolled ventilation

OB with #1¢gp,crie= 35 % and uncontrolled ventilation

— S6: OPO with 5¢gp,crie= 35 % and uncontrolled ventilation

— S7: OB with #¢ap,crie= 35 %, uncontrolled ventilation free waste heat
at 100°C (i.e. no cost for thermal energy assumed)

— S8: OB with #5¢gp,crie= 35 % and controlled ventilation at setpoint
700 ppm (smaller, i.e. cheaper fan installed)

— S9: OB with ncgp,crie=35% and uncontrolled ventilation with
exhaust steam compression cycle (considered via double cost for
vacuum pump to account for compressor)

— S10: OB with n¢gp,crie= 35 % and uncontrolled ventilation with steam
cycle and free heat at 50°C (only thermal energy demand for
superheating).

3.3.2. Results of the TEA

The results of the techno-economic assessment are summarized in
Fig. 12. It can be seen, that the capex is the main driver of the LCOD even
with the learning rate approach, followed by the energy costs. This is
why the cases with a large occupancy (OB, OPO) show significantly
lower LCODs, although as shown earlier the specific energy demand is
not affected a lot while the increase in CO; concentration (respiration of
the people) results in an increase of the overall capture rate. Similarly,
the scenarios with controlled ventilation show a lower capture rate and
therefore a higher LCOD, because less air is pushed through the
adsorber. The capex reduction due to the smaller fan cannot compensate
that trend. In general, the cost found at the lower end of the assessment
match those of other TEAs in literature with S7 being the lowest at 280 €
tEcl,Z because of the free energy assumed. For the reference scenario (S1)
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Fig. 12. Techno economic assessment of the DAC standard unit: LCOD for the
CO; of the HVAC integrated DAC plant for different types of buildings (OB,
OPO, WH) and different control and heat integration strategies. For details on
S1-S10, see Section 3.3.1.

LCOD are 354 € taég, with a decrease to 313 € t&%g, when increasing the
occupancy (S1 (WH)->S2 (OB)->S3 (OPO)). Interestingly, #ncqp,
crie= 35 % results in lower LCOD as compared to #cgp,crie= 5 %. The
reason is again the higher capture rate impacting the LCOD more than
the increased spec. energy demand for shorter cycles. All LCOD are still
remarkably higher than the targeted costs claimed by most DAC com-
panies, that run around 100 € taéz [13,32,33]. To reach those numbers,
further improvements at the adsorber that boost the capacity and mass
fabrication for even lower capex would have to be implemented. The
steam cycle cases (S9, S10) also show, that a much smarter way of
integrating the heat in the process is necessary to achieve low costs as it
is not granted to always have enough free waste heat to run the process.
The scenarios with a steam cycle (S9, S10) do show higher LCODs be-
tween 363 and 453 € tcdo respectively. These costs are higher due to the
increased energy demand and capex, but even when hypothetically
including additional energy losses, LCOD below 450 € tgd, should be
doable. This cost would be in the range of other scientific literature on
economic assessments of DAC, showing that our models results are
comprehensive [31,33,59].

There is one interesting mode of operation, if at least three units are
installed at the site. With S2 as a basis, the data show, that the adsorp-
tion step requires twice the time of the regeneration step. Therefore, one
steam generation unit can be used to feed the three units. The capex of
the steam related components then drops by 66 % and the capex of the
fan by 33 %. With these alterations the cost of DAC can be reduced to
271 € tgd even with the higher costs for heat supply.

Apart from the already discussed contributions to the economics of
the HVAC/DAC-System, a real-world implementation would be accom-
panied by further complications. The increased complexity would
require additional maintenance, especially as the sorbent has to be
renewed in periodic intervals and the CO, must be handled. In this work,
maintenance efforts are accounted for by a fixed Opex, but the
complexity of such a system, or CO; infrastructure in general (pipelines,
trucks etc.) are hard to quantify and should be considered in future
works.

Fasihi et al. [33] did a techno-economic review based on data
available from companies or literature and concluded a LCOD of US$
222 (204 € tE(l)z) for “today” and predicted US$ 54 (50 € tEéz) for the
year 2050, both per ton of CO,. With a currency exchange ratio of 0.92 €
per USD this equates to 50-204 € tcdy. They however did not perform
own estimates for capex and assumed a lower capex per capture rate of
730 € t&l)ga’l based on an estimate by Antecy [60]. In our work the
capex per production capacity (Euro per yearly capture capacity) in the
future scenario ranges from 1586 to 7368 € tghoa ' depending on the
case. Additionally, they assumed free waste heat. Lackner and Azarabadi
[61] postulated a current LCOD of US$ 500 tééz (460 € tE(l)z) and as-
sume, that the goal of US$ 100 taéz (92 € t&l)z) can be reached in the
future, assuming a substantial ramp up in the production capacity
leading to a substantial decrease in installation costs. Sievert et al. [59]
calculated the cost of DAC to reach US$ 226-544 tE(l)z (208-500 € tEéz)
for solid sorbent DAC units in a novel cost-projection method they
developed. This would fit to the data of the present study. Sabatino et al.
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[31] analyzed various DAC technologies and draws the conclusion, that
LCOD below US$ 200 tgdy (184 € tody) are achievable with all major
DAC technologies, including LT-DAC, which is also in accordance to the
findings discussed in the present contribution. Apart from cost, the
specific energy demand (both thermal and electric) in the
above-mentioned studies is comparable to our findings.

4. Conclusions

Large DAC capacities are required to meet the goals agreed on in the
Paris Agreement. Therefore, every possibility to ensure a rapid increase
in capture capacity should be taken and each opportunity of improve-
ment is viable to the future of the field. In this paper, it is shown that the
integration of DAC modules into (also existing) ventilation systems can
be beneficial to the operation of DAC plants. The elevated CO,-con-
centration given by the respiration of people within the building results
in lower thermal energy demand of the DAC unit. If the CO; level is
increased from the ambient 400-1000 ppm, for a CO-concentration
controlled ventilation system, the thermal energy demand can be
reduced from roughly 2000 kWh tcdz to less than 1600 kWh tgds. The
humidity of the air has been identified as important parameter as cap-
ture capacity increases with humidity while also resulting in a higher
thermal energy demand, when regenerating with direct steam injection.
Low temperatures of the intake air on the other hand promote CO,
adsorption. Concerning the sorbent material, Lewatit has been found to
perform similar compared to nano-cellulose (based on sorption ki-
netics), but requires a more complex design of the adsorber in order to
also guarantee low pressure drop. The integration of a heat storage of
approx. 120 kWh can enable the DAC unit to run continuously with a
solar thermal field of 35 kWp, but energy losses in a real-world appli-
cation would lead to a higher energy demand and therefore require a
grid connection or other heat sources. The increase in occupancy and
therefore CO5 concentration increases the capture rate, which reduces
the LCOD, as the capex is still the major driver of the LCOD. From an
empty building (warehouse in this study) to a densely populated office
space, the LCOD can be reduced from 352 to 310 € ta(l)z. Energy cost also
quite substantially contributes to the LCOD: with free waste heat the cost
could be further reduced to 278 € tcds. If the COs level is increased by
controlling the ventilation to hold a certain concentration in the indoor
air, the energy demand is lower than with an uncontrolled system, but
the lower capture capacity will lead to a substantial increase in capture
costs, resulting in numbers closer to 800 € t Gd2. Even if the adsorber is
designed smaller for that case, the even lower capture rate will increase
the LCOD. In summary, it can be said that DAC systems benefit from the
most affordable energy sources and densely populated buildings, ideally
with several units sharing desorption equipment.

In summary, it can be said that we consider the concept of decen-
tralized DAC plants, embedded in the Crowd Oil concept, to be
economically viable and that research into this approach should be
continued accordingly. Practical problems such as the transport of the
captured CO,, whether by truck or repurposed gas networks, as well as
its reuse or permanent disposal, should be addressed in the future. Only
in this way can a sufficiently rapid ramp-up take place to effectively
support climate targets.
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Glossary

Nomenclature

AC: Air Conditioning

BECCS: Bioenergy with CCS

CAPEX: Capital Expenditures

CCU: Carbon Capture and Utilization

CCS: Carbon Capture and Storage

CDR: Carbon Dioxide Removal

COz: Carbon Dioxide

COP: Coefficient of Performance

COP21: 21st Conference of the Parties

CSTR: Continuously Stirred Tank Reactor
DAC: Direct Air Capture

EPA: Environmental Protection Agency

GAB: Guggenheim, Anderson, Boer

GHG: Green House Gas

Gtc: Gigaton Carbon

GTcoz: Gigaton COo

HT-DAC: High Temperature- DAC

HVAC: Heating, Ventilation and Air Conditioning
IMVT: Institute for Micro Process Engineering
IPCC: Intergovernmental Panel on Climate Change
LCOD: Levelized Cost of DAC

LT-DAC: Low Temperature- DAC

LW: Lewatit

MOF: Metal Organic Framework

Mt: Megaton

NC: Nanocellulose

OB: Office Building

OPEX: Operational Expenditures

OPO: Open Plan Office

PFR: Plug Flow Reactor

SP: Setpoint

TRL: Technology Readiness Level

TPSA: Temperature Pressure Swing Adsorption
TVSA: Temperature Vacuum Swing Adsorption
UBA: Umweltbundesamt

WADST: Weighted Average Dual Site Toth-Model
WH: Warehouse
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Symbols

A: Area (m?), Coefficient Isotherm (-)

B: Mass transfer coefficient (m s 1)

b: Coefficient Isotherm (-)

c: Concentration (mol m’3)

C: Coefficient Isotherm (-)

D: Diffusion/ Dispersion coefficient (m? s~1)
d: Diameter (m)

Dgy: Axial Dispersion Coefficient (m2 s’l)
&2 Porosity (-)

n: Efficiency (-), Dynamic Viscosity (Pa s)
fru: Enhancement Factor

G: Total CO, generation rate (Lcoz sh
g: Per person CO; generation rate (Lcoz s~ Person™1)
k: Heat Conductivity (W m~' K1), Kinetic Coefficient (s 1)
k: Isentropic Exponent (-)

L: Length (m)

LR: Learning Rate (%)

m: Mass Flow (kg s-1)

M: Molar Mass (kg mol 1)

n: Number (-), Coefficient (n)

p: (Partial) Pressure (Pa)

Ap: Pressure Drop (Pa)

P: Power (W)

Pe: Peclet Number (-)

¢: Relative Humidity (-)

PR: Production Rate (%)

g: Loading (mol kg™ 1)

R: Universal Gas Constant (J mol ' K1)
Re: Reynolds Number (-)

p: Density (kg m ™)

Sc: Schmidt Number (-)

Sh: Sherwood Number (-)

t: time (s, min, h)

T: Temperature (K, °C)

u: velocity (m sh

7: Tortuosity (-), Coefficient Isotherm (-)
v: Kinematic Viscosity (m s72), Effective Molecular Volume (m®)
V: Volume (m®)

V: Volume Flow (m? s-1)

z: Length variable (m)

Index

0: Initial

*: Equilibrium

air: Air

add: Additional

ads: Adsorption

ax: Axial

Base: Base (lowest)

bed: Adsorber Bed

buil: Building

cap: Capture

chamber: In the Chamber
CO2: Carbon Dioxide
DAC: Direct Air Capture
dry: dry conditions

eff: Effective

el: Electric

f: Fluid

fix: Fixed

Fan: Fan

G, gas: Gas

H20: Water

I: Index

in: Intake

Knudsen: Knudsen Diffusion
LDF: Linear Driving Force
m: Molecular

max: Maximum

nom: Nominal

out: Exhaust

Part: Particle

People: People

Pore: Pore

S: Solid

th: Thermal

tot: total

Vac: Vaccum (pump)
var: Variable

wet: Wet conditions
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